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Desensitive Modification of Ammonium Nitrate 
Tang Shuangling, Liu dabin, Liu zuliang 
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Abstract Desensitive modification effects of different compounds on AN have been evaluated by 

high-temperature-short-time thermal decomposition method, DSC and ANFO explosives detonation test. Inorganic salts 

have relative weak desensitive effects on AN that only phosphates are relative good modifiers to inhibit ANFO explosives 

detonation. Triazine compounds such as melamine, cyanuric acid and melamine-cyanuric acid complex(MCA) have 

relative perfect desensitive effects on AN. With 10% added amount they can diminish ANFO’s detonator initiating 

sensitivity in most cases. Desensitive effects are consistent with high-temperature-short-time thermal decomposition data, 

namely those formula with better desensitive effects possess the feature of decomposition percent less than 60% heated at 

370℃ for 1 minute. 

 

1 Introduction 
Ammonium nitrate（AN）is an important nitrogen fertilizer mainly used for arid field crops such 

as tobacco, cotton and fruit trees. It is about 13% of total nitrogen fertilizer in Europe. 

Nitrate-nitrogen(NO3
-) is easy to be absorbed by crops than ammonium-nitrogen(NH4

+). NH4NO3 

contains the two kinds of nitrogen state and can’t be replaced by other nitrogen fertilizer such as 

urea. But AN is also the main material of industry explosives such as ANFO(ammonium nitrate 

fuel oil) explosives. The preparation of ANFO is very easy. For example, a typical formula is 6% 

diesel oil and 94% AN. So terrorists can make explosive from ammonium nitrate fertilizer 

conveniently. Technology should be developed to inhibit the detonation reaction of AN and diesel 

oil mixtures. Such way is called desensitive modification of ammonium nitrate. One technical 

approach is to test the detonation feature of ANFO blending with other material which is called 

desensitive modifier or deterrent.  

In a patent[1] published in 1968, inorganic fertilizers are used as deterrents. ANFO prepared from 

the mixture of 85% AN and 15% (NH4)2HPO4 is hard to be detonated. In order to fight against 

Provisional Irish Republican Army, British government regulated that the ammonium nitrate 

fertilized sold in Northern Irish must be contained 21% dolomite(double salt of calcium/ 

magnesium carbonate) in 1970’s. Thermal analysis was applied to screen a large number of AN 

formulations in search of possible deterrents[2]. A hypothesis was proposed that increased thermal 

stability of AN could lead to reduce its detonation.  
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2 Experimental section  

2.1 High-temperature-short-time thermal decomposition  

Explosive reaction is very fast which is finished in a few microseconds(10-6s). In this paper a 

special thermal decomposition device has been designed to simulate explosive reaction. The 

thermal decomposition of AN and ANFO will be conducted under 300~400℃ in one minute. 

2.1.1 Thermal Decomposition Device 

Thermal decomposition device(see figure 1) is a ∅240mm×200mm cylinder，in the center 

located a steel cylinder block（∅80mm×120mm） which is covered by a layer of heating 

resistance wire on its surface. Five holes are uniformly distributed inside the steel block alone its 

axis to place a mercury thermometer, a heating copper pipe, a mercury thermometer, a heating 

copper pipe and a mercury thermometer respectively. 

 

①—iron shell；②—insulating brick；③—asbestos；④—heating resistance wire；⑤—metal block； 

⑥—mercury thermometer；⑦—heating copper pipe(∅1.5mm)；⑧—electric transformer；⑨—power plug 

Figure 1  High-temperature-short-time thermal decomposition device 

Samples are putting in the heating copper pipes. Heating pipe can be inserted or drawn quickly 

and conveniently. Its temperature is read from the two mercury thermometers near it. The function 

of the electric transformer, insulating block and asbestos is to keep the steel block in a relative 

constant temperature. High heat conductivity of steel leads the difference of temperature read form 

the three mercury thermometers is lower than 5℃. 

2.1.2 Thermal decomposition experimental procedure 

About 3mg samples are weighed accurately and put into a hard capillary（inner diameter 

0.9~1.1mm,wall thickness 0.10~0.15mm），then the capillary is sealed on a alcohol blast burner. 
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When The thermal decomposition device is in constant temperature, the sealed capillary with 

sample is inserted into one heating copper pipe. The capillary wall is thin so that in 0.02 seconds 

the sample temperature will be equal to environmental temperature [3]. After a given period of time 

the pipe is pulled out and the capillary is poured out quickly. When cooled to room temperature, the 

capillary is crashed and washed with distilled water at least for three times. The washing water is 

collected in a 50ml measuring flask by a special apparatus(see figure 2) without any lost. Finally, 

the flask is added with additional distilled water to the scale line of 50ml volume and the nitrate ion 

concentration is measured by UV-dual wavelength spectrophotometry in Shimadzu UV-1601 

spectrophotometer. Measuring waves are selected as 225nm and 235nm. The specification curve 

see figure 3. The concentration of NO3
- is calculated as following equation:  

0128.1)(374.38 235225
3

−−×=− nmnmNO
AAC  
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Figure 2 Washing water collected apparatus  Figure 3 Specification curve of NO3

- in water solution  

2.2 DSC Studies of Modified AN and ANFO  

Differential scanning calorimetry (DSC) is a common method to study material thermal 

stability. Exothermal peak temperature(Tm) read from DSC curves can be used to compare 

modified effect of different compounds on AN and ANFO. DSC experiment is conducted on 

Shimadzu DSC-50 differential thermal analyzer with heating rate of 20℃  per minute and 

0.6~1.0mg samples sealed in anti-pressure stainless steel cell. 

2.3 Detonation Experiment of Modified ANFO 

Experimental conditions are strictly controlled as followings to obtain comparable results. 

2.3.1 Formula of ANFO 

Ammonium nitrate: 92%(by weight, same to the following); 0# diesel oil:1.8%; sawdust 

powder: 6.2%. The above formula is called No.2 ANFO which is relative easy to be detonated[4]. 
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When modified AN used, its amount should be converted to pure ammonium nitrate so that all 

tested formula have the same oxygen balance. 

2.3.2 Preparation of ANFO explosive 
Ammonium nitrate, 5%(of the weight of AN) distilled water and certain amount of modifier 

are mixed together and heated until AN is melted. Then the mixture is agitated uniformly and dried 

at 80℃ to obtain modified AN. 

Dried modified AN is grinded in a ball mill and screen separated as two parts, one with the 

particle size of 0.30mm and the other 0.30~0.90 mm. The two parts are mixed together according 

to the ratio of 1:1 and dried at 80℃ for 6 hours to obtain modified AN powder with relative fixed 

particle size distribution. 

Dried modified AN powder, sawdust powder and 0# disel oil are weighed according to the 

No.2 ANFO formula exactly and mixed in the mill without grinding balls for 20 minutes. The balls 

are replaced by five soft screw-thread-coils so that all parts are mixed uniformly and the particle 

size of modified AN is not changed. The obtained No.2 ANFO is packaged in double-layer 

polyethylene bags and kept in glass exsiccator for 48 hours at 25℃ before detonation test.  

2.3.3 Detonation test conditions 
Detonation test conditions are controlled strictly as followings to obtain comparable results. 

Charge diameter: 32, 35 and/or 80mm. Charge density: 0.80, 0.90 and/or 1.00g·cm–3. Shell to 

confine explosives: ∅32mm×220mm×0.1mm(inner diameter 32mm, length 220mm, wall thickness 

0.1mm，same to the following) wax dipped paper roll and ∅80mm×160mm×4.5mm iron pipe 

which are used for low intension detonation test; ∅35mm×1000mm×5mm seamless steel pipe 

which is used for high intension detonation test. ∅32mm paper roll can be charged with 140~175g 

explosives and the confined strength is the lowest. ∅80mm iron pipe can be charged with 

645~805g explosives and the confined strength is middle. ∅35mm seamless steel pipe can be 

charged with 870~960g explosives and the confined strength is the highest.  

2.3.4 Detonation Test 

Test apparatus for low intension detonation is to see figure 4. The steel board for verification 

is carbon constructional steel with a thickness of 1mm, length and width 160mm, which is used for 

judge experimental results. If modified ANFO explosive is not detonated, the steel board will be 
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remained as figure 6. If detonated, the steel board will be destroyed and punctured as figure 7. 

Every sample is tested for three times. Once the steel board is punctured, the result will be judged 

as detonated. If all three steel boards are not punctured, the result will be judged as not detonated.  

Test apparatus for high intension detonation is to see figure 5.Initial explosive is composed of 

50% TNT and 50% PETN with density of 1.58g·cm-3 and 20g. Test result is judged by the 

explosive fuse is remained or not and the steel pipe is remained partly or broken completely (see 

figure 8 and 9). 

 
1- No.8 detonator; 2-confined pipe; 3-sampl; 4-steel board 
for verification; 5-iron hoop holder; 6-base. 

Figure 4 Apparatus for low intension detonation 

1-detonator or TNT/PETN initial explosive; 2-seamless 
steel pipe; 3-sample;4-adhesive cloth; 5- explosive fuse. 

Figure 5  Apparatus for high intension detonation 

                                         

Figure 6  not detonated result in low intension 
detonation test 

Figure 7  detonated result in low intension 
detonation test 

            

Figure 8  not detonated result in high intension 
detonation test 

Figure 9  detonated result in high intension 
detonation test 

3 Results and Discussion 

3.1 Desensitive Modification of AN by Inorganic Salts  

For the sake of preserving ammonium nitrate as a nitrogen fertilizer, desensitive modifiers are 
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preferentially selected from other inorganic fertilizer such as ammonium dihydrogen phosphate/ 

NH4H2PO4, diammonium phosphate/(NH4)2HPO4, ammonium sulfate/(NH4)2SO4, potassium 

sulfate/ K2SO4, ammonium chloride/ NH4Cl and calcium carbonate/ CaCO3.  

3.1.1 High-temperature-short-time thermal decomposition of inorganic salt modified 

AN and ANFO  

Sample’s preparation is according to 2.3.2. Experimental results are shown in table 1. 

Table 1 Decomposition rate of modified AN and ANFO 

Decomposition rate of   

modified AN/ % 

Decomposition rate of  

modified ANFO/ % 

Sample 

260℃×30 min 370℃×1 min 260℃×30 min 370℃×1 min

AN 56.9 96.8 43.9 92.1 

5%aNH4H2PO4 modified AN 59.7 96.7 46.8 95.6 

15%NH4H2PO4 modified AN 35.6 83.4 31.5 83.1 

30%NH4H2PO4 modified AN 23.7 45.5 25.6 46.8 

15%(NH4)2HPO4 modified AN 28.0 73.8 30.1 56.2 

30%(NH4)2HPO4 modified AN 18.9 40.5 22.3 34.7 

15%(NH4)2SO4 modified AN 34.8 87.1 29.3 57.0 

30%(NH4)2SO4 modified AN 23.4 38.4 22.6 41.9 

30%K2SO4 modified AN 21.4 31.2 27.6 25.1 

30%NH4Cl modified AN 95.6 98.9 92.5 96.7 

20% CaCO3 modified AN 6.5 12.3 6.0 11.2 

a. 5% (by weight) of NH4H2PO4 in modified AN 

From table 1 it can be seen that the decomposition of AN and ANFO occur very fast at 370℃. 

The decomposition character of modified AN and ANFO is nearly the same. Phosphate and sulfate 

modified AN thermally dissociate slowly with the increase of modifiers adding amount. The weak 

acid of NH4H2PO4 accelerates AN’s decomposition reaction. So AN modified by NH4H2PO4 is not 

stable as that by NH4)2HPO4. The influence of potassium sulfate and ammonium sulfate show no 

difference on the thermal stability of modified AN. 

Because chloride ion catalyzes the decomposition of AN greatly[5~6], NH4Cl modified AN 

decomposes almost completely at 260℃ for 30 minutes. CaCO3 modified AN is the most stable. 

CO2 released in the following reaction is the major reason [7]: 

2NH4NO3 ＋ CaCO3  =  Ca(NO3)2 ＋ 2NH3 ＋ CO2 ＋ H2O   (1) 

3.1.2 Thermal stability of inorganic salt modified ANFO studied by DSC  

Results are shown in table 2. It can be seen that the modified AN in table 1 with lower 
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Abstract 

Gel propellants provide rocket propulsion systems of high specific impulse, low 

sensitivity and low vulnerability in combination with the capability to control the thrust, 

i.e., variation of thrust and thrust cut off. The characterization of the rheological 

properties is essential for the development of gel propellant formulations and for the 

design of an applicable propulsion system.   

In this contribution, the rheological properties of a gel propellant consisting of 

nitromethane as fuel and nanoparticles of silicon dioxide and a rheological additive 

as gelling agent was examined. The experiments were conducted under steady state 

shear flow. The modified nitromethane/silicon dioxide/additive gels exhibit non-

Newtonian flow behavior over the whole concentration range examined.  

 

 

1 Introduction 

In recent years, the challenge of achieving high performance while also improving the 

safety characteristics of rocket propellants has become an important goal within the 

industry. Gel propellants offer the potential to satisfy such demands because they 

combine certain advantages of liquid propellants with other attractive properties 

typical of solid propellants [1, 2]. Gel propellants can be designed as mono or bi-

propellants. When used as a bi-propellant, both the fuel and oxidizer can be prepared 

as gels. The safety of the system is improved by separating the fuel and oxidizer. In 

general, gel propellants exhibit a specific impulse comparable to liquid propellants, 

but their performance can be increased even further through the addition of additives 



such as metal particles. A significant advantage of gel propellants over solid rocket 

propellants is the ability to control the thrust by controlling the mass flow of propellant 

into the combustion chamber. The rocket motor can even be turned on and off or 

pulse driven as required. Furthermore, gel propellants are less sensitive than liquid 

propellants and can be handled, stored and transported more securely because of 

their solid-like properties. This is especially important when, for instance, fissures or 

leakage sites develop within the combustion chamber of a gel propellant driven 

rocket motor. The viscoelasticity of the gel propellant significantly reduces the risk 

that the propellant will leak from the motor and inadvertently ignite. 

The rheological properties of a gel propellant significantly affect a number of key 

operational and production requirements, including the propellant material behavior, 

casting and spraying operations, and combustion within the rocket motor. The 

characterization of the rheological properties of the gel provides basic information 

critical to the production and storage of gel propellants, rocket motor casting as well 

as the design of the entire rocket motor system [3, 4]. 

This study examined the rheological properties of modified nitromethane gelled with 

nanoscale silicon dioxide and a rheological additive. The experiments were 

conducted under steady state shear flow.  
 

 

2 Measurement method 

The rheological behavior of the gels prepared was examined in steady shear flow 

using a UDS 200 rotational rheometer manufactured by Physica Messtechnik GmbH. 

Cone and plate measurement fixtures were used. 
 

 

Figure 1: Steady shear flow 

 



Under steady state shear flow, the characteristic material function can be described 

as follows: 
 

( ) ( ) γγηγτ ��� ⋅=         (1) 

 

Here η( γ� ) is a characteristic material function that describes the flow properties when 

the fluid is subjected to a rheometric flow. 
 

Various models are available in the literature [5, 6] to describe the material behavior 

of fluids in stationary shear flow.  

The power law function of Ostwald/de Waele can be used to model shear thinning 

(pseudoplastic) or shear thickening (dilatant) flow behavior: 
 

nK γτ �⋅= 1         (2) 

 

K1 is termed the consistency coefficient and n is called the flow index. Shear thinning 

behavior corresponds to n < 1, while shear thickening behavior exists when n > 1. 

Ideal viscous (Newtonian) behavior corresponds to n = 1. This model is unfortunately 

not effective in describing the flow behavior of many fluids at very small shear rates 

(near the limiting viscosity at zero shear rate) and at very high shear rates. The 

viscosity function for such power law fluids is expressed as follows: 
 

( ) 1
1

−⋅= nK γγη ��        (3) 

 

The models presented by Carreau and Prandlt/Eyring are more suitable for 

describing flow behavior of materials with shear thinning flow behavior: 
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Here, K2,K3, K4 and m are fitted model parameters. 

 

When the shear stress applied to a fluid must exceed a threshold value (i.e., yield 

stress) before the onset of irreversible deformation, the material is said to exhibit 



plastic flow behavior.  Below the yield stress the fluid exhibits reversible (elastic) 

deformation. Highly concentrated disperse systems, in which the solid particulates 

tend to aggregate, exhibit such viscoplastic material behavior. Materials that exhibit a 

linear relationship between the shear stress and shear rate at stresses above the 

yield stress, τ0, are known as Bingham fluids. If the behavior at shear stresses above 

the yield stress, τ0, is nonlinear, the material can be described by the Herschel-

Bulkley equation: 
 

nK γττ �⋅+= 0         (6) 

 

This power law equation allows one to describe shear thinning or shear thickening 

fluids that exhibit a yield stress, τ0. 

 

The rheological behavior of the nitromethane/silicone dioxide gel can be described 

with a model function presented by Teipel/Förter-Barth [3, 4]: 
 

αγηγηττ �� ⋅+⋅−= ∞
*

0        (7) 

 

Here τ0 is the yield stress of the gel, η∞ is the viscosity at a shear rate γ� ∞→ , η* is 

the viscosity that characterizes structuring within the disperse system and α is the 

exponent that characterizes structural changes within the system. 

 

 

3 Materials 

The gel propellants examined consisted of nitromethane as the continuous phase 

and nanometer sized silicon dioxide particles and the rheological additive BYK 420 

as the dispersed phase. Nitromethane exhibits Newtonian flow behavior with a 

dynamic viscosity of η(25°C) = 0.61 mPas. Its density is ρ = 1139 kg/m3. The silicon 

dioxide particles were obtained from Degussa AG, Frankfurt and had a density ρ = 

1.51 g/cm3 (determined by gas pycnometry) and a specific surface area SV = 260 

m2/g (determined by gas adsorption). The mean size of the primary particles was 

x  = 7 nm. In addition to the silicon dioxide nanoparticles, the rheological additive 

BYK 420 from BYK-Chemie was used for the gelification. It consists of a modified 

urea, dissolved in a solvent, with a density of ρ(20°C) = 1,12 g/cm 3 and a boiling 

temperature of 203°C. 



4 Results 
 

4.1 Steady state shear flow behavior of the nitromethane/silicon dioxide gels 

Prior to the rheological characterization, the nitromethane/silicon dioxide gels were 

stirred for one to three hours depending on the particle concentration to 

deagglomerate and homogenize the particles and to make the gel. The rheological 

properties were then determined under steady state shear flow. Figure 1 shows the 

relative viscosity of the gel as a function of shear rate. The concentration of dispersed 

particles was varied from 4 to 8 wt. %. Figure 1 also shows the viscosity function of 

pure nitromethane. 

The relative viscosity, ηrel, is defined as the ratio of the gel viscosity to that of the 

matrix fluid at a constant shear rate γ� . 
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rel η
γη
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Figure 2: Relative viscosity of the nitromethane/silicon dioxide gels as a function of 

shear rate 

 



With increasing silicon dioxide concentration, more pronounced shear thinning flow 

behavior is observed. This nonlinear material behavior of the gel can be attributed to 

particle-particle interactions as well as the changed hydrodynamics of the multiphase 

system compared to the single phase fluid. This viscosity increase as a function of 

concentration is especially pronounced at low shear rates. In this shear rate region 

the interparticulate interactions dominate compared to the relatively small 

hydrodynamic forces, so that the rheological properties of the suspension depend 

very strongly on the solids concentration and structural interactions within the 

suspension. Increasing the shear rate leads to an increase in the hydrodynamic 

forces, which in turn results in a shear induced structuring of the nanometer sized 

particles and a corresponding decrease in the viscosity at a given concentration. It 

has been described that spheres of nearly identical particle size, which are primarily 

distributed licentious, array to long catenarian structures when subjected to shear 

forces, e.g. between two parallel plates. The viscosity difference as a function of 

concentration is therefore much smaller in the high shear rate region than in the low 

shear rate region, due to the hydrodynamic structuring that occurs in the system at 

higher shear rates. More details about the rheological properties of 

nitromethane/silicon dioxide gels are described in [3, 4]. 

 

 

4.2 Steady state shear flow behavior of the modified nitromethane gels 

The rheological behavior of the new, modified gel (nitromethane/silicon dioxide/ 

additive) were also determined under steady state shear flow. 

The concentration of the dispersed phase was kept constant at 10 wt. %, varying the 

ratio of silicon dioxide/BYK 420 from 7/3 to 5/5 and 3/7. First, BYK 420 was added to 

the nitromethane and subsequently the silicon dioxide nanoparticles. The 

homogenization was the same as for the nitromethane/silicon dioxide gels.  

Figure 3 shows the relative viscosity of the modified gel as a function of shear rate 

and additionally the viscosity function of pure nitromethane. 
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Figure 3: Relative viscosity of the nitromethane/silicon dioxide/additive gels as a 

function of shear rate 

 

The modified gels principally show the same rheological behavior as the 

nitromethane gels -described in Chap. 4.1.- which were gelled only with silicon 

dioxide nanoparticles. The modified gels also exhibit shear thinning behavior as it is 

required for gel propellants. They have a pronounced zero shear viscosity, whereas a 

second Newtonian plateau is reached at high shear rates ( γ�  ≈ 103 s-1) which is very 

important with respect to the atomization of the gels. With increasing concentration of 

the silicon dioxide nanoparticles, the viscosity shifts to higher values over the whole 

shear rate range. 
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Figure 4: Comparison of a nitromethane/silicon dioxide gel, a nitromethane/additive 

gel and the modified nitromethane gels 

 

Figure 4 shows -besides the viscosity functions from figure 3- additionally the 

viscosity function of a nitromethane/SiO2 gel (c = 8 wt.%) and the viscosity function of 

a nitromethane/additive gel (c = 10 wt.%). The nitromethane/SiO2/additive gels have 

higher zero shear viscosities compared to the nitromethane/SiO2 gel. In relation to 

the nitromethane/additive gel, there is even a difference in the zero shear viscosities 

up to ∆η0 ≈ 103. Over the whole shear rate range, the modified gels have a clearly 

higher viscosity level together with a pronounced shear thinning behavior. In the high 

shear rate range, the viscosities η∞ of the modified gels converge to those of the non-

modified ones. This is due to the fact that the inner structure of the modified and the 

non-modified gels similarly changes under the strong influence of hydrodynamic 

effects, as they especially occur during atomization. The silicon dioxide nanoparticles 

as well as the structure, built by the urea, experience a flow-induced orientation. 

Recapitulating, one can notice that the modified gels exhibit a more pronounced 

shear thinning behavior and have higher viscosities over the whole shear rate range 



examined than the nitromethane/silicon dioxide gels and the nitromethane/additive 

gel, respectively. 
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About the mechanism of chemical reactions in a hot spot of a mixture oxidizer - fuel at impact 
 

Dubovik A.V. 
Institute of Chemical Physics Russian Academy of Science, Moscow 

 
     On an example of a mixture  ammonium perchlorate with polymethylmethacrylate the question on a pos-
sible  course of chemical reactions in a hot spot of the mixture EМ type oxidizer - fuel which results in  ex-
plosion initiation at impact is considered. Results of the numerical simulation  for the connected system  
equations  of visco-plastic flowing dynamics and dissipative heating  a charge mixture EМ and kinetics of 
chemical reactions following from the offered scheme of two-stage AP decomposition and the subsequent 
interactions of decomposition products an oxidizer and fuel are presented. Influence intra- and intermolecular 
interactions on value of the maximal temperature  for explosion spot is analyzed and the question on effi-
ciency of existing phlegmatizing methods for mixture EМ is put. Work is maintained by the Russian fund of 
basic researches (the grant  04-03-32221). 
 
    Available now theoretical and experimental data on sensitivity EМ to mechanical actions testify 
that at tests for impact compressing pressure reach values, sufficient for the beginning of visco-
plastic flowing  and resulting failure of a  sample researched. If mechanical properties EМ are those, 
that its plastic viscosity  µ<< σh/u (h-thickness of a sample, σ- compression strenght , u-speed of a 
radial stream), failure occurs during a short interval of time (~ 10 mcs), a lot of smaller time of im-
pact. This kind of failure is externally similar to brittle failure a sample. It is carried out mainly due 
to elastic energy, reserved in loading system from the beginning of impact. In the other limiting case 
the charge failures in a viscous mode, which duration (> 100 mcs) is comparable to full time of im-
pact. This kind of failure is supported mainly due to kinetic energy of drop-weight.  
       The listed kinds of failures occur owing to thermal or deformation instabilities to compression 
for EM charges at impact. Instability of compression is shown that contrary to expected growth 
pressure with reduction of a sample thickness falls, and in that the greater degree, than faster un-
strenghing the EM charge. Natural consequence of powerful irreversible deformation of a sample is 
significant dissipative heating of flowing substance. However observably distribution of tempera-
tures in formed radial stream EМ is essentially non-uniform. Heating of substances are especially 
great in narrow nearly-contacting sites (boundary layers) located in a ring zone between the centre 
and periphery of a charge. In these "hot" sites  mixture EМ represents well hashed medium, in 
which chemical reaction can arise due to direct collision of microparticles (molecules, clusters) fuel 
and an oxidizer if their energy is sufficient for passage through activation barrier of the reaction. A 
law of course for such reactions is allowable to describe within the framework of formal kinetics for 
homogeneous chemical transformations [1]. 
    According to above-stated the approached kinetic scheme of complex parallel-serial reactions be-
tween an oxidizer, fuel and products of their thermal decomposition is developed. It is made in view 
of two-channel (low and high-temperature) mode for an oxidizer decomposition with which the cir-
cuit of the further chemical transformations begins. In it that circumstance also is taken into account, 
that AP is capable to be decomposed in two stages with the intermediate stop connected to end of 
reactions on defects of crystal structure for an oxidizer. It is supposed, that depth  AP decomposition 
on the first (low-temperature)  stage η is proportional volumetric  share of structural defects in initial 
АP. On the scheme letters A and П designate various defective statuses of AP crystals. In scheme of 
reactions with one-stage decomposition of an oxidizer all interactions connected to the A-status, fall. 
     The submitted scheme of reactions bases on the fixed facts low-temperature decomposition of an 
oxidizer on an acid X (chloric in case АP and methyl-amine perchlorate, dinitramide in a case am-
moniumdinitramide) and the base  M (ammonia, methyl-amine). High-temperature decomposition 
of an oxidizer gives chlorine- and oxigencontenting products Y and neutral I (chloride hydrogen, 
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water, nitrogen). Formed acids X in turn are decomposed to appropriate chloric or nitric oxides (an-
hydrides) U, including free oxygen, and also on neutral products G, S which participations in the 
further reactions do not accept. On the contrary, oxidizing products and acids actively interact with 
fuel F, products its decomposition V and the bases  M. In result end-products of considered interac-
tions I, D and W in which number it is necessary to include G, S and B are formed. Here it is sup-
posed, that fuel pyrolytically decompose  in one stage without thermal effect.  
-------------------------------------------- 
                A                               

          k1            k5                                                   --------------------------------------------- 
                X + M → G         U + M                               X + F            U + F              U + V 

      k2  k4                           k6            k8             k9              k11     k12 
               П                  U + S                           I         F→V                   D                     W                          

       k3                                     k7                               k10              k13     k14 
                         Y + B                   Y + M                                X+V             Y + F               Y + V 
-----------------------------------------------------                        --------------------------------------------- 
                  Intramolecular (IAM) interactions                         Intermolecular (IRM) interactions 
 
      The listed products of reactions can be divided into two groups conditionally. The first products 
of decomposition of an oxidizer which we shall name products intramolecular (IAM) interactions 
make, the second - products intermolecular (IRM) reactions of an oxidizer, fuel and products of their 
decomposition. We shall take into account accordingly contributions DТintra and DTinter from in-
tra- and intermolecular interactions in rise of temperature of the hot spot DТchem, connected with 
course of chemical reactions.  
        The total temperature of the reaction center  Тmax develops of temperature mechanical (dissi-
pative) heating EМ at impact ϑmax and "chemical" temperature DТchem. Temperature ϑmax is de-
termined for that probing (Lagrangian) particle EМ which at the moment of a charge failure does 
not fall outside the limits of  drop-weight contact surface   and has the greatest quantity of a share 
adiabatical  period of  induction for thermal explosion (oxidizer`s) f = ∫dt/τad (T (t)). In critical con-
ditions of EM initiation for all particles, except for "hottest", quantity f < 1 and only for it  f=1. Thus 
the dot hydrodynamical particle is identified with real (according to Bowden) the explosion center   
of the final size. It is supposed, that inside the center equal-distribute  pressure, temperature and 
concentration of all reagents appropriate their initial stoichiometry . 
     For definition ϑmax the equations visco-plastic deformations of thin layer EМ and dynamics of 
quasi-static loading the charge EМ are integrated in common at impact. For solid EM connection 
between components of stress tensor and strain-rate   tensor entered  as Levi-Mises relation, in case 
of paste EM the mechanical equation of state anomal-viscous (non-newtonian) liquids was used. 
The received system of the equations is connected by dependences the rheological characteristics 
EМ from pressure, temperature and flow regime. Determining parameters of the task in critical con-
ditions of explosion initiation are initial thickness of the charge hcr and coordinates of a probing 
particle (ro, zo in circular cylindrical coordinates)  
      The   system of  rheodynamical equations is completed with the chemical kinetics equations, fol-
lowing from the submitted kinetic scheme. Not all from them are linearly independent, selection of a 
part of the equations on number of independent reactions therefore is necessary. It was supposed, 
that activators of these reactions always are oxidizers. Therefore in recordings the appropriate con-
stants of reaction rate were used thermoactivating parameters of oxidizers. The closed system of the 
equations describing critical conditions of initiation EМ by impact, totaled about 20 (depending on a 
kind of oxidizers) differential equations and was solved numerically under the standard program.               
The results of calculations for critical pressure of explosion initiation  Pcr in solid composition АP 
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(η=0,12) - PММА (points - experiments [2]) and temperatures of the various reactions proceeding 
in a hot spot of a charge at interaction of mixture components  during impact are shown on fig.1, 
depending on the fuel contents α. The given mix has zero oxygen balance (OB) at αs=0,15, equimo-
lar mix - at αе=0,46. The maximal heat of explosion Qmax=4,6 MJ/kg takes place at α=αs. The 
greatest sensitivity of the mixture is observed in an interval of values 0,2 < α < 0,3. Notice discrep-
ancy of positions Qmax and minimum Pcr, characteristic for the majority of mixtures for type oxi-
dizer - fuel, speaks so.                                                                           

     
    At α > αs heat of the mixture explosion  quickly decreases up to 0 at a → 1. At the same time the 
best conditions for pair interactions of reagents take place at αе > αs. In result the maximum of sen-
sitivity of a mixture settles down in an interval αs < α < αe. The above OB an oxidizer, the position 
of minimum Pcr of a mixture to a point αs is closer. These performances are supported by calcula-
tions of temperatures and composition of reaction products in hot points of an examined explosive 
mixture. 
    As follows from fig. 1 and 2, temperatures of the explosion sites Тmax and ∆Tchem are approxi-
mately constant in a range 0 < α < αe. We shall notice, that in critical conditions for mechanical ini-
tiation of mixes with α < 0,8 the dissipative temperature also is approximately constant: ϑmax 
=1029±30 K as this quantity determines the magnitude f=1 for hottest probing particles EМ. There-
fore marked constancy Тmax is determined by constancy ∆Tchem. The last is possible under condi-
tion of compensation for natural reduction ∆Тintra (with growth α the contents of an oxidizer in a 
mix is reduced) by increasing ∆Тinter (the role of reactions of IRM - interaction grows).   
   Quantity  ∆Тinter achieves  a maximum at α ≈ αе. At the same value αe the contents of products 
(PR)  for IRM - interactions (fig. 2) is maximum. The molar share of IRM - products constantly ex-
ceeds a share of products for IAМ-interactions at all α > 0,3. Since α=0,3 the share of fuel decom-
position product V which has not entered in reaction is quickly increased. Therefore at α > 0,3 
deminution Тmax and ∆Tchem, all over again slow, and then fast, is observed. At α>0,8  tempera-
ture Тmax ≈ ϑmax. Therefore explosions of the mixtures enriched with fuel do not arise at impact. 
The increase of critical pressure of explosion initiation Pcr for α>αe is connected to reduction of 
maximal temperature of the hot spot. We shall notice, however, that for all α < 0,8 temperature 
∆Тintra > ∆Тinter. At small α < αe this rule is typical for all mixtures of type oxidizer - fuel. 
    The results of calculations for critical parameters of explosion initiation by impact and hot-spot 
temperatures    for a number solid and paste (rowes 5-6) explosive mixtures of identical composition 
α=0,2, close to stoichemiotry are given in the table. In the last columnes of the table are submitted 
the composition of products IAM- and IRM-interactions in the reacting hot-spots.   
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                                                                                                                              Table 
 Pcr, 

MPa 
ti, 
µS 

Ti, 
K 

∆tr, 
µS 

Pexpl, 
MPa 

Tmax, 
K 

∆Tchem, 
K 

∆Tintra, 
K 

∆Tinter, 
K 

PRintra, 
% mol 

PRinter, 
% mol 

AP-
PММА 
η=0,12 

584 5,0 780 8,1 183 2169 1182 961 221 69 31 
 

АP-
PММА 
η=0,25 

541 4,2 756 9,9 339 2144 1171 960 211 69 31 

ADN-
PММА 

448 1,2 461 5,9 396 2011 1391 1314 77 68 32 

МАP-
PММА 

352 5,0 646 22 0,2 1661 978 877 101 66 33 

АP-
PDR  
η=0,10 

160 393 627 166 157 2070 1250 33 1217 46 53 

AP-
PDR 
η=0,25 

134 434 600 92 182 2152 1337 978 359 46 53 

The note: PММА -polymethylmethacrylate ,  АDN -ammoniumdinitramide , МАP - methyl-amine perchlorate,     
                        PDR – polydiene rubber. 
    
    The basic kinetic characteristics of the explosion centers   are placed in the table also:  ti-
induction period of reaction which is counted from the beginning of a charge destruction   (t=0 at 
Р=Рcr) up to the moment of time when the condition (T-ϑ)i > 0,5 K is satisfied, ∆tr - time of reac-
tion counted from the moment of time t=ti up to the moment of achievement Тmax (at this moment 
of impact time the  pressure  equal Pb) or up to the moment of achievement the stationary values of 
reaction`s end-products. Thus it is necessary to note, that sharp rise of temperature during reaction 
which is necessary to consider as actually explosion in the heating spot, occurs in time ~0,1 ∆tr. All 
other interval of reaction time makes up the induction period of explosion.  
    Analyzing results in the table, we shall notice, first  of all, that МАP formally is not an oxidizer 
for ПММА as it is characterized negative OB =-6,1 %. However at its low-temperature decomposi-
tion`s products there is an active chloric acid which reacts not only with methyl-amine, but also with 
fuel, and also with products of its pyrolysis. In result "chemical" temperature ∆Tchem is increased 
by 10 % in comparison with its value at absence of interaction МАP with fuel, and the contents for 
products of IRM - interactions makes up 33 %, i.e. the same size, as at solid АP-containing compo-
sitins (a row 1-2). 
     Passing to the last, we shall note approximate equality of the maximal temperatures for hot spots 
without dependence from η - depth of low-temperature decomposition AP.  It understandably physi-
cally as heats of reactions and composition of end-products do not depend from η. However the 
quantity η determines the temperature Ti for onset of intensive mixture decomposition, and from it - 
value Pcr. Therefore sensitivity of discussed mixtures essentially depends on reactivity АP as activa-
tor of all subsequent chemical interactions in a mixture.   
    Dependence of sensitivity on reactivity of an oxidizer is shown at comparison АDN- and АP-
containing mixtures with PММА. Really, the decomposition rate constant АDN in a wide range of 
temperatures surpasses a constant of thermal decomposition АP [3]. In view of affinity of mechani-
cal characteristics of charges from examined mixtures the values Pcr should be determined mainly 
by quantities Ti which is less at a mixtures on basis АDN.   
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      Apparently from the table, the common feature of all reactions in solid mixtures oxidizer - fuel, 
which failure and explode for short time (~10 mcs)  in conditions of drop in pressure at impact, is 
significant excess of temperatures for IAM-interactions over temperatures of IRM - interactions 
(∆Тintra > ∆Тinter). It contradicts the result received in calculations of critical parameters for explo-
sion initiation in paste mixtures АP (η=0,1) - PDR. However at the analysis of this fact it is neces-
sary to take into account the features for mechanical behaviour of paste EM charges (PEМ) at im-
pact.  
    As is known [4], deformation of charges PEМ proceeds in a viscous regime which duration is 
comparable to full time of impact (up to 1 ms). Intensive compression PEМ begins after rather 
short-term (within the limits of 100 mcs) failure of a charge and the subsequent long flow of sub-
stance under continuously growing pressure. In these conditions become essential a role of viscosity 
as regulator of rate of dissipative temperatures growth and a run-away of heat in contact surfaces of 
striker. It is obvious, that for the given mixture slow growth of hot-spot temperature did not promote 
course of IRМ-reactions and all potential chemical energy PEМ was released as  a  result of IAM - 
reactions.   
     As against considered mixture АP (η=0,25)-PDR differs not only high reactivity АP, but also 
smaller viscosity (30 Pаs against 80 Pas  for a mixture with η=0,1) as the big quantity η is con-
nected, as a rule, with coarse structure AP [2,5]. The charge from this mixture is failured earlier, is 
more strongly deformed and more heated up at impact. In result the second mixture reacts twice 
faster the first, in it the reactions of IAМ-interaction more vigorously proceed. By magnitude Pcr 
which is functionally connected with critical energy of impact, the second mixture is more sensitive 
than the first. But as in both mixtures an explosive reactions pass with identical completeness the 
maximal temperatures of the hot-spot  at  them  are approximately equal also.  
             In summary it is necessary to note, that the submitted results should not be considered  from 
positions of their absolute reliability as some physical and chemical characteristics of  EM charges 
were selected proceeding from experimental data for sensitivity EМ to impact. However for the first 
time the received data on the determining contribution of IRМ-temperatures in chemical heating of 
the explosion centers  throw light on the reason of the real difficulties connected to development of 
effective methods for phlegmatizing of mixed EM. It is represented obvious, that introduction tradi-
tional phlegmatizer (organic acids, polymers), insulating one from another components mixture EМ, 
is weak (and only through physico-mechanical characteristics of a charge) influences on process of  
explosion initiation. To lower IRМ-temperature and to raise temperature of  decomposition begin-
ning   Тi it is possible only by purposeful influence on thermo-decomposition an oxidizer.  However 
the usual phlegmatizer plays an essential role in growth of explosion from the hot-spot, rising as a 
thermal barrier [6] for a way of an extending flame.   
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Experiences at Rheinmetall with the 35mm LSP Test 
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                                      Rheinmetall Waffe Munition GmbH 
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Abstract  
 
In the development of new propellants for guns not only a high specific impuls 
and a small amount of erosion but also a less sensitive propellant behaviour 
against external stimuli (shaped charge, fragments) is required.  
For the purpose of testing the sensitivity of propellants against external stimuli  
Rheinmetall applies the so called 35mm LSP (Less-Sensitiv-Propellant) Test. In 
the last years the test set-up has been adapted for the investigation of larger 
propellant pieces (multiperforated sticks, hexagonal bodies) with modern 
chemical compositions including FOX-7, Nena and DNDA. 
This paper considers test set-up, discusses investigated propellants and 
presents testresults obtained thereoff. The behaviour of the investigated 
propellants ranges from simple burning towards detonation. The 35mm LSP 
Test shows that a detonative behaviour also may depend on propellant 
mechanical defects.  
 
Introduction 
 
In the development of new solid propellants for guns a high specific impuls is 
required to meet the desired performance levels. To reduce the amount of gun 
erosion the explosiontemperature of the propellant has to be lowered 
significantly. 
These requirements can be met by propellant chemical compositions including 
new substances such as Methyl-Nena, Ethyl-Nena, Buthyl-Nena and DNDA. 
 
The need for a high performance of guns may also achieved by increasing the 
propellant loading densities. However, high loading densities can not be 
realised anymore with granular propellants. Instead, one has to design charges 
consisting out of specially shaped propellant blocks or solid bodies for the 
combustion chamber under consideration. For that purpose multi-perforated 
sticks, multi-perforated hexagonal pieces or other solid bodies may be applied 
in the design of charges with high loading densities.       
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An additional requirement in the development of new gun propellants is a less 
sensitive propellant behaviour against external stimuli (shaped charge, 
splitter). For that purpose Rheinmetall applies the so-called 35mm LSP Test for 
determining the propellant behaviour after shaped charge attack. The 
propellant behaviour, ranging from simple burning towards detonation, serves 
as an indication of the sensitiveness as a result of chemical composition, 
shape and dimensions, loading density or the process of manufacturing. 
 
In this paper we consider the Rheinmetall Version of the 35mm LSP Test Set-
Up (Stein 1991, Stein 1992), present the tested propellants, discuss the results 
of propellant behaviour after shaped charge attack and draw conclusions. 
 
Experimental Test Set-Up 
 
The new 35mm LSP test set-up applied for the investigation of the propellants 
is shown schematically in Fig. 1 and includes the following components: 
 
- Cartridges (TLH) 35mm x 228:     
    * 1 x TLH filled with sand as a reference, placed besides shaped charge 
      Classification: body fragmentation (fragments) 
    * 1 x TLH (green) filled with test-propellant, placed besides shaped charge  
      Classification: propellant-reaction against body fragmentation 

* 1 x TLH (red) filled with test-propellant, placed in shaped charge jet- 
   direction line of fire 

       Classification: propellant-reaction against shaped charge particle-jet 
impact   
       (shaped charge  particle-jet weakened by intermediate 30mm steel-plate)   
 
- Steel-Plates: 
    * 1 x 30mm plate, purpose:  weakening shaped charge jet impact 
    * 1 x 10mm plate, purpose: wittnes plate for judging jet-quality after impact 
    * 3 x 150mm block, purpose: wittnes plates for judging jet-quality after  
      impact 
 
Shaped Charge: 

* DM 1385 
* Diameter:        42.3 mm 
* Charge mass: 43.5 g Composition A5 
* Liner:               Copper liner 

 
Rheinmetall has conducted over the past few years more as 300 tests with this 
test set-up. 
 
Investigated Propellants  
 
The various types of chemical compositions of the investigated propellants 
include NC/NGl/DEGDN-formulations, NC/RDX/MEN42-formulations, Surface 
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Coated (SC) NC/RDX/MEN42-formulations, formulations with FOX-7, 
NC/RDX/DNDA-formulations and formulations on the basis of NC, NC/RDX and 
RDX with modern Plasticisers and Binders. 
The shapes of the investigated propellants include single hole perforated 
(1Perf) slotted tubular sticks, 7Perf tubular grains, Slab and 7Perf, 37Perf and 
61Perf hexagons as well as multi-perforated quadratic sticks. 
 
Fig. 2 and 3 show a selection of the tested propellants photographically, 
categorised with respect to the type of chemical composition and shape, as 
placed in a 35mm x 228 Cartridge. 
The granular propellants of L- (L5460) and L1-Type (L5860) are used in the 
120mm KE-rounds DM33 and DM53 respectively and serve as a reference for 
the other propellant-types. 
In order to be able to load the cartridges with the larger propellant bodies 
(1Perf tubular sticks, multi-perforated quadratic sticks, 37Perf and 61Perf 
hexagons) the conical part of the cartridges is cutted off, as might be clearly 
seen from the photographs.  
 
Test Results 
 
All the tests with the presented propellants have been put through at ambient 
temperature (21°C). 
Each propellant has been tested in 2-3 firings to obtain a statistically relevant 
result.  
After the tests the fragments left of the red and green cartridges were collected 
and weighted. Additionally, for predefined weight-categories the number of 
fragments left of each cartridge were determined.  
 
Based upon the fragments left after each test, the propellant sensitivity against 
shaped charge jet impact is determined. For the classification of the propellant 
behaviour the following criteria apply: 
 
A: Cartridge primarily damaged and torn up by fragments of explosive charge  
      jet 
      -> Propellant: partly burned without damaging Cartridge 
 
B: Cartridge tore up in several larger pieces  
     -> Propellant: medium Reaction  
 
C: Separate, non-deformed cartridge-base, large amount of fragments 
     -> Propellant: strong Reaction 
 
D: Cartridge-base strongly deformed, larger amount of smallest fragments 
     -> Propellant: Detonation, damaging of the surroundings/test set-up 
 
The testresults (cartridge fragments left) together with the propellant-  
classification are shown in Fig. 4 till Fig. 10. 
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Fig. 4 shows the results of the L-Type propellants with different shape and 
geometry. Both propellants show a medium reaction with cartridges tored up in 
larger pieces. There is no significant difference in propellant-classification.  
The calculated equivalent diameter for L5460 is 6.35mm (Deq=D2/(D+N*d) where 
D denotes the outer propellant diameter, N the number of perforations and d 
the perforation diameter), critical diameters reported in the literature are 
15.26mm (Peugeot and Quidot 1997) and 8.6mm (Lu 1994), experimentally 
determined bed critical diameters are in the range of 100-150mm (Asay 1989).  
 
The results of the L1-Type propellants with different shape and geometry are 
depicted in Fig. 5. Again there is no significant difference in propellant-
classification. 
 
The results of the Nena30-Type propellants, differing only in the kind of 
manufacturing (solvent vs. solventless), are shown in Fig. 6.  
Inspections in REM revealed that Nena30/GK1, manufactured in a solvent 
process, exhibited a significant number of voids and at the same time 
producing a larger number of cartridge fragments in the LSP-Test. Upon 
changing towards a solventless manufacturing process,  propellant 
Nena30/Pr5 with no voids and an increasing density appeared, producing only 
damaged cartridges with practically no fragments in the LSP-Test.    
Hence, the propellant Nena30/Pr5 shows up to be less sensitive as the 
propellant manufactured in a solvent process (Nena30/GK1). 
 
The results of the Nena30/SC-Type (SC: Surface Coated) propellants, differing 
only in the kind of manufacturing are shown in Fig. 7.  
The Nena30/TV4 propellant was produced in a solvent manufacturing process 
and exhibited a number of voids in REM-investigations. At the same time this 
propellant showed up a detonative behaviour in the LSP-Test for the red 
cartridge producing a large amount of smallest fragments with a deformed 
cartridge bottom. The Nena30/TV8 propellant was then chosen to be 
manufactured in a solventless process, showing up an increased density and 
no voids in REM-investigations. In the LSP-Test this propellant showed only a 
small reaction with practically no damaged cartridges.   
Hence, propellant Nena30/TV8 shows up to be significant less sensitive as 
propellant Nena30/TV4, manufactured in a solvent process.  
 
The results of the Nena30/FOX-Type and the Nena30/37Perf propellant are 
shown in Fig. 8.  
FOX-7 is considered to be less sensitive as RDX, although with less 
performance. The Nena30/FOX propellant, exhibiting no voids in the REM-
investigations, showed in the LSP-Test only a small reaction with practically no 
fragmentation of the cartridges. 
The Nena30/37Perf hexagon propellant was manufactured in solvent process 
showing up a large number of voids in REM-investigations together with 
irregular burning in a closed vessel. In the 35mm LSP tests the propellant in 
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the red cartridge detonated producing a large amount of smallest cartridge 
fragments with damaged cartridge base.  
The results of the DNDA-Type propellants are shown in Fig. 9. The propellants 
differ in shape and dimension (7Perf tubular for the DNDA/7M and 37Perf  
hexagonal for the DNDA/37M) and in chemical composition (different RDX- and 
DNDA-content) but are both manufactured in a solventless process. In REM-
investigations the DNDA/37M propellant showed up a large number of voids, in 
closed vessel tests irregular burning.  
The DNDA/7M propellant showed in the LSP-Test a medium till strong reaction 
leaving a number of larger pieces left of both the red and green cartridge. The 
DNDA37M propellant detonated in the LSP-Test producing a deformed red 
cartridge-bottom and large amount of the smallest particles from the red 
cartridge.   
  
In Fig. 10 we show the results of propellants with chemical compositions based 
on NC/RDX/Plasticiser (7PerfTubular) and the XM39-formulation (7Perf 
Tubular). Both propellants detonated in the LSP-Test, leaving a deformed red 
cartridge base and a large amount of small fragments of the red cartridge. 
 
The NC/RDX/Plasticiser-formulation is a representative of a series of similar 
formulations with slight modifications in the plasticizer-system and in the NC 
but with practically identical geometry and very small websizes in the order of 
0.54mm. All these formulations detonated in the LSP-Test.   
The calculated equivalent diameter for the NC/RDX/Plasticiser-formulation is 
1.83mm, critical diameters reported in the literature for similar formulations 
range from 3.8mm towards 5.8mm (Moy 1994, Moy 1998). 
 
For the XM39-formulation the calculated equivalent diameter is 2.46mm. The 
formulation critical diameter reported in the literature is in the order of 2.9-
4.1mm (Debenham 1999). No bed critical diameter in the literature is found. 
Probably because of the lack of mechanical integrity (brittle in the cold) the 
XM39-formulation detonates. 
 
  
Conclusion 
 
Propellants with various shapes and geometries (Tubular, Slab, hexagonal 
bodies, multiperforated sticks) and various chemical compositions (FOX-7, 
Nena, DNDA) have been tested in the 35mm LSP Test at Rheinmetall.  
 
Propellants of L- and L1-type in different geometries showed up no significant 
difference in cartridge-classification. 
The behaviour of the propellants Nena30/TV4, Nena30/37M, Nena30/GK1 and 
DNDA40/37M in the 35mm LSP test (ranging from strong reaction towards 
detonation) appeared to be determined by the appearance of voids, generated 
in a solvent manufacturing process. The voids could be removed by 
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manufacturing the propellants in a solventless process. The subsequent 
testing in the 35mm LSP showed a less vulnerable behaviour. 
Granular propellant of FOX-7-type showed up, as expected, a less sensitive 
behaviour.  
 
Most of the strong reactions and detonations observed in the 35mm LSP test 
seemed to be related to propellant mechanical defects (voids, brittleness) and 
eventually some critical geometrical properties like websize, diameter and 
perforation.  
However, from practically all of the new propellants of Nena-, FOX- and DNDA-
type there exists hardly any data about critical diameters, websizes for the 
formulation itself and for the bed, although this information is crucial for the 
design of new charges with high loading densities (Peugeot 2003).  
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ABSTRACT 
 
The ammunition now has to be safe in each climate zone especially abroad when carrying out UN 
missions. For use in a combat aircraft for example the ammunition should have a high cook off 
stability in order not to undergo a self ignition reaction of the propellant while lying in the hot gun 
barrel. On the other hand there is still the demand on a high ballistic performance at a low barrel 
erosion. Accordingly, conventional single and multi base propellants border on their limits. 
 
A new type of propellant solves the problem. Based on RDX, a nitrocellulose binder and a three 
component energetic plasticizer, this gun propellant disposes of a high ignition temperature of about 
210 °C and a significantly improved chemical stability compared with conventional gun 
propellants. Beside a high force constant at a comparable low adiabatic flame temperature and a low 
molecular mass of the reaction gases, what in sum is of value in terms of barrel erosion, the novel 
gun propellant has a further outstanding property: The burning rate hardly depends on the propellant 
temperature which means that the temperature coefficient in Vieilles burning law is low. That is 
why we call that propellant a Low Temperature Coefficient (LTC) propellant. 
  
Because the burning rate does not depend much on the propellant temperature the maximum gas 
pressure in the gun does not as well. Therefore the maximum permissible gas pressure can be 
exploited to full advantage what can be used to increase the muzzle velocity. 
 
In the meantime the LTC gun propellant has been investigated successfully in the medium caliber 
range. The results of that propellant type will be given and be discussed. 
 
 
 
 
 
 
 



INTRODUCTION 
 
The scenarios for use of gun ammunition have changed. Therefore the ammunition now has 
to be safe in each climate zone especially abroad when carrying out UN missions. For use 
in a combat aircraft for example the ammunition should have a high cook off stability in 
order not to undergo a self ignition reaction of the gun propellant while lying in the hot gun 
barrel. On the other hand there is still the demand on a high ballistic performance at a low 
barrel erosion. Accordingly, conventional single and multi base gun propellants border on 
their limits. 
 
A new type of propellant solves the problem [1], [2]. Based on a cristalline explosive, a 
nitrocellulose binder and a three component energetic plasticizer this gun propellant 
disposes of a high ignition temperature of about 210°C and a significantly improved 
chemical stability compared with conventional gun propellants. Beside a high force 
constant at a comparable low adiabatic flame temperature and a low molecular mass of the 
reaction gases, what in sum is of value in terms of barrel erosion, the novel gun propellant 
has a further outstanding property: The burning rate hardly depends on the propellant 
temperature which means that the temperature coefficient in Vieilles burning law  is low. 
That is why we call that gun propellant a Low Temperature Coefficient (LTC) propellant. 
Because the burning rate does not depend much on the propellant temperature the 
maximum gas pressure in the gun does not as well. Therefore the maximum permissible gas 
pressure can be exploited to full advantage what can be used to increase the muzzle 
velocity. 
 
 
FORMULATION AND PROCESSING TECHNOLOGY 
 
The novel LTC gun propellants consist of a cristalline explosive, a binder and a special 
plasticizer. Depending on the formulation, the performance data vary on a large scale 
allowing a wide application in machine gun, tank gun or artillery ammunition [3]. The 
special feature of these propellants is a high specific energy at a comparatively low 
adiabatic flame temperature (Table 1). This turns out to be particularly valuable with 
respect to barrel erosion. 
 

 
TABLE 1:  Performance Data of LTC Propellants 

 
Formulation Impetus (J/g) Tf (K) M* (g/mol) 

A 1080 2540 19.4 
B 1180 2910 20.8 
C 1300 3390 21.6 

 
 

For processing the LTC propellants the batch technology is used. Based on a batch-mixer 
and a rampress the propellant strands are pressed through dies. 



The improved technology is the continuous process with the co-rotating twin-screw 
extruder (Fig 1). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

FIGURE 1: Twin-Screw Extruder Technology 
 
 
 
CHEMICAL & PHYSICAL CHARACTERISTICS 
 
The safety features of the LTC gun propellants are improved compared to those of the 
conventional nitrocellulose propellants. The ignition temperature, ranging from about 210 
°C to 240 °C, is appreciable higher than that of the nitrocellulose propellants (Table 2). 
This high ignition temperature has an extremely positive effect on the cook-off temperature 
of the cartridge.       
The chemical stability is also significantly improved in comparison with conventional 
propellants. The long term stability test at 90 °C after 18 days shows a loss of weight of 
only 0.80 to 1.10 %. After 30 days the loss of weight ranges between 1.30 and 1.65 %. The 
required value after 18 days is of the order of 3 % at the most.  
The vacuum stability test at 90 °C proved a gas production of about 1.06 ml only. 
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TABLE 2:  Safety data 
 

Loss of weight after 18 days 1.10 % 
Loss of weight after 30 days 1.65 % 
Sensitivity to friction 160 N 
Sensitivity to impact  4 J 
Ignition temperature 210 °C 

 
Investigations of M30, JA 2, several single base propellants and a CAB bounded nitramine 
propellant in the Accelerating Rate Calorimeter (ARC) show a high ignition temperature 
and accelerating rate for different LTC propellants (Fig 2 and Fig 3). 
 
 
 
 
 
 
 
  
 
 
 
 
 

 
 
 

FIGURE 2:  ARC measurements 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 

FIGURE 3: ARC measurements 
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In order to estimate the cook-off temperature of the propellant a special test set up was 
applied. The test propellant, filled in a steel cartridge case, was heated up by means of 
heating strips until the propellant ignition occurred. A thermocouple at the outer wall of the 
cartridge gave the temperature at any point of time.  
  
We found a significantly higher reaction temperature and a longer period of time until the 
reaction entered for the new LTC propellants compared with conventional single and 
multibase propellants (Table 3).  

 
 

     
TABLE  3:  cook-off test results 

      
 

 
 
 
 
 
 
INTERIOR BALLISTIC CHARACTERISTICS 
 
Closed vessel firing tests at different temperatures and varying loading densities were 
carried out in order to examine the combustion behaviour. The dynamic vivacity and the 
linear burning rate were determined from the measured values. This went to prove the 
particular temperature behaviour of the novel gun propellants whereupon the linear burning 
rate did not increase with temperature any longer but, depending on the formulation, 
remained or even decreased from a treshold temperature on (Fig 5). 
 
For an estimation of the erosivity of the LTC gun propellants closed vessel tests were 
carried out and the mass loss of a nozzel because of the hot gas flow were measured. We 
found a dramatically reduced mass loss in comparison with conventional single and 
multibase propellants especially when compared to those of a similar energy level (Fig 6). 
 
The LTC gun propellants were tested in the calibre 40mm x 365, 35mm x 228 and 27mm x 
145. This revealed the high performance of these novel propellants (Fig 7). 

propellant temperature time of period
single base 136 °C 83 s 
triple base 150 °C 145 s 

LTC 1 185 °C 205 s 
LTC 2 204 °C 176 s 
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FIGURE 5:  Linear burning rate of a LTC propellant at different pressures 
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FIGURE 6: Erosivity of LTC propellants          
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FIGURE 7:  gun firing test in calibre 27mm x 145 

 
 
SUMMARY 
 
The application of a novel plasticizer enables a whole family of propellants to be produced. 
It is possible to adjust the specific energy of the propellants within a wide range, and, at the 
same time, the respective flame temperature is considerably lower than what we are used to 
in case of conventional propellants. On that account new propellants are less erosive than 
comparable ones. Due to the fact that the ignition temperature of the novel propellants 
amounts to more than 200 °C, they are well suited for cartridges requiring a high cook-off 
temperature. That's why these propellants are usable in machine gun ammunition, in tank 
gun ammunition and in artillery ammunition as well. 
Besides their high energy density, which alone can be profitably used for an increase in 
performance, it is their particular temperature behaviour which produces another, by far 
more important increase in performance, since the permissible maximum pressure can now 
be utilized to full advantage. 
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1. Abstract 
 
Azidoplasticizers can be useful in all types of energetic systems especially when the 
binders have azidogroups. If plasticizer and binder comprise similar chemical type the 
interaction and compatibility are excellent. Another aspect is that azidoplasticizers supply 
additional energy to the system because such compounds have high heats of formation.  
In this paper we present the synthesis and some properties of the two new compounds 
TAPE-E and TAP-Ac which are azidoesters and have nitrogen contents of about 50%. 
Both compounds have the same molecular formula but because of different position of 
the carboxyl group they are isomers. The influence of the different position of the 
carboxyl group on the resulting properties like decomposition behaviour and glass 
transition point is presented. 
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O

O

N3

N3

N3

 
1 

 

O

N3

N3

N3

O  
2 

Triazidopivalic-acid-ethylester Triazidopentaerythrite-acetat 
 

2. Results 
 
2.1 TAPE-E 
 
2.1.1 Synthesis of TAPE-E 
 
TAPE-E is synthesised from Trichloropivalic-acid [1] by converting into Trichloropivaloyl-
chloride [2] followed by esterfication [3] with ethanol and finally the azidation step. The 
first two steps of the synthesis work very well in high yields of 85 and 87% consecutively. 
The azidation reaction is quite slow, therefore it took 14 days at 95°C in DMF solution to 
achieve quantitative replacement of the halogen substituents. The azidation reaction 
gave TAPE-E in 70% yield as pale yellow oil. Scheme 1 shows the synthesis route.  
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Scheme 1- Synthesis of TAPE-E 
 
2.1.2 Spectra and DSC analysis of TAPE-E 
 
The infrared spectrum shows the specific absorption of the ester carbonyl group at 1735 
cm-1 and the absorption of the azide group at 2107 cm-1 (Fig. 1). 
1H-NMR (Fig. 2) of TAPE-E exhibited one singlet corresponding to methylene protons 
which belongs to azidomethyl group (δ = 3.56ppm) and one multiplet at 4,27-4,22ppm 
for the methylene group next to the carbonyl. The triplet for the methyl group is at 
1,30ppm. 
The DSC analysis is shown in Fig. 3.1 and 3.2.  The exothermic peak from decomposition 
of the azide groups is observed at 221.76oC which is typical for azide compounds. The 
glasstransition temperature was measured between -94 to -92°C which is quite low and 
promises good plasticizing properties even at low temperatures. The refractive index is 
nD

20 = 1,4990 
 
 
Figure 1- IR-spectra of TAPE-E 
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-Figure 2- 1H NMR of TAPE-E 

 
 
 
Figure 2.1- DSC of TAPE-E (Decomposition) 

 
 



Figure 2.2- DSC of TAPE-E (Glasstransition Temperature) 

 
 
 
2.2 TAP-Ac 
 
2.2.1 Synthesis of TAP-Ac 
 
The synthetic route for TAP-Ac started from tribromo-neopentyl alcohol supplied as free 
sample from the American Brom, Inc. of New York Company.  
First tribromo-neopentyl alcohol was converted into the corresponding acetic acid ester 
with acetic anhydride and finally azide substituted by sodium azide (Scheme 2). 
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Scheme 2- Synthesis of TAP-Ac 
 
 
 



2.2.2 Spectra and DSC analysis of TAP-Ac 
 
The infrared spectrum shows the absorption of the ester carbonyl group at 1747 cm-1 
and the absorption of the azide group at 2103 cm-1 (Fig. 3). 
1H-NMR (Fig. 4) of TAP-Ac shows three singlets.  The methylene protons which belong to 
the azidomethyl groups have their peak at 3,35ppm and the methylene group next to 
carboxyl group has its singlet at 3,96ppm. The singlet for the methyl group is at 
2,08ppm. 
The decomposition temperature was measured by DSC and had its peak at 241,36°C 
(Fig. 5.1). The DSC curve for determination of the glasstransition temperature is shown in 
Fig. 5.2. The glasstransition temperature of TAP-Ac is between -86 to -83°C. 
The refractive index is nD

20 = 1,5092. 
 
 
 
 
Figure 3- IR-spectra of TAP-Ac 
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Figure 4- 1H NMR of TAP-Ac 

 
 
 
Figure 5.1- DSC of TAP-Ac (Decomposition) 

 



Figure 5.2- DSC of TAPE-E (Glasstransition Temperature) 

 
 
 
2.3 Properties and Analysis of TAPE-E and TAP-Ac 
 
Table 1 - Properties and Analysis of TAPE-E and TAP-Ac 
 
 Density 

[g/cm3] 
O2 -
Balance 
[%] 

Impact 
Sensitivity 
[Nm] 

Friction 
Sensitivity 
[N] 

Enthalpy 
of 
Formation 
[KJ/mol] 

Glass-
transition 
Temperature 
[°C] 

Decomposit. 
Temperature
(Peak-DSC) 
[°C] 

TAPE-E 1,218 -110,57 1 64 502,87 -94 / -92 221 
TAP-Ac 1,244 -110,57 1 54 595,36 -86 / -83 241 
 
 
The density of this both plasticizers is similar and the oxygen balance is identical because 
these compounds are isomers with only different position of the carboxyl group. The 
sensitivity tests gave also very similar data for both compounds. The high nitrogen 
content of 49,78% is due to the azide groups and causes this high sensitivity against 
mechanical stimulus.  
There is a  significant difference of about 100 KJ/mol in the enthalpy formation of TAPE-E 
and TAP-Ac. A clear difference in glasstransition temperature can also be observed as 
TAPE-E shows 10°C lower temperature than TAP-Ac. Based on this fact we could say that 
the polar carboxyl group in case of TAPE-E is more shielded from inter molecular 
interactions then  in TAP-Ac. Nevertheless both temperatures are quite low and promise 
good plasticizing properties even at low temperatures. 
From DSC measurement TAP-Ac shows slightly higher decomposition temperatures then 
TAPE-E. 
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MECHANISM OF THE THERMAL DECOMPOSITION  

OF NITROPROPENES 

Alexander G. Shamov, Ekaterina V. Nikolaeva,  

Denis V. Chachkov, Grigorii M. Khrapkovskii  

Kazan State Technological University, 420015, the Russian Federation, Kazan.  

Fax: (8432) 36 20 85,  E-mail: shamov@kstu.ru 

Abstract: Mechanisms of the gas-phase monomolecular decomposition of cis-nitropropene (I), trans-
nitroprorene (II) and 2-methyl-1-nitropropene-1 (III) have been studied by the density functional 
B3LYP/6-31G(d) method with the use of a set of Gaussian98W programs. It has been established that 
the main channel of the decomposition for nitropropenes is the formation of substituted oxazetes at the 
primary stage according. This reaction is the limiting stage of the whole process and its activation en-
thalpy for compounds I, II and III equals 186.8, 197.3 and 182.2 kJ/mol, respectively. It was shown 
that for molecules having a hydrogen-containing substituent (cis-nitropropene, 2-methyl-1-
nitropropene-1) in the cis-position to the nitro-group there is a principle possibility to realize a mecha-
nism with the primary stage being the 1,5-sigmatropic shift of the hydrogen atom from RH to NO2 
with the formation of the aci-form. The most essential feature of this decomposition channel is that its 
limiting stage is not the primary act, the formation of the aci-form (2), but its transformation into 
isoxosol-2(5H)-ol for cis-nitropropene (182.5 kJ/mol) and 4-methylisoxosol-2-(5H)-ol for 2-methyl-1-
nitropropene-1 (190.0 kJ/mol). The further development of the process is connected with the formation 
of the singlet biradical intermediates and their decomposition into the products observed experimen-
tally. 

Recently, the study of the structure and reaction ability of nitro-olefines becomes of 

considerable interest with respect to their possible usage as promising explosives.  

In 1998, Politzer and co-authors in their theoretical work for the first time paid 

attention to the fact that 1,1-diamine-2,2-dinitroethylene called FOX-7 has the same 

stoichiometry as hexagen and octagen, having much stronger  bonds than the latter [1]: 

C C
NH2

NH2

NO2

NO2
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H2C
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CH2

N
O2N NO2
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N
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The following synthesis of FOX-7 by Latypov and co-authors [2]: 
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stimulated the experimental and theoretical investigations of the structure and reaction 

ability of nitro-olefines [3-4].  

It was considered for a long time that α-nitro-olefines decompose according to 

the mechanism connected with the elimination of the nitrous acid. However, the 

quantum-chemical investigation carried out by Shamov and Khrapkovskii [5-Fehler! 

Verweisquelle konnte nicht gefunden werden.] showed that this mechanism has a 

barrier. For example, for nitroethylene this barrier exceeds the experimental value by 

about 40 kJ/mol. The possible errors of calculation (10-12 kJ/mol) are considerably 

smaller than this value. Moreover, Table 1 shows that none of the reactions (1)-(5) 

mainly considered by the researchers can be the primary act of the monomolecular 

decomposition of nitroethylene.  

Table 1. Activation enthalpy of alternative processes of the primary act of the mecha-
nism of the nitroethylene decomposition, kJ/mole 

C2H3NO2  → C2H3(⋅) + NO2(⋅) (1) 
C2H3NO2  → [II] ≠ → C2H2 + H−O−N=O  (2) 
C2H3NO2  → [III] ≠ → C2H3−O−N=O  (3) 
C2H3NO2  → [IV] ≠ → CH2=C=NO−OH  (4) 
C2H3NO2  → [V] ≠ → CH=CH−NO−OH(⋅⋅)  (5) 

C
C

H H

N+

O–

O
H

C
C

H
H

N+

O–

O

H

[VI]≠

 

(6)

 
∆H≠

298 
B3LYP QCISD(T) № Process 

6-31G(d) 6-311++G(df,p) 6-31G(d) 
1 Destruction of the C-N bond 281.2 268.4 289.5 
2 β-elimination HO-N=O 243.4 223.9 253.2 
3 Nitro-nitrite rearrangement 241.5 237.4 244.5 
4 1,3-H-shift to the  aci-form 257.6 249.2 274.8 
5 1,4-H-shift to the aci-form 300.3 280.2 - 
6 Formation 4H-1,2-oxazete-2-

oxide 201.3 203.9 216.5 

In papers [5-9], by means of various quantum-chemical methods we studied the 

mechanism connected with the formation of 4H-1,2- oxazete -2- oxide at the limiting 

stage. The activation enthalpy of the primary act of reaction (6) is close to the 
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experimental estimate (191.9 kJ/mol [Fehler! Verweisquelle konnte nicht gefunden 

werden.Fehler! Verweisquelle konnte nicht gefunden werden.]). 

The further development of the process is connected with the appearance of the 

singlet biradical intermediate, which either decomposes to formaldehyde and nitroxide 

after a series of conformational transitions or regroups into aldoxim (?) with its 

subsequent decomposition into hydrocyanic  and formic acids (Fig. 1). 
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Fig. 1. Decomposition circuit of 4H-1,2-oxazete-2-oxide (B3LYP/6-311++G(df,p)). The 
number under the pointer in brackets is the number of the examined process, the number 
above the pointer is the relative formation enthalpy of the transition state, corresponding 
to the given process, kJ/mole. The nitroethylene formation enthalpy is chosen as the 
zero point. 

Already in 1970, a similar mechanism was proposed by Kinstle and co-authors in 

the discussion of the high-temperature pyrolysis of nitrostyrenes [11]: 

C
C

Ph H

N+

O–
OH3C

C
C

Ph H

N+
O–

O

H3C
C

O
H

Ph + C N OH3C

C N OH3C
C NH3C O

N C OH3C

(51%)

(25%)+

(15%)  
However, their paper did not give any kinetic or energy proofs of the possibility 

for such a process to occur.  

It should be noted that even if the formation of 4H-1,2- oxazete -2- oxide during 

the thermal decomposition of nitroethylene was not proved experimentally, the 

analogous oxazetes were obtained by cyclization of  the substituted nitroethylenes [12, 

13]. This may serve as an additional argument in favor of the mechanism under 

consideration: 
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(a)   R = H;  (b)  R = Br;   (c) R = Cl
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N OO
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(f)   R' = CH3  

Mass-spectrometry data [14] also demonstrate the possibility of isomerization 

connected with the formation of oxazetes as a primary act of the thermal decomposition 

of α-nitro-olefines. 

Taking into account the increasing interest in the processes of the thermal 

destruction of substituted nitroethylenes, we continued to study the influence of 

substituents on the mechanism of the gas-phase monomolecular thermal decomposition 

of nitro-olefines.  This report is concerned with the study of the mechanism of the 

thermal destruction of isomeric and substituted nitropropenes.  

All results are obtained with the use of a set of applied Gaussian98W programs 

[15] by the method of the density functional theory B3LYP/6-31G(d) [16]. 

According to the calculation, the process of β-elimination of the nitrous acid for 

trans-nitropropenes is less favorable (чем что?), the same as for nitroethylene. The 

calculated estimates of the activation enthalpy for this mechanism (248.2 kJ/mol) 

considerably (more than by 60 kJ/mol) exceed the activation energy of the gas-phase 

decomposition (176.8 kJ/mol [Fehler! Verweisquelle konnte nicht gefunden 

werden.]). The calculation also predicts the barriers close to the elimination reaction of 

HNO2 for the nitro-nitrate regrouping (NNR) and for the reaction of the1,3-sigmatropic 

shift (251.3 and 255.5 kJ/mol, respectively). The reaction of the formation of 4-methyl-

4H-1,2- oxazete -2- oxide has a considerably lower barrier than other alternative 

processes and makes 186.8 kJ/mol for nitropropene. This value is in good agreement 

with the experimental estimate of the activation enthalpy (176.8 kJ/mol [Fehler! 

Verweisquelle konnte nicht gefunden werden.]) for this compound. 

As the main channels of the monomolecular decomposition of  α-nitro-olefines 

are connected with regrouping, the study of the mechanism presumes the investigation 
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of the further development of the reaction and the proof that processes under 

consideration result in the products observed experimentally and with barriers not 

exceeding the extreme values experimentally determined.  

The most probable decomposition of 4-methyl-4H-1,2- oxazete –2oxide in the 

case of trans-nitropropene (Fig. 2) is connected with the formation of the singlet 

biradical (III’-a) in the intermediate stage and its further decomposition into the 

acetaldehyde and nitriloxide (VII’-a).  

Then the decomposition products may undergo the bimolecular interaction with 

the formation of aldoxim (VIII’-a), which decomposes into hydrocyanic and formic 

acids (X’-a), and then into methane and carbonic acid (XVI’-a) during isomerization. 

Moreover, the direct isomerization of the biradical intermediate (VI’-a) into 

aldoxim (XI’-a) is possible. The further decomposition of aldoxim leads to the 

formation of: 

 either  hydrocyanic and formic acids (X’-a) and then methane and carbonic 

acid (XVI’-a); 

  or 1-nitrozopropane-2-on (XIII’-a), which may isomerize at first into  1-

nitrozopropene-2-ol (XIV’-a), and then into 2-hydroxipropene-1-on oxym 

(XV’-a). The latter compound decomposes into 2-oxopropionitril and water 

(XIX’-a).  

For nitro-olefines 

having a hydrogen-

containing substituent in 

the cis-position to the ni-

tro-group, there is a prin-

ciple possibility to realize 

one more channel of the 

gas-phase decomposition, 

namely, the 1,5-

sigmatropic shift of hy-

drogen from RH to the nitro-group (Fig. 3).  
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Fig. 2. Primary processes of the mechanism of the de-
composition of  cis-nitropropene. The cis-nitropropene 
formation enthalpy is chosen as the zero point (kJ/mol). 
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Fig. 3. Scheme of the mechanism of the decomposition of trans-nitropropene. Here and further bold arrows show the most prob-
able, thin arrows probable and slashed arrows improbable development of the process.  The trans-nitropropene formation en-
thalpy is chosen as the zero point, kJ/mol. 
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The results of the investigation of the secondary reactions of the decomposition of 

cis-nitropropene taking place with the formation of 4-methyl-4H-1,2- oxazete -2-oxide 

(II-a) at the limiting stage (Fig. 4) showed that the given mechanism is  practically 

analogous to the mechanism considered for nitroethylene and trans-nitropropene. It 

passes by the singlet biradical intermediate (III-a), which either isomerizes with the 

subsequent decomposition into acetaldehyde and nitriloxide (VII-a) or regroups into 

oxim-2-oxopropanal (XI-a) and decomposes into the elementary final products 

(hydrocyanic acid, acetic acid, water, methane, methyl alcohol, 2-oxopropionitril, etc.). 

It should be noted again that oxim-2-oxopropanal (VIII-a) may appear as the result of 

the bimolecular reaction of nitriloxide and acetaldehyde.   

An alternative mechanism of the monomolecular gas-phase thermal 

decomposition of cis-nitropropene, the 1,5-sigmatropic shift of hydrogen from RH to 

the nitro-group (Fig. 5), is of considerable interest. Its most essential feature is the fact 

that the limiting stage is not the primary act, the formation of the aci-form, but its 

transformation into isoxosol-2(5H)-ol (XXI-a). 

Analogous to the decomposition of nitroethylene, the reactions of the biradical 

decomposition play an important role in the gas-phase decomposition of cis-

nitropropenes. The realization of processes with the formation of singlet biradicals 

enables one to obtain elementary final products of the reaction, in particular when the 

direct processes of the decomposition are not energy-wise favorable. 

For example, isoxosol-2(5H)-ol (XXIV-a) may regroup into (1E)-propandial 

oxim (XXVI-a), which decomposes into water and 3-oxopropannitril (XXVII-a). The 

latter decomposes into acetonitril and CO (XXVIII-a). However, this channel for the 

reaction to develop is not energy-wise favorable because its barrier exceeds the 

activation enthalpy of the limiting stage.  

An alternative way for the process to develop is connected with the formation of 

the singlet biradical (XXV-a) (in the structure of this biradical the dihedral angle OCCC 

equals 0o). Further, (1E)-propandial oxim (XXVI-a) is formed from this singlet 

biradical.  
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Fig. 4. Scheme of the mechanism of the decomposition of  cis-nitropropene, connected with the formation of 4H-1,2-oxazet-2-
oxide at the  limiting stage. The cis-nitropropene formation enthalpy is chosen as the zero point (kJ/mol).
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form. The cis-nitropropene formation enthalpy is chosen as the zero point (kJ/mol).
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Moreover, the decomposition of the biradical intermediate may be connected with 

its isomerization via oxiran-2-carbaldehyde oxim (XXIX-a or XXIX’-a) into the 

biradical (XXX-a) of the structure with the angle OCCC equal to 180o and the following 

formation of  (1E)-propandial oxim (XXVI-a). The relative formation enthalpy of the 

transition state of the most energy-wise unfavorable reaction for the chains described is 

176.7 kJ/mol being by nearly 7 kJ/mol lower than the limiting stage of the total process. 

It is clear that the further decomposition of  (1E)-propandial oxim (XXVI-a) resulting 

from the realization of the mechanism with the formation of the singlet biradical is 

analogous to the mechanism described above for the scheme of its direct formation from   

isoxol (5H)-ol (XXVI-a) (Fig.  5). 

Thus, our data show that the channel of the decomposition of cis-nitropropene 

connected with the 1,5-sigmatropic shift of the hydrogen atom from the hydrogen-

containing substituent to the oxygen of the NO2 –groups is the preferable one, although 

the realization of the mechanism with the formation of oxazete at the limiting stage 

cannot be completely excluded.  

Similar to cis-nitropropene, at the decomposition of 2-methyl-1-nitropropene-1 

the mechanism of the formation of the aci-form resulting from the 1,5-sigmatropic shift 

of hydrogen from the hydrogen-containing substituent to the nitro-group may be 

realized as well. Its limiting stage is also the formation of 4-methylisoxazol-2-(5H)-ol 

(Fig. 6), which further decomposes according to the biradical scheme. In this case, Fig. 

6 shows that the relative activation enthalpy is 190.0 kJ/mol, which is somewhat higher 

than the barrier of the limiting stage of the cyclization channel in 4,4-dimethyl -4Н-1,2- 

oxazete -2-oxide (182.2 kJ/mol) with its subsequent decomposition.  

As it was shown above, at the appearance of the methyl substituent the barrier of 

the cyclization reaction into various oxazetes lowers. 

The activation enthalpy of the cyclization reaction of the cis-isomer (197.3 

kJ/mol) lowers with respect to the similar reaction of nitropropene (201.3 kJ/mol) by 4 

kJ/mol. One can explain this by considering the charge distribution on atoms (Fig. 7). In 

nitroethylene and cis-nitropropene, oxygen atoms participating in the cyclization 

reaction have the same negative charge (~-0.4 e). Due to the fact that CH3 draws 
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electrons, carbon at the double bond C2 in cis-nitropropene has a smaller negative 

charge than that in nitroethylene. This enables the slight lowering of the reaction barrier 

as the repulsion of two negatively charged atoms С2 and О6 decreases. 
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Fig. 6. Scheme of the mechanism of the decomposition of 2- methyl -1-nitropropene-1, 
with the primary stage being the 1,5-sigmatropic shift of hydrogen. The 2- methyl -1-
nitropropene-1 formation enthalpy is chosen as the zero point (kJ/mol). 

For trans-isomer of nitropropene, the activation enthalpy of the formation of 4- 

methyl -4H-1,2- oxazete -2- oxide (186.8 kJ/mol) is about  10 kJ/mol lower than that for 

the cis-isomer (197.3 kJ/mol). As in cis- and trans nitropropenes the charge distribution 

on atoms is the same (Fig. 7), most probably the effect of the steric repulsion of the 

fragments CH3 and NO2 works.  

As the second methyl group appears in the α-position to the nitro-group in 2- 

methyl -1-nitropropene-1, the barrier of the formation of the cyclic intermediate – 

substituted oxazete – lowers considerably (by about 15 kJ/mol) as compared with the 

activation enthalpy of the similar reaction in cis-nitropropene. The influence of the 

second CH3 group has a little effect on the activation barriers of other stages. One can 
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explain the lowering of the cyclization barrier as compared with the reactions of 

nitroethylene, cis- and trans-nitropropene by analyzing the distribution of the electron 

density on the molecular atoms (Fig. 7). 
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Fig. 7. Charges on atoms (in electrons) of trans-nitropropene, cis-nitropropene, and 2- 
methyl -1-nitropropene-1. 

The results of the study of the charge distribution on atoms given in Fig. 7 show 

that in cis- and trans-nitropropenes the methyl group slightly polarizes the bond С1С2.. 

The second carbon keeps a weak negative charge (-0.07 e). On the contrary, the 

appearance of the second CH3 group in 2-methyl-1-nitropropene-1 strongly polarizes 

the given bond and a positive charge (0.20 e) appears on С2 . The charge on the oxygen 

participating in the reaction of the formation of the cyclic intermediate has nearly the 

same negative value in all four compounds (~0.4 e). Apparently, this is the reason that 

the electrostatic effect plays the most important role in the development of the reaction 

under consideration.  

Thus, in 2- methyl -1-nitropropene-1 the probability of the reactions of the gas-

phase decomposition to occur via the formation of the intermediate 4,4-dimethyl -4Н-

1,2- oxazete -2- oxide with its subsequent decomposition according to the biradical 
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scheme considerably increases as compared with that for nitroethylene, cis- and trans-

nitropropenes.   
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Untersuchungen zu Änderungen der Eigenschaften  
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Investigations concerning modifications of the properties 
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Kurzfassung 
 

Bei der Entwicklung neuer Treibladungspulver ist die Ermittlung der chemischen 

Eigenschaften ein zentrales Aufgabengebiet. Im Hinblick auf die spätere 

Verwendung spielen dabei Änderungen der Eigenschaften des Pulvers bei Lagerung 

bzw. Belastung eine wichtige Rolle. 

Zur Klärung dieser Fragestellung wurden im Rahmen einer Studie der WTD91-210 

bei RWM Laboruntersuchungen zur Ermittlung der Eigenschaften nach vorheriger 

Belastung am Beispiel von DNDA-TLP durchgeführt. 

Im Vortrag werden die thermischen Belastungen der Pulver sowie die daraus 

resultierenden Änderungen hinsichtlich ballistischer, mechanischer und chemischer 

Eigenschaften beschrieben und bewertet. Des Weiteren werden Untersuchungen 

zum Migrationsverhalten der energetischen Weichmacher in Kontaktmaterialien bei 

Belastung vorgestellt und beurteilt. 

 

Abstract 
 
During the development of new propellants the determination of the chemical 

properties is a central area of work. In terms of a planned usage the changing of the 

properties during storage or loading plays a major rule.  

During a study, leading by WTD91-210, different investigations were made at RWM 

for clarification of this question concerning the determination of the properties after 

loading a DNDA-based propellant. 
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This presentation describes the thermal loadings of the propellant and the resulting 

modifications of the ballistic, mechanical and chemical properties. Furthermore 

investigations concerning migration of the energetic binders into other materials were 

presented and assessed.  

 

Einleitung 
 
Neuzeitige Entwicklungen von Treibladungspulvern zielen zur Erreichung möglichst 

gleich bleibender Eigenschaften auf eine Temperaturunabhängigkeit der TLP hin. In 

diesem Zusammenhang wurden zur Darstellung dieser Temperaturunabhängigkeit 

neuartige, energetische Weichmacher wie z.B. die Mischung DNDA57 eingebracht. 

Zur Bewertung sind dabei neben den stabilen ballistischen Eigenschaften die 

chemischen Eigenschaften bzw. Änderungen dieser durch vorherige Belastung 

entscheidend. 

Im Rahmen einer Studie der WTD91-210 zur Entwicklung eines temperatur-

unabhängigen DNDA-Treibladungspulvers sollten die Eigenschaften hinsichtlich 

Stabilität und Migrationsverhalten nach vorheriger Temperaturbelastung untersucht 

werden. Die Proben wurden dazu den verschiedenen, unten beschriebenen 

thermischen Vorbelastungen ausgesetzt und anschließend untersucht. 

 

Probe Lagertemperatur Lagerdauer Besonderheiten 
  
1 +21°C  Unbelastet 
2 +71°C 14Tage Offenes Gefäß 
3 +71°C 14Tage Verschlossenes Gefäß 

4 -40°C / +63°C 
24Std/24Std 
7 Zyklen 

Temperaturschockbedingungen  
lt. MIL-STD 810E, 
verschlossenes Gefäß 

 

 

Der zweite Teil der Untersuchungen beschäftigte sich mit dem Migrationsverhalten 

der Pulverbestandteile in Kontaktmaterialien. Dazu  wurden TLP-Proben in direktem 

Kontakt mit verschiedenen Materialien unter Temperatureinfluss gelagert (vgl. 
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Abb. 1) und anschließend die migrierten Weichmacher DNDA57 im Kontaktmaterial 

bestimmt. 

 

Ergebnisse 
 
Die Untersuchungen hinsichtlich ballistischer Eigenschaften in der Druckbombe 

ergaben keine nennenswerten Unterschiede nach thermischer Belastung. Als 

Beispiel dazu sind in Abb. 2 die ermittelten Lebhaftigkeitsverläufe bei T = +63°C 

graphisch dargestellt.  

 

Die mechanischen Eigenschaften der Proben wurden mittels Zugprüfmaschine im 

Temperaturband untersucht. Zu diesem Zweck wurden die TLP-Körner zwischen 

Aluminiumplatten temperiert und die Druckversuche mit definierter Stauch-

geschwindigkeit durchgeführt (vgl. Abb. 3).  

Man erkennt beim DNDA-TLP unabhängig von der Vorbelastung eine zunehmende 

Sprödigkeit mit sinkender Temperatur, wobei die Proben bei Messtemperaturen 

T <+10°C zu brechen beginnen. Ein Vergleich der thermisch belasteten mit den 

unbelasteten Proben ergab lediglich geringe Differenzen (Abb. 4). 

 

Zur Prüfung des DNDA-TLP hinsichtlich der chemischen Eigenschaften wurden 

folgende Untersuchungen durchgeführt: 

 Restfeuchte 

 Explosionswärme 

 Chemische Beständigkeit bei 90°C 

 Holland-Test (105°C) 

 Bestimmung DNDA57 mittels HPLC 

 

Durch die thermische Vorbelastung der Proben ergaben sich lediglich geringfügige 

Unterschiede zum unbelasteten TLP. Bemerkenswert waren die Ergebnisse zur 

chemischen Beständigkeit bei 90°C. Diese Lagerungen wurden nach 100Tagen 

abgebrochen, wobei zu diesem Zeitpunkt noch keine Autokatalyse begonnen hatte. 
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Im Vergleich dazu beginnt die Autokatalysereaktion des eingeführten TLP L5860 

(Patrone 120mm DM53) bereits nach ca. 20Tagen (vgl. Abb. 5).  

 

 

Die Lagerungen zum Migrationsverhalten der Inhaltsstoffe des DNDA-TLP zeigten 

einen Feuchteaustausch des TLP mit dem jeweiligen Kontaktmaterial, wobei das 

TLP jeweils Feuchte aufnahm und dementsprechend der Feuchtegehalt des 

Kontaktmaterials erniedrigt wurde (vgl. Abb. 6). 

Mittels HPLC konnte die Migration des energetischen Weichmachers DNDA57  in die 

Kontaktmaterialien nachgewiesen werden. Ein Vergleich mit der Sprengölaufnahme 

von verbrennbarem Hülsenmaterial in Kontakt mit dem eingeführtem, sprengöl-

haltigen TLP L5860 zeigt, dass die DNDA-Wanderung eher geringer liegt (Abb. 7). 

 
 
Schlussfolgerung 
 

Zusammenfassend lässt sich sagen, dass die thermische Vorbelastung des DNDA-

TLP keine signifikanten Änderungen der chemischen, mechanischen sowie 

innenballistischen Eigenschaften ergaben.  

Das untersuchte Migrationsverhalten der energetischen Weichmacher DNDA57 

stellte sich in eher geringerer Größenordnung zu dem des eingeführten TLP L5860 

dar. 
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Abstract: Many different synthetic routes to FOX-7 have been developed until now. Each 
starting material such as 2-methylimidazole, 2-methoxy-2-methylimidazolidine-4,5-dione, or 2-
methylpyrimidine-4,6-dione (4,6-dihydroxy-2-methylpyrimidine), was nitrated and then 
hydrolyzed to FOX-7 by somewhat different process, but the yields were more or less low and 
the processes were felt a little boring. In our modified process from 4,6-dihydroxy-2-
methylpyrimidine, FOX-7 was synthesized in about 90 % yield within several hours. The 
reaction temperature was well controlled in the preparation of 4,6-dihydroxy-2-
methylpyrimidine, while some heat was evolved at the beginning of nitration, judging from a 
reaction calorimeter.  

 

1. Introduction 

 

Since many explosives have been developed, higher performance and lower 

insensitiveness are always a keen concern in weapon system. These two factors often 

look contradictory: Once an explosive shows higher performance, it is not quite 

insensitive. For examples, HNIW1 and octanitrocubane2 are thought to be one of the 

most powerful molecular explosives, but they are almost as sensitive as PETN. 

Recently FOX-7 was introduced by Swedish chemists and it shows similar performance 

to RDX, but very insensitive.3 The activation energy, measured by DSC, is 56 kcal/mol, 

while RDX is 48 kcal/mol. Time to ignition measurements with a CO2-laser showed that 



FOX-7 is more difficult to ignite than RDX.4 The molecule is packed in the way of two-

dimensional wave-shaped layers in the crystal structure. There are also strong hydrogen 

bonds between oxygens in nitro groups and hydrogens in amino groups.3  

All these aspects might explain that FOX-7 is a very stable molecule compared to RDX. 

In terms of insensitiveness measured by drop weight and friction test, FOX-7 shows 126 

cm (2 kg, BAM) and 350 N compared to 38cm and 120N for RDX, respectively.3 

Therefore insensitiveness of FOX-7 is comparable with TNT and NTO,5 and FOX-7 is 

much safer to be used in propellants or explosives. 

Since FOX-7 was first synthesized in 1998,3 two other synthetic methods were 

developed.6 These methods were mainly based on nitration followed by hydrolysis of 

dinitromethylene derivatives. 2-Methylimidazole, 2-methyl-4,5-imidazolidinedione 

and/or 2-methoxy-2-methyl-4,5-imidazolidinedione, and 2-methyl-4,6-pyrimidinedione 

were used as starting materials in those schemes. 

In this paper, the three synthetic methods were examined and one of them was studied 

using RCle for a larger scale process. 

 

2. Synthesis 

 

In the synthesis of FOX-7 from 2-methylimidazole (2), a lot of heat was evolved, 

immediately after nitric acid was added into the reaction mixture containing c-H2SO4. 

Parabanic acid (4) was formed as a minor product, even if the reaction was carried out 

around 10˚C. In addition, nitrogen oxides was evolved through the decomposition of 

tertranitro 6 during the isolation of 2-dinitromethylene-4,5-imidazolinedione (7), 

resulting in the fact that dione 7 was not often pure enough to proceed further reaction. 



Moreover, 1,1-diamino-2,2-dinitroethene (1, FOX-7) was given in too low yield.  
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Scheme 1. Synthesis of Fox-7 from 2-methylimidazole (1) 
 

As the mechanism of the reaction was examined, the starting material of another 

synthetic route for FOX-7 was chosen among imidazolidinedione derivatives to avoid 

the evolution of nitrogen oxides. 2-Methyl-4,5-imidazolidinedione might be a plausible 

starting material for the synthesis of 7.3 

2-Methyl-4,5-imidazolidinedione (8) was given along with 2-methoxy-2-methyl-4,5-

imidazolidinedione (9) in the reaction of diethyl oxalate with acetamidine hydrochloride 

and sodium methoxide in methanol. Since dinitromethylene derivative 7 could be 

synthesized from 8 and 9, and dione 8 was easily converted to compound 9 in 

recrystallization from methanol, the preparation of the starting material did not look so 

bad. However, the separation of 8 and 9 from NaCl was needed a Soxhlet extraction. 

This process is too tedious to be studied. 
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Scheme 2. Synthesis of 2-methyl-4,5-imidazolidinedione (8) and 2-methoxy-2-
methyl-4,5-imidazolidinedione (9) 

  

In the reaction of compound 9 in c-H2SO4 with nitric acid, dinitromethylene derivative 

7 was given in 67% yield. When nitric acid was added into the solution of 9 in c-H2SO4, 

the reaction temperature also increased at the beginning of the addition, resulting in the 

fact that parabanic acid (4) was formed as mentioned previously in the first route. If 

dinitromethylene derivative 7 was put into the mixed acids, it was gradually degraded.  
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Scheme 3. Nitration of 2-methoxy-2-methyl-4, 5-imidazolinedione (9) 
 

The amount of nitric acid needed in the nitration was much smaller than that in the first 

route. Dinitromethylene derivative 7 was more pure in the second route than in the first 

one. Although the second route was obviously much better than the first one, this 

process could not be studied any more because the starting material (9) was not easy to 

secure.  



Other starting materials were needed for the better synthesis of FOX-7. The diamino 

moiety was prepared by hydrolysis of amide functionality, and the dinitromethylene one 

was produced from 2-methylimidazole or 2-methylpyrimidine. Combining these ideas, 

the third synthetic route was developed by Russian chemists, Astrat’ev et al.7  

2-Methyl-4,5-pyrimidinedione (10), the starting material of this route was prepared in 

the reaction of diethyl malonate with acetamidine hydrochloride and sodium methoxide 

in methanol. Since pyrimidine 10, a tautomer of 4,5-dihydroxy-2-methylpyrimidine (11) 

is not soluble in water, it can be separated from NaCl. In DMSO-d6, compound 11 exists 

as a main structure. 

The reaction of pyrimidine 10 in c-H2SO4 with nitric acid gave 5,5-dinitro-2-

dinitromethylene-4,6-pyrimidinedione (13) in 75% yield. When a half of nitric acid was 

added, a solid started to be precipitated. After the nitration ended, tetranitro derivative 

13 was filtered and decomposed by hydrolysis to give FOX-7 in about 80% yield. In our 

laboratory, the reaction mixture was added into water, without isolation of the 

intermediate tetranitro derivative 13. Therefore original method for FOX-7 was two pots 

reaction, but the nitration and hydrolysis took place in one pot. When the mixture was 

added into water, it turned yellow and CO2 gas evolved, showing that the hydrolysis 

began. If the temperature increased, then nitrogen oxides was evolved, and the yield 

decreased.  
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Scheme 4. Synthesis of FOX-7 from 2-methyl-4, 6-pyrimidinedione (10) 

 

3. Instrument 

 

Melting point and decomposition temperature were recorded on Mettler Toledo DSC 

821e. The spectrum showed two exothermal peaks (Figure 1). 

 
Figure 1. DSC of synthetic FOX-7 



The TGA was performed on Mettler TGA 850. It showed that thermal decomposition of 

FOX-7 began at 190 ˚C (Figure 2). 

 
Figure 2. TG of synthetic FOX-7  
 
1NMR was recorded on Brucker (300 MHz) in DMSO-d6. FOX-7 does not have distinct 

hydrogens except those in amines, showing that their chemical shift appears at 8.72 ppm 

(Figure 3). 

 
Figure 3. 1NMR spectrum of synthetic FOX-7 



FOX-7 has two sp2 carbons showing that two peaks appeared at 157.9 and 128.0 ppm 

on 13NMR spectrum (Figure 4). 

 
Figure 4. 13NMR spectrum of synthetic FOX-7 
 
Mass spectrum of FOX-7 was recorded on Micromass AutoSpec-Ultra with the 

following parameters. 

 
 
 
 
 
 
 
 

The molecular ion peak was shown rather strongly at m/z 148, explaining that the 

molecule is quite stable (Figure 5). Other characteristic peaks were also found; m/z 42, 

43, 44, 53, 55, 69, 72, and 82.  

Ion Source Temp. 
 Electron Energy  
 DIP (Direct Insertion Probe) Temp.  
 Scan range (m/z) 
 Scan Time  
 Scab Delay Time 
 Resolution  

200℃  
70 eV  

200℃  
30 ∼ 550  
0.3 sec  
0.25 sec  
1K  



 
Figure 5. Mass spectrum of synthetic FOX-7 
 
4. Experimental 
 

The first and second synthetic routes proceeded as mentioned in the literature.3 The 

products and intermediates were confirmed by 1H NMR, 13C NMR, and EA (EA 1108 

Carlo Erba Instruments). All chemicals were purchased from Aldrich Chem. Co. 

Synthesis of 2-methyl-4,6-pyrimidinedione. 

To a solution of NaOMe (27.0 g, 0.50 mol) in MeOH was added acetamidine 

hydrochloride (28.4 g, 0.30 mol) and diethyl malonate (48.1 g, 0.30 mol). After 

refluxing for 3 h, the mixture was added into water and acidified with aqueous HCl. 

Filtration gave a solid (34.4 g, 91%), which was used without further purification.  

A typical procedure for the synthesis of FOX-7 from 2-methyl-4,6-pyrimidinedione. 

2-Methyl-4,6-pyrimidinedione (12.6 g, 0.010 mol) was dissolved into sulfuric acid (38.0 

mL, d=1.84, 0.713 mol). The solution was cooled to 15 ˚C, and nitric acid (63.8 g, 1.01 

mol) was added over 30 min. After 2 h, the reaction mixture was added into water at 0 

˚C. After stirring for another 3 h, the precipitate was filtered to give a crude FOX-7 

(13.3 g, 90%), which was very pure. Recrytallization from DMF could give an 



analytical sample. Anal. Calcd for C2H4N4O4: C, 16.22; H, 2.72; N, 37.84. Found: C, 

16.5; H, 2.57; N, 37.9.  

 

5. Reaction calorimetry 

     

The reaction calorimetry was studied with a Mettler-Toledo RCle which was equipped 

with an anchor-type stirrer. The volume of the reaction cell was about 1.5 L. When 

acetamidine hydrochloride was added into a solution of NaOMe in MeOH, the mixture 

became viscous because of NaCl in the preparation of the starting material, 2-methyl-

4,6-pyrimidinedione. To adjust the crystal size, stirring rate and temperature were very 

important. As shown in Figure 6, the unexpected heat was not observed and the reaction 

temperature was well controlled throughout the reaction.  

 
Figure 6. RC1e data in the preparation of 2-methyl-4,6-pyrimidinedione 
 

In the preparation of FOX-7, same calorimeter was employed. Since a lot of water was 

needed in the hydrolysis step and the volume of the reaction cell was limited, the scale 

of the reaction was changed after the nitration. The scale of nitration was three times as 

large as that of hydrolysis. The amount of starting material was initially 63.1 g (0.50 

mol). As shown in Figure 7, a lot of heat was evolved when nitric acid was into the 



reaction mixture. Therefore a proper cooling system was necessary. In our system, the 

reaction temperature was far away from dangerous 100 ˚C.4 Meanwhile, some heat was 

evolved during the hydrolysis, but the reaction temperature was easy to control.  

 

 Figure 7. RC1e data in the preparation of FOX-7 
 

6. Conclusion 

 

In our modified process from 4,6-dihydroxy-2-methylpyrimidine, FOX-7 was 

synthesized in about 90 % yield within several hours. Even though this route was 

adapted to the current pilot production method in many research centers, dinitromethane,  

nitroform and NOx should be treated safely.8 In addition, this route requires excess 

mixed acids, which arises environmental problem. Although the second route was 

tiresome, it excluded the problem of dinitromethane, and used smaller amount of the 

mixed acid. As shown in a reaction calorimetry study, the reaction temperature was well 

controlled in the preparation of 4,6-dihydroxy-2-methylpyrimidine, while some heat 



was evolved at the beginning of nitration in the preparation of FOX-7. Therefore a 

proper cooling system was needed for a larger scale production.  
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ABSTRACT 

   Conjugate detonation model has two distinct advantages: it describes weak 

detonation and entropy of detonation products in this model is the maximum. After 

modification, this model can simulate both high/low velocity detonations.  

Key words:  Low velocity detonation  Conjugate detonation theory   

           C-J theory   Detonation 

 

1. Introduction 

   In detonation science, a number of observation results are not explained very well 

or, in some cases, not explained at all by the C-J or ZND models. One of them is the 

low velocity detonation: if the explosive is initiated with a strong detonator, the 

detonation wave proceeds through the explosive at a high velocity; and if the 

initiating detonator is weak, then at a much lower velocity. There are some of 

explanations of low velocity detonation, but up to now, quantitative mathematical 

model about this phenomenon has not been successful and this question still troubles 

scientists and engineers.      

Conjugate detonation model proposed by the authors [1][2] has two distinct 

advantages: it describes weak detonation instead of CJ detonation;  and the entropy 

of detonation products in this model is the maximum among all of possible ones.  

After some modification, conjugate detonation model has two sets of solutions 

corresponding to high/low velocity detonation respectively.  

The calculated result, of both high and low velocity detonation, is given in this 

paper, which shows that this model is suitable for a wide range of independent 

variables.  

 

2.  Maximum entropy and thermodynamic equilibrium in detonation models.  



Being a typical thermal phenomenon, detonation process shall follow basic 

thermodynamic principles. But, the detonation process described by CJ and ZND 

models does not attain thermodynamic equilibrium state.  

Some scientists believe that CJ and ZND models are thermodynamic reasonable 

for entropy has its maximum at CJ point along Rayleigh line.  

Following will show that this maximum entropy at CJ point has nothing to do 

with the thermodynamic equilibrium 

In detonation process, Rayleigh line is an important state line with specific 

volume as the independent variable, which describes the relation of variables in 

detonation wave propagation.  

    0))(( 00
22

0 =−−−= vvppDR ρ  

Rayleigh line is the collection of all states with the same detonation velocities; 

therefore, it is a process line along which steady detonation proceeds. 

Differentiating R with respect to specific volume, the relation of entropy to 

volume is obtained, and it is found that entropy has the maximum at CJ point.   

     0=CJdv
dS

 and    02
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Sd

     

Based on above formula, some scientists believe that detonation products at CJ 

point is in thermodynamic equilibrium. 

This is a misunderstanding! 

According to the second thermodynamic law, a criterion for thermodynamic 

equilibrium is that the entropy is at the maximum value for fixed internal energy and 

VOLUME. Changing to volume in Rayleigh line, the maximum entropy at CJ point 

has nothing to do with thermodynamic equilibrium in isolated system.   

In rest coordinate, all of products from front to the end (including CJ point) 

move forward. The pressure, temperature, velocity and density change violently with 

time. Researchers standing at laboratory will not believe that detonation products at 

CJ point are in thermodynamic equilibrium. 

Coordinate transformation makes reaction zone become steady state and the 

model has been simplified. After coordinate transformation, reaction zone is an open 

system as Fig.1 shows. Open system exchanges both energy and matter with the 

environment, which explosive flows in and products flows out of. The state variables 

do not change with time so that this state is a steady non-equilibrium state, or briefly, 

a steady state.  



                                        CJ point       Front 

 

                                    Products    Steady        Explosive 

                 Rarefaction          flow out    reaction        flow in 

                                   D-UCJ       zone             D  

                               

Fig.1.  Reaction zone----steady state in open system 

Sometimes this state in open system is confused with thermodynamic equilibrium 

state in isolated system.  The term equilibrium state means a state that does not 

change with time while the system is ISOLATED from all other systems in the 

environment. It is impossible that thermodynamic equilibrium state exists in an open 

system.  

Therefore, either in rest coordinate or in moving coordinate, the detonation 

products are in non-equilibrium state, which proves the relative principle that physical 

laws are unaffected by the reference coordinate.  

 

3. Conjugate detonation model—Model with maximum entropy 

In conjugate detonation model, it is considered that detonation process goes on 

according to following mode[1][2].  

 
      P  
          Hugoniot curve of original explosive       
 
                  Hugoniot curve of detonation products   
           Z        B 
 
 
                      
              
 
 
 
                       
                                       F 
 
 
                                       O  
 
      0                                         V 

             Fig.2 Hugoniot curve and Rayleigh line in p-v plane 

 

Chemical reaction is initiated at point Z by the high temperature and pressure 



caused by shock front. Exothermic chemical reaction takes place and element 

micro-explosion happens. The released strong chemical energy makes the element 

divide into two conjugate parts B and F  (called “conjugate pairs”) that are in 

different states.  The turbulence area where the conjugate pairs exist is called 

“conjugate zone”. 

Being part of the stable detonation wave, this conjugate pairs zone also 

propagates at detonation velocity D. As the part B with high pressure expands into 

low pressure F, conjugate pairs annihilate and turbulence disappears, at last the whole 

system returns to uniform state again, whose specific value equals to the original one 

but pressure and temperature are much higher as point F shows. 

    At point F, the detonation products have the maximum entropy and they are in 

thermodynamic equilibrium. 

In conjugate detonation model, the final state F of detonation products (Fig.2) is 

the thermodynamic equilibrium state. There are two known points in conjugate 

detonation model: State O of original explosive and State F of detonation products. 

The method through which the conjugate detonation model is derived is named as 

DOUBLE KNOWN POINTS METHOD.  

For comparison, the method through which the CJ and ZND models are derived 

can be named as SINGLE KNOWN POINT METHOD, for only one known point, 

state O of the originate explosive is used.   

 

4.  Modified conjugate detonation model having two sets of solutions 

    After modification, conjugate detonation model has two sets of solutions, i.e., it 

can simulate both high/low detonation velocities.  

The final state of detonation process is decided by the First thermodynamic law:  

The shock-compress process can be described by the well known conservation 

Eqs. (2)～(4):  

 

Here: D and U are detonation velocity and particles’ velocity, and: 
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    According to the configuration of conjugate theory, mass/energy conservation 

laws are always satisfied [1].  

The momentum conservation is decided by following Eq.: 

 The annihilation process of conjugate pairs shall meet the requirement of 

mass/energy/momentum conservation and is described by Eqs.(6)～(8),  which are 

similar to Eqs.(2)～(4): 

  Up to now, the whole process of conjugate pairs from birth to annihilation has been 

described.  There are three state equations here: 

   In this way, we have total eleven equations: energy equation (1), mechanical 

equations (2)～(8), and state equations (9)～(11).  The eleven unknown variables 

are: 

Therefore, all of the detonation parameters can be obtained from the above equations.   

 

5. Calculated result: 

Suppose both the original explosive and explosion products are ideal gases. 

G1 + G2  = 2G3  + Q 

M=20,  

γ=4/3， 

PV=RT         

Q=1.0·108 J /Kg · mo =5 0·106 J /Kg  
The calculated result is listed in following table. For comparison, the result 

calculated by CJ and ZND models is also listed. 
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CJ Model Conjugate Model 
HVD O→Z→B→F  

 
parameters 

 
 

point O 

 
 

point F 
 

point CJ Point Z Point B 
LVD 

O → F 

P  106 Pa 0.1 1.588 3.132 69.53 6.740 1.588 
V  m3 /kg  1.120 1.120 0.6489 0.1757 0.4101 1.120 
U  m/sec 0   0 1195 2940 1913 0 

D   m/sec 2841   3017 1826 

For the low velocity detonation, Eq(5) becomes:  

Because UO = UF =0  and  VO =VF ,  then: 

It is well known that for CJ detonation: 

Therefore, the ratio of low velocity detonation and CJ detonation is : 

6. Detonation model derived trough the principle of least action 
Based on double known points method, the principle of least action can be used to derive 

detonation model. The Lagrange function in detonation process is: 
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Therefore, detonation model can be derived from above variation equations. 

   The calculated result from this model is as follows: 

Detonation velocity:  D=3162m/s 

λ        P(10
6
Pa )        V (m

3
/kg)a         U(m/s)                              

    0.0        70.96             0.2424            2478 

    0.5        21.17             0.8193            849.0 

    0.9        16.55             1.068             147.5  

    1.0        15.88             1.120               0  

λ is the degree of chemical reaction. 
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7. Conclusion 

  Being a system of quadratic equations, mathematical model of conjugate 

detonation theory has two sets of solutions corresponding to high/low velocity 

detonation respectively, i.e. conjugate detonation theory can simulate both high/low 

velocity detonations. 

   The result calculated from least action detonation model is near to that ones from 

conjugate detonation model. 
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ABSTRACTS 
 

A newly suggested idea which is employed in this submunition dispersion 
system to improve the ejection velocity of a submunition is described. The key 
technology to improve the efficiency is based on the designs of the airbag shape 
and the container to keep the airbag inflation toward the predetermined direction 
of which is the same direction of the submunition dispersion.  To improve the 
efficiency of this system, the attached parts are also compactly devised in order 
to make the gas flow into the airbag quickly with the perfect sealing condition.  
Several ignition tests are also carried out to establish the fast ignition of 
propellant in a gas generator.  With this idea, the presented submunition 
dispersion system is improved to have a good performance to eject a 
submunition. 

In the warhead design, the effective dispersion system is highly required under 
the  restricted condition of small vacancy. Therefore, the compact design of the 
submunition dispersion which is suggested in this paper would be very useful to 
apply a dispersion system in the warhead.  

 

1. Introduction 
The airbag dispersion system is useful to 

control the velocity of a submunition by 
combining parameters such as propellant 

quantity, airbag stroke and retention band 

conditions. One simple dispersion system(Fig. 

1, Ref. 1) is the case that each submunition is 
ejected by an airbag which is inflated radially 

without restricted wall in the side direction. In 

this case, each wall which divides 8 section in 

the warhead makes an role for each airbag to 
be inflated freely in the radial direction 

mainly but does not support well to 

concentrate the PV work of airbag into the 

kinetic energy of a submunition. ejection. 
In this paper, the airbag shape and the 

airbag container are devised to make the PV 

work of an airbag into the kinetic velocity of  

a submunition effectively. For this purpose,    
the presented airbag system(Fig. 2) is 

distinctively different in two points by 

comparing the simple one. One is the shape of 

airbag and the other one is the shape of guide 
walls. In the former one, the shape of an 



airbag is a conical type in the section. That is 

to say, as an airbag is inflated radially, 

contacting arc length is to be extended  
longer between guide walls as it is inflated. 

In the latter one, the distance of guide 

walls is constant as like the shape of  the 

canister.(Hereinafter, the container which is 
composed of guide walls in this model is 

notated as a canister.) Under this 

configuration, the contacting length of a 

submunition is almost same of the diameter of 
a submunition.  
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Fig. 1  One simple dispersion system 
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 Fig. 2  The model of the dispersion system 

 With this shape of a canister, a 

submunition could be pushed by an  airbag  
like a piston when the airbagt is inflated.(Fig. 

3,4) 

 

Fig. 3  A shape of  folded airbag 

assembled in the canister  

 Fig. 4  A  shape of  inflated airbag   

       after dispersion  
The other important point is to design 

combining  parts to be  occupied small in 

order to assemble easily in the warhead. 

RDC(Rapid Deflagrating Cord) Ass’y is also 
modified to ignite ITLX(Ignition Thin Layer 

X-cord, Ref. 2) in the gas generator. 

Propellant tests and ignition cord tests are 

also performed to select a proper ignition 
train for propellants to be burned reliably. 

With this procedure,  one  canister type 

dispersion system is established and proved to 

be more effective to eject a submunition than 
the simple dispersion system. The ejecting 

velocity of a submunition of the canister type 

is improved to be much faster than the former 

one with same conditions except  two 
conditions of the airbag shape and the shape 



of guide wall.     The ejecting velocity of 

latter case is measured  about 200% faster 

than the former one. 
In this paper, a kind of empirical 

approach is suggested to design an effective 

submunition dispersion  system  rather than 

a theoretical approach. Therefore more 
researches  and tests are hoped to be 

continued on the base of theoretical approach. 

 

2. System components 
A. Gas Generator 

A gas generator is a source to produce hot 

gas to inflate an airbag in very short time. The 

ignition train of a gas generator is so 
composed to make the propellanr to burn 

quickly. For this purpose, the ignition train is 

thus composed as follows: electric squib – 

deflagrating cord -  ignition cord – 
propellant.  
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 Fig. 5  Gas Generator  
The geometry of the openings of the gas 

generator tube is designed to assemble 
RDC(Rapid Deflagrating Cord) Ass’y 

directly contact to ignition cord which is 
loaded in the center of gas generator.  

propellant is pelletized as  6.3 mm of Dia. & 

4.0 mm of length to be loaded into a gas 

generator easily.  The compositions of 
propellant are mixed with NaN3, MoS2  and S,  

the ratio of  which is  64,33 and 3 in mass 

quantity. 

The sodium azide propellant is produced 
having a burn rate ranging up to 1.5 in/sec at 

1,000 psi after several performance tests. The 

propellant charge is ignited by RDC Ass’y 

which is assembled with the adaptor of gas 
generator. RDC Ass’y is designed by 

combining end tips with both sides of RDC. 

Some deflagrating material is loaded into the 

tips to ignite easily.  

The role of ignition cords, ITLX(Ignition 

Thin Layer X-cord, Ref. 2) is to ignited 

reliably from RDC Ass’y and deflagrated 

quickly along the axial direction.  Ignition 
test loaded with ITLX shows the lapse time to 

reach the peak pressure of gas generator 

about 40 msec. The other test without ITLX 

shows about 90 msec to reach the peak 
pressure.  After the igniton cord 

performance tests,  pressures of  exit gas in 

20 liter tank are also measured. The test 

results are as follows.  
Table 1. Test Results  in 20 Liter Tank 

Test 

Propellant Time for 
Pmax(msec)

Pmax(psi) Remarks 

20 g 55.0 77.0 Fig.6 

35 g 59.0 118.0  

 



 
Fig. 6  Pressure-time plot of Test 

The direction of nozzles of gas generator 

is designed along one side(Fig. 5). The reason 
is for relating parts to be assembled easily and 

thus for the volume occupied for them to be 

minimized as possible. With this idea, relating 

parts such as an airbag, a canister,  a gas 
generator and a submunition is assembled 

compactively with two covers and a retention 

band.  The assembling procedure of them is 

as follows. A folded airbag is assembled with a 
lower cover and a canister together by 

combining bolts which are attached an airbag 

plate. (Fig 2,9,10,11) 

The airbag plate which are attached bolts 
is inserted in the airbag before sewing the 

airbag. The opening ports of airbag and the  

airbag plate are the shape of rectangular type 

and joined the opening port of lower cover 
together. This opening area is to make a way 

for the gas flow of gas generator.  A  gas 

generator is assembled with a lower cover and 

a upper cover. In this case, the direction of  
nozzles is coincided with the opening port of 

lower cover. So the exit gas from nozzles is to 

be flowed into the opening port of airbag. 

Finally a submunition is loaded into a canister 
and then packed with a retention band. (Fig. 

7-11) 

 

B. Airbag 
The function of an airbag is to contain 

the pressurized  gas while PV work of the 

airbag inflation is transformed into the kinetic 

energy of a submunition. If a low strength 
fabric of Nylon is used, an airbag is too 

fractured to function its role when it is 

inflated. Therefore, Kevlar fabric is widely 

used instead of Nylon.  The characteristics of 
Kevlar is as follows: 

 
Fig. 7  Rear View of Dispersion  

System 



 
Fig. 8  Front View of Dispersion  

System 
 

- specification: Kevlar #29,  
- 1,000Denier, 31X31 fiber/in2 

- mass: 8.3 oz/yd2 
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Fig. 9  Airbag 

 

Fig. 10  Airbag; Top surface is to be contacted 
to a submunition, down surface is assembled 

with a canister.   

 

Fig. 11  Airbag; Side view 

To minimize leakage, bag seams and fabric are 

coated with neoprene rubber interior of an 
airbag. The configuration of an airbag is 

devised to make its volume to be minimized 

when it is folded.(Fig, 10, 11)  

 

C. Retention Device 

The retention device holds a submunition 

in place during handling, transportation and 

maintains the relative position until the time of 
breaking device. The retention band used for 

holding a submunition is designed with a 

predetermined breaking strength to enable the 

interior pressure of an airbag to be built up a 
desired level before the ejection event begins. 



With this approach, ejection velocity of a 

submunition can be maximized with a fixed 

stroke of an airbag. A retention band is made of 
Al2024, the yield strength of which is 14.0 
Kg/m2. (Fig. 12)   

The retention band is improved good to 

control the ejecting velocity of a submunition . 
However, some parts are needed to pack a 

submunition safely before band breaking by 

the inflation of an airbag. 
 

    

 Fig. 12  Retention Band 

 

3. Dispersion Test 

After all  of procedures, a dispersion test 

was carried out and on of good test results  

was obtained. As it is shown in the successive 
figures(Fig. 13), a dispersion motion of a 
submunition is shown to be stable. The ejecting 

velocity of it is measured  about 200% faster 

than the case that an airbag is inflated radially 
without restricted walls like this canister type.  

With this result, a canister type dispersion 

system is improved to be good enough to be 

applied in the dispersion of a warhead.  
Table 2.  One  dispersion test result  

Propellant 

(g) 

Airbag 

stroke 
(mm) 

Airbag 

volume 
(liter) 

Ejection 

vel. 
(m/sec) 

22.5  270.0  8.2 16.0 

 

4. Conclusion  

One peculiar model which is called a 
canister type of a dispersion system in this 

paper is suggested to improve the efficiency of 

PV work of airbag. To make  this model 

compactively, each parts are designed for their 
occupied volume to be small in order to be 

loaded in the restricred warhead vacancy. 

However all of this approach are  based on 

empirical tests. Therefore theoretical 
researches and tests are hoped to be continued  

to develop this model.  
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Fig. 13  Dispersion  Scene 

           (Time interval:40 msec) 
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Abstract 

 
Micromechanical phenomena are the key to the understanding of the mechanical 

behaviour of energetic materials. They depend on the structural parameters like filler 

distribution and particle distances. These parameters influence the micromechanics 

especially the sensitivity to mechanical impacts. This paper describes the possibilities to 

determine these structural parameters by the use of image processing. Additionally a 

modern approach is shown to use these structural parameters to analyse energetic 

materials with the help of computational methods.  

 

1. Introduction 

 

Modern energetic materials like solid rocket propellants, gun powders or special kinds of 

explosives are composite materials. They are all composed in the same way: Relatively hard 

particles are dispersed in a relatively soft matrix material. The matrix has two main 

functions: 1st it burns during the service of the propellant and 2nd it gives the mechanical 

stability to the compound. The particles deliver the necessary oxygen for the burning of the 

matrix but also contribute to the production of energy by containing combustible 

substances. Modern solid propellants are highly filled composite materials consisting of 

polymeric binder in which crystalline oxidizers the filler are incorporated in amounts of up 

to 90 wt% [1]. 

The energetic materials have to withstand stresses and avoid cracking during 

transportation and operation. The ability to deform without rupture and to recover is quite 

important since any cracks which develop would result in additional burning surface and 

cause an unpredictable chamber pressure during the operation of the energetic material. 



The mechanical properties especially the mechanical strength of the energetic materials is 

greatly affected by the homogeneity of the distribution of the filler in the matrix material. 

The knowledge of structural parameters describing the filler distribution in the material is 

therefore important for a micromechanical model which is necessary for numerical 

calculation. Parameters for such micromechanical models like particle distances and filler 

distribution can be achieved by image processing. 

 

2. Image processing 

 

For the analysis of structural parameters by the methods of image processing images of 

the microstructure are necessary. Suitable methods are tomography methods based on 

x-rays, magnetic resonance imaging and microscopy methods. 

Besides of visualization of these images there is a growing interest in an analysis of the 

image data. The aim is to get geometric and topological characteristics of micro-

structures like particle distances and filler distribution. 

 

2.1 Analysis of Structural Parameters 

 

An image can be compared to itself by the calculation of the autocorrelation function 

[1, 2]. 

 

 

 

  g: gray value distribution of the image 

Fourier transformation applied to the autocorrelation function shows the spatial 

frequency spectrum of the image. The spatial frequency refers to the distance between 

particles. This means that the average distance is the reciprocal value of the 

characteristic spatial frequency. 

 

Fig. 1 shows a cutout of a slice of an NMR-image of a filled polymer. The size of the cut-

out has been 25x25 mm2 and the voxel-size was about 0.1x0.1 mm2. The image is 

shown in normalized coordinates.  In Fig. 2 the autocorrelation function is displayed. 

This image shows a regular pattern. The distances between the patterns are 

dydxyyxxgyxgyxK ∫
∞

∞−
−−⋅∫

∞

∞−
= )','(),()','(



corresponding with the average distances between the particles. The average distance 

between two particles is here 0.1 unit lengths.  

Fig. 3 shows the spatial frequency spectrum of the autocorrelation function. The 

dominant frequency is 10. The spatial frequency spectrum results to the sane average 

distance between two particles.  

Images of the microstructure are also appropriate to describe the concentration map of 

filler in composite materials. A binary image (Fig. 4) is generated by thresholding the 

digital image of the filled polymer (Fig. 1). The matrix material gets the value 1 (white) 

and the filler the value 0 (black). By the use of the binary image the filler concentration 

in sub-regions of the structure is calculated (Fig. 5). This information is necessary for the 

description of the material properties for numerical simulation of the material behaviour. 

The material parameters depend on the filler concentration. 

 

2.2 Analysis of Displacement fields 

 

An image of a probe can be compared to another image with the same probe in a 

different displacement situation by the calculation of the cross-correlation function [2, 

3]. 

  

 

 

  g: gray value distribution of the image A 

  f: gray value distribution of the image B 

The position of the maxima of the cross-correlation function gives information of the 

amount and the direction of the displacement vectors between the two positions of the 

probes. 

Fig. 6 shows a filled thermoplastic elastomer in two different displacement positions A 

and B. The probes were shifted against each about 0.4 mm. Shifts are calculated using 

the cross-correlation function for sub-matrices of the NMR-images in positions A and B. 

The white spot in the cross-correlation function describes the position of the 

characteristic maxima of the cross-correlation function which gives the information 

concerning the displacement between the two positions A and B of the sample. 
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3. Computational Methods 

 

A finite element analysis is used to calculate the mechanical behaviour of the energetic 

material. For the FEM analysis the knowledge of the distribution of the mechanical 

material data in the material is necessary to calculate local material data. The material 

data depend on the local filler concentration. So the filler concentration is derived from 

the binary image in figure 4. In this case the filler concentration is calculated for a slice 

plan (Fig. 5). These data are used as input data for a finite element analysis. The probe is 

modelled by 2D elements and elongated in longitudinal direction. The finite element 

analysis shows that the deformation field in the probe of the composite is 

inhomogeneous (Fig. 7). 

 

4. Results and Conclusion 

 

It is possible to get additional information by the use of image processing and FEM 

methods for the development of energetic systems, like the deformation field of the 

energetic material. The use of FEM methods for the calculation of the mechanical 

properties of energetic materials is a meaningful support of the determination of the 

mechanical properties of energetic materials in view of a correct interpretation of the 

measured values. 
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Figure 1: NMR-Image of HTPB filled with glass beads (20 wt.% 1 mm diameter). 
Intensity profiles in vertical and horizontal directions are shown (256x256 pixels). 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2: Autocorrelation function in normalized coordinates derived from Fig. 1 
 
 



 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3: Spatial frequency spectrum, derived from autocorrelation function 
 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4: Binary image derived from the NMR-Image of HTPB filled with glass beads 
calculated by thresholding 



 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5: Concentration map of filler derived from binary image for sub-regions. Size of 
sub-regions 16x16 pixel 
 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 6: Displacement analysis by cross-correlation (64x256 pixels, pixel-size 0.1x0.1 
mm2, cut-out 32x32 pixels). The sample in the position B is shifted for 0.4 mm along 
vertical direction relative to the position A. The maximum of the cross-correlation 
function is marked by an arrow. 
 

 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 7: Deformed and undeformed structure of filled material calculated by FEM. 
Material properties derived from concentration map. 
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Abstract 

 

The present work has been developed the interpretation processor including the separation 

phenomena in Gas Expansion Separation (GES) bolt which has the separation characteristic non 

fragmentation and minimum pyro-shock under transient dynamic loading (the operation of explosive 

bolt) using AUTODYN V4.3, SoildWorks 2004 and TrueGrid V2.1 programs. In order to obtain the 

performance of minimum pyro-shock, the present work used non-compressive material (oil) instead of 

separation explosives employed in conventional explosive bolts. The use of this interpretation 

processor developing the present work could be extensively helped to design the shape and the amount 

of explosives in the pyrotechnics having a complex geometry. It is also proved that the interpretation 

processor approach is an accurate and effective analysis technique to evaluate the separation 

mechanism under dynamic loading conditions, and  the GES bolt is the most suitable the separation 

system necessary to minimum pyro-shock and non fragmentation compare with other explosive bolts. 

 

1. Introduction 

 

Explosive bolts are reliable and efficient mechanical fastening devices having the special 

feature of a built-in release. They are ideally used in space shuttle, missile, aircraft and underwater 

vehicle systems, for example for launcher operation, stage separation, discharge of external tanks, 

thrust termination and many other applications1).  

Numerous different shapes and sizes of explosive bolts have been thus far developed for a 

great variety of applications. Very careful consideration2) is required the design factors such as firing 

characteristics, shape and size, kind of explosive material, quantity of explosive material and 

environmental conditions during the transient dynamic conditions. The most suitable design of 

explosive bolt is necessary for separation characteristics without fragmentation and minimum pyro-

shock during the operation of the explosive bolt. It is recommended the optimum of all design factors 

rather than the individual design factor because of the systematical influence of the individual design 



factor. So it is required a number of time and sample to select the optimum design factor by the actual 

experimental method3-4) including design, manufacture, test and data-collecting in turn. It has been 

thus far completely achieved non-fragmentation under the operation of explosive bolt, however, it is 

actually very difficult to design the explosive bolt without the pyro-shock during the operation of 

explosive bolt.  Here, the pyro-shock is characterizes the duration of short time (10-30 msec), high 

frequency and large value of acceleration (>10000 g). This pyro-shock gives to damage to the 

important electrical and mechanical items set up around the separation systems. The present work used 

non-compressive material (oil) instead of separation explosives employed in conventional explosive 

bolts in order to obtain the performance of minimum pyro-shock. 

 Using the actual experimental data and the interpretation processor data, the present study 

develops the interpretation processor including separation phenomenon under transient dynamic 

loading (the operation of GES bolt). The programs used the present work are SoildWorks 2004, 

TrueGrid V2.1, Tgio.exe.and AUTODYN V4.3. It is also proved that the interpretation processor 

approach is an accurate and effective analysis technique. The interpretation processor could be able to 

make the design of explosive bolt without actual production, and to reduce especially the developing 

time and money.  

A schematic diagram of interpretation used the present work is shown in Fig. 1. 
 

 

 

 
 

Fig.1. Schematic diagram of interpretation 

 



2. Shape of the GES bolt 

 

The GES blot is consisted of initiator, main bolt body, non-compressive material (oil) as 

shown in Fig. 2.  In the present work, the preconditions of interpretation are as follows; 

 i) the pressure affect the inner bolt body to put in same direction, ii) the time is kept until the 

interpretation finishes, iii) the inside of bolt body is filled up as non-compressive material. 

 

Figure 2 shows the shape and model of the GES bolt respectively. 

                                                       

 

        
 

 

 

                       Fig. 2  Shape and model of the GES bolt 
 

3. Interpretation model of GES bolt 

 

3.1 Modeling of shape and numerical method 
Figure 3 shows the modeling of shape and finite element in the four different models used the present 

interpretation. Creating a model of shape is used SolidWorks and whole assembly is made from a model of GES 

bolt consists of individual item. Fig. 3 is represented with the finite element method conducting the TrueGrid 

program of finite element method. The TrueGrid implements the powerful projection method and generates a 

mesh by projection a block mesh of our choice of refinement onto any geometry. The projection to surface takes 

advantage of the differentiability of the surface. Each surface is approximated by an array of polygons. These 

polygons are used to display the surface. When a node is to be projected to such a surface, the initial 3D 

coordinates of the node are used to search the coordinates of the surface approximation.  Each surface has a 

complex data structure to optimize this search. The point on the surface approximation, being closest to the node 

is then mapped back to the parametric coordinates of the surface. The TrueGride information should be informed 

to the AUTODYN using structured mesh method. Not all cells defined the computational space need to be 

defined in physical space. 

Table 1 is represented in details the characteristics and applications of four different models 

used the present work. 

 

 

1: bolt body  
2: non-compressive material (oil) 
3: Initiator 



Table 1. Characteristics and application of four different model. 

 Model 1 Model 2 Model 3 Model 4 

Separation line 10mm 10mm 10mm 10mm 

Hole depth 10mm 14mm 10mm 14mm 

Shape V(notch) V(notch) U(round) U(round) 

Test results good not bad not bad bad 

Use demontrate  interpretation processor 

 

 

            

               

a) model 1                                                                 b) model 2 

 

 

        

               
c) model 3                                                            d) model 4 

 

Fig. 3  Shape and finite element in four different models 



 

3.2 Materials models 

 

Table 2 provides materials modes used in the present interpretation study. AUTODYN is 

generally used to analyze the behavior of materials under transient dynamic loading. To describe in 

details the behavior of materials and the separation phenomena, equation of art (EOS), strength model 

and failure model concerning materials of the GES bolt should be provided.  

 

Table 2. Materials models 

 EOS model Strength model Failure model Erosion model 

17-4PH Shock Johnson-Cook Principal stress Instaneous geometric strain 

 

JWL(Johnson-Wilkins-Lee) EOS used to model the rapid expansion of high detonation

products and is empirical. The pressure for the expanding gas is given by

    - (1) 

 

Where C1, C2, r1, r2, w are empirically derived constants and v = density, e = specific 

internal energy. In the case of 17-4PH, the Mie-Gruneisen form of EOS can be written as  

          

 - (2) 

 

Where the subscript r denotes the values of pressure and internal energy along some known 

reference curve and F is a function of density only and is known as the Gruneisen Gamma. This form 

can be solved simultaneously with the energy the equation without need for any iteration. Also 17-4PH 

has a higher ultimate tensile stress than that of other metals, Johnson-Cook model, which is a purely 

phenomenological model, with data found from experimentent (Spilt Hopkinson Bar). The yield stress 

is given by  
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Where, Y is yield stress and is dependant upon temperature. To apply Johnson-Cook model, 

A, B, c, m, n and TH should be obtained from the experimental condition and materials. Most materials 
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can only withstand relatively small tensile stresses and/or strains before they fail. Several criteria exist 

in AUTODYN to determine the onset of failure.  Failure model of 17-4PH is based on principal failure 

model, which is occurred failure when maximum principal stress (or strain) exceeds failure stress (or 

strain) or when maximum shear stress (or strain) exceeds failure stress (or strain). On initiation of 

failure by a failure mechanism, the stress deviators are set to zero (i.e. the material is hydrodynamic) 

and only to positive pressures may be sustained. If the pressure is negative it will be reset to zero. 

Murr and Kuhlmann–Wilsdorf have demonstrated5) the hardening of metals and alloys by shock 

loading to be at least a few times greater than the hardening that would normally result from the same 

amount of deformation (equivalent strain) in a tensile test. This is one of the unique features of shock 

deformation recognized in the early experiments of Murr and others5).  

Failure stress resulted from a tensile test is not suitable to directly apply to the present failure 

model and also failure stress of high strain rate (10-6/sec) could not be obtained from actually 

experimental test. The present work decides to the failure stress of 17-4PH to evaluate and compare 

the failure stress of the actual experimental work with the interpretation work. The failure stress, i. e. 

static tensile stress of 17-4PH is 1.5 E6 kPa and is gradually increased to compare to that of 

experimental work in the application of failure model method6). When failure stress is approximately 2 

times of static tensile stress (2.8-3.0 E6 KPa), it is good correlated the actual experimental results and 

the calculation6). Table 3 is represented in details the characteristics of 17-4PH material necessary to 

the present interpretation work. 
 

Table 3.  The characteristics of 17-4PH material 

 
 

4. Result and Discussion 

 

Figures 4-7 are represented the distribution of pressure at the behinning time and finishing 

time of failure modes in four different models. Model 1 is shown that the concnetration of streee is 

only occurred to nearest the region between notch and inner groove, but other region is not occurred 

the stree concentration as shown in Fig. 4. Model 2 shows that the pressure made from inner bolt body 

is firstly acted to below bolt body and is gradually influenced the region of notch as shown in Fig. 5. 

This result indicates that the pressure acted model 2 is larger than that of model 1 because the stress 

concentration acted below bolt body can not be used the separation of bolt body.  The case of model 3 

is quietly similar to that of model 1, but the stress concentration is scattered compare to that of model 1 

as shown in Fig. 4. The separation plane of model 1 is very clear, but model 3 is rough and coarse. 

This means that the separation plane in model 3 is not acted the stress concentration compare to that of 



model 1. Model 4 appears the worst separation phenomena among the models used the present work. 

The stress concentration is preferred to below bolt body and the stress distribution is scattered the 

region notch as shown in Fig. 7. From the results of simulation, the notch type is occurred the stress 

concentration compare to that of round type under same condition and the same separation plane is 

concentrated to the stress compare to that of larger depth of inner groove.   

Figures 8-11 show the morphology of GES bolt after separation test. In cases of model 

1(Fig.8) and 2(Fig 9, the separation plane of notch type is quietly clear, but that of round type (model 

3(Fig.10) and 4(Fig. 11)) is rough. Especially, the separation plane of model 4 is coarser than that of 

other models. This result is accord with the result of simulation worked the present interpretation.  

 

Figure 12 show the fracture surface morphology after from notch and round models. The 

separation surface of model 1 is quietly clear as the result of simulation, but that of model 4 is rough as 

the result of simulation.  

 

Using the model 1, Pyro-shock occurred separation test is carried out in model 1 as shown in 

Fig. 13. Conventional explosive bolt measured the larger value of acceleration (>10000g), but the GES 

bolt used the present work is detected below the value of 100g as shown in Fig. 14. From this result, it 

can be informed that it is occurred the minimum pyro-shok under the operation of the GES bolt. 
 

          
(a) beginning time of failure mode                                        (b) finishing time of failure mode 

Fig. 4 Failure mode of model 1 

 

 

          
(a) beginning time of failure mode                                   (b) finishing time of failure mode 



Fig. 5 Failure mode of model 2 

 

 

          
(a) beginning time of failure mode                      (b) finishing time of failure mode 

Fig. 6 Failure mode of model 3 

 
 

          
(a) beginning time of failure                                (b) finishing time of failure mode 

Fig. 7 Failure mode of model 4 

 
 

        

Fig. 8 Morphology of model 1 after separation test      Fig. 9 Morphology of model 2 after separation 

test 

 
 

 



 

 

 

 

          
Fig. 10 Morphology of model  3 after separation test      Fig. 11 Morphology of model 4 after 

separation test 
 

      

model 1                                                                 model 4 

Fig. 12 Morphology of separation surface in model 1 and 4 after separation test 
 

 



Fig. 13 Measuring equipment of pyro-shock experiment 
 

 

 
(a) GES bolt                                                       (b) Conventional explosive bolt 

Fig. 14 Graphs of pyro-shock data in the GES bolt and conventional explosive bolt 
 

 

In order to obtain the separation characteristics without fragmentation and pyro-shock, the 

present used non-compressive material (oil) instead of separation explosives within the bolt body. The 

GES bolt has the mechanism to separate the bolt body not the explosive material but only the pressure 

catridge (initiator). The result has been proved that the GES bolt is the most suitably in the separation 

system necessary to minimum pyro-shock and non-fragmentation. Through the present work, the 

interpretation preocessor developed using AUTODYN programe including the behaviour of materials 

failure and the separation phenomena under trainsient dynamic loading could be able to make the 

design of explosive bolt without actual production, and to reduce especially the developing time and 

money. 

 

 

5. Conclusions 

 

The present study has been developed the interpretation processor including the behavior of 

material failure and the separation phenomena under transient dynamic loading in the GES bolt, and 

compared the experimental work and simulation result. The results from the present work are as 

follows;   

 

1. Making model of shape, finite element, boundary conditions, material, and failure of the GES bolt  

is solved easily using AUTODYN program.  

  



2. The GES bolt is the most suitable the separation system necessary to minimum pyro-shock and non 

fragmentation compare with other explosive bolt. 
 

3.  It has been demonstrated that the interpretation in the GES bolt under dynamic loading condition 

should be necessary to the appropriate failure model and the basic failure stress of bolt  is the principal 

stress. The principal stress of 17-4PH, failure stress, applied the present interpretation is two times of 

static tensile stress, 2.8~3.0 E6 kPa, and the value of the principal stress is quietly correlated to the 

result from the actual experimental work.  

 

4. It is also proved that the interpretation processor approach is an accurate and effective analysis 

technique. Applying the present interpretation processor, it could be able to make the design of several 

kinds of explosive bolt without actual production, to reduce especially the developing time and money. 
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ABSTRACT 
In this paper, the penetration process of different explosive reactive armors by shaped charge jet has been 

investigated numerically using Autodyn-2D hydrocode. Each ERA module is considered to consist of 

steel/explosive/steel layers, in order. Different thicknesses of steel and explosive layers have been simulated 

considering that all ERA modules are inclined by NATO angle of 60º. The penetrating jet is simulated similar 

to that formed from the small caliber shaped charge used. The numerical results are concerned with the 

determination of the performance of each simulated ERA module against shaped charge jet. 

An experimental program has been conducted to assess the predicted results obtained by Autodyn-2D 

hydrocode. A ballistic setup was constructed and the penetration depth into the steel witness placed behind 

each tested ERA module was measured. Also, the initiation phenomena of the explosive layer of ERA 

modules were discussed using different models and Autodyn-2D initiation theory, respectively. The explosive 

layers of ERA modules were experimentally initiated under the attack of the used shaped charge jet.   

Good agreement between the measured and corresponding predicted performance for each ERA module 

against shaped charge jet is obtained. Samples of predicted results due to the penetration of shaped charge 

jet into different ERA modules are presented and discussed. 

INTRODUCTION 

Explosive reactive armor (ERA) has been designed to reduce the penetration of the shaped charge jet and 

the kinetic energy penetrator, respectively, into the main armors of tanks or combat vehicles [1]. In common 

with many of today’s ERA, it takes a shape of sandwich which typically consists of metal, explosive and 

metal. The three defeating mechanisms of the ERA’s to the incoming threat are: dynamic plate thickness, jet 

or kinetic energy penetrator deflection, and the interaction of shock wave and gaseous products with the 

passing jet or penetrator [2]. The dynamic plate thickness of ERA which interacts with the passing threat is 

one part of ERA performance. Moreover, the deflection effect on passing jet or penetrator by the momentum 

which is transferred by the flyer plates is more important. The simplified momentum equation proposed by 

Held [3] gives good trends for different possible parameters such as plate thicknesses, plate velocities, 

arranged angles of ERA with direction of threats and deflection angle of the incoming threat. 

Holzwarth and Weimann [4] studied the scaling of ERA that was capable of defeating large shaped charges. 

They explained that ERA released its full energy when initiated and this was required to offer effective 

protection against a large shaped charge. Moreover, they mentioned that ERA detonation caused more 

collateral damages than required when impacted by a small shaped charge. Mathieu et al. [5] tried to reduce 

these damages by adapting the ERA reaction to be proportional to the caliber of the impacted shaped 

charge. Because of the response of ERA depended strongly on the characteristics of the explosive used, 



 

they investigated various combinations of HMX, TATB and binder. For each ERA, they casted the explosive 

mixtures into a 3 mm layer between two 3 mm-thick steel plates. They tested the prepared ERA’s against 

shaped charges with calibers ranged from 20 to 80 mm. However, they determined the explosive composition 

that minimized the collateral damages; its composition delayed the explosive initiation and consequently 

reduced the efficiency of ERA.  

In the present work, Autodyn-2D hydrocode has been used to simulate the penetration process of a shaped 

charge jet into different ERA modules. Samples of simulation results due to the penetration of formed jet  into 

these ERA modules have been introduced and analyzed. The penetration depth of remaining jet into steel 

witness placed behind each ERA module is predicted. In addition, an experimental program has been 

conducted to assess the predictions of Autodyn-2D hydrocode. Both the mass and space efficiencies of the 

used ERA modules are determined, respectively. Also, the initiation threshold of the explosive layer for each 

ERA module was discussed theoretically and by the Burn on Compression Fraction (BOC) theory used in 

Autodyn-2D hydrocode.      

SIMULATION MODELS USING AUTODYN-2D HYDROCODE 

SIMULATION OF SHAPED CHARGE JET FORMATION AND JETTING ANALYSIS  

In the present work, the used shaped charge consists of steel case, copper liner and waxed Hexogen. In the 

following, the main material characteristics of each element of the used shaped charge are presented.  

Steel was the material of shaped charge case. In Autodyn-2D, the equation of state for steel was assumed  to 

be linear. The present form of this equation is written as [6], 

                                                               P  =  Κ µ  ,             (1)   

where P is the pressure, K is the bulk modulus of steel, µ is the material compressibility which is equal to 

[(ρ/ρo) – 1], ρo is the reference density of case material and ρ is its current density. The input data to Autodyn-

2D hydrocode for the case material are listed in Table 1. 

Copper was the material of shaped charge liner. The equation of state for the used copper was linear with no 

strength (strength model of the liner was considered to be senseless during the collapse phase). The input 

data to Autodyn-2D hydrocode for the liner material are also listed in Table 1.   

Goundnov-Beta processor was used in the jet formation simulation, and “Outflow” boundary condition was 

added to this subgrid. Meshes of the explosive inside the shaped charge were filled by Hexogen material. 

The equation of state for the used explosive is “Jones-Wilkins-Lee” (JWL) equation, which expresses the 

pressure as, 

                                                       P = A exp(r1V) + B exp(r2 V) + C V(1 + ω),              (2) 

where P is the pressure, V is the relative volume, A, B, C, r1, r2, and ω are constants. The values of these 

constants for many common explosives have been determined from dynamic experiments [7]. The parameter 

values of JWL equation fed into Autodyn-2D for Hexogen are listed in Table 2. 

The material location of the shaped charge elements with their grids can be shown in Figure 1. Also, the 

standard jetting analysis “Lagrangian” model is also used to predict the parameters associated with jet 

formation process such as: jet tip and slug velocities, jet and slug masses, cumulative jet length, time of jet 



 

formation ….etc. This analysis is based on "Per theory" of jet formation [8]. The main procedures for 

simulating the shaped charge jet formation process into Autodyn-2D are listed in Ref. [9]. 

SIMULATION OF ERA MODULES 

Each simulated ERA module in Autodyn-2D hydrocode was considered to be consisted of two plates of mild 

steel having a thin layer of high explosive in between. The frontal areas of the explosive layer and mild steel  

plates, respectively, were 15 cm x 15 cm.  Different thicknesses of mild steel plates and explosive layers 

were considered. In the following, descriptions of the explosive charge and mild steel plate materials are 

introduced. Moreover, the main variables of the ERA modules that have been investigated in the present 

work are introduced. 

Table 1. Input data to the Autodyn-2D hydrocode for the case material, copper liner of shaped charge and 
mild steel plates of ERA, respectively. 

Parameter Steel case of 
shaped charge 

Mild steel plates 
of ERA 

Copper liner 
material 

Reference density, (g/cm3) 7.8 7.85 8.9 
Bulk modulus, (kPa) 1.59E8 1.54E8 1.29E8 

Shear modulus, (kPa) 8.22E7 - 4.6E7 
Yield stress, (kPa) 4.E5 3.1E5 9.E4 

Strain rate constant - 1.0 2.5E-2 
Hydro. tensile limit (Pmin), (kPa) -2E9 - - 

 

Table 2.  Parameter Values of JWL equation fed into Autodyn-2D hydrocode 
for Hexogen, and Detasheet explosives, respectively. 

Parameter Hexogen  Detasheet  
Density, (g/cm3) 1.8 1.7 

Constant A, (kPa) 6.0977E8  8.261E8  
Constant B, (kPa) 1.295E7  1.724E7  

Constant C 0.0 0.0 
Constant r1 4.5 4.55 
Constant r2 1.5 1.32 
Constant  ω 0.25 0.38 

C-J detonation velocity, (m/s) 8.19E3 7.E3 
C-J pressure, (kPa) 2.8E7 3.7E7 

The explosive material used to fill in the meshes of the explosive layer in each ERA module was Detasheet 

explosive. The equation of state for the used explosive was JWL equation, cf. Eqn. (2). The values of JWL 

equation parameters for the Detasheet explosive fed into Autodyn-2D are listed into Table 2. 

The main properties of mild steel having a Brinell hardness number of 104 were used to fill the meshes of 

these plates. Both the equation of state and strength model representing the copper liner were also used for 

mild steel plate material. The input data of mild steel to the Autodyn-2D hydrocode are also listed in Table 1.  

Autodyn-2D hydrocode was fed by the following variables for ERA:   

• Mild steel flyer plate thicknesses of 2, 3, 4 and 6 mm, respectively. 

• Detasheet explosive layer thicknesses of 2, 3, 4, and 5 mm, respectively. 

The main procedures for simulating the different  ERA modules in the hydrocode are listed in Ref. [9]. 



 

SIMULATION OF SHAPED CHARGE JET PENETRATION INTO RHA AND DIFFERENT ERA MODULES 

The penetration depth of the shaped charge jet into both RHA and witness located behined ERA are  

necessary to determine mass and space efficiency of ERA modules; therefore monolithic RHA block was 

placed at 20 mm standoff distance from the cone base of the simulated shaped charge, cf. Figure 2.  

The penetration processes of shaped charge jet into different ERA modules have been simulated. A witness 

block of RHA was placed behind each simulated ERA to predict the penetration depth of the remaining jet. 

The point of interaction of the formed jet with each ERA was also considered. A schematic drawing of shaped 

charge facing ERA module inclined by 60o NATO angle and witness block of RHA can be shown in Figure 3.  

The performance of ERA module was determined depending on the value of penetration depth of remaining 

jet into the witness.  

EXPERIMENTAL SETUP 

An experimental setup was constructed to study the penetration process of shaped charge jet into RHA and 

different ERA modules, respectively. The setup consisted of a small caliber shaped charge, a tested ERA 

module inclined by 60º NATO angle, and witness plates of RHA, placed behind each tested ERA module, 

having Brinell hardness numbers of 280 HB. The standoff distance between the base of shaped charge cone 

and the center of tested ERA surface or RHA was set to be four times the diameter of shaped charge cone 

base. Figure 4 shows a photograph of the used experimental setup. 

The experimental program was used to determine the influence of both flyer plate thickness and explosive 

layer thickness on ERA performance. The evaluation of each tested parameter was based on the measured 

penetration depth of remaining jet into the witness block of RHA placed behind each tested ERA module.    

MASS AND SPACE EFFICIENCIES OF ERA MODULES 

Two parameters are used to evaluate the efficiency of each ERA module on jet penetration compared to its 

mass and size; they are named mass and space efficiencies, respectively. The mass efficiency is denoted by 

EM, whereas the space efficiency is denoted by Es. Figure 5 shows a diagrammatic scheme used for 

determining both mass and space efficiencies of ERA module, respectively. Both the depths of penetration 

(P∞ and Pres), ERA thickness (XERA) and the steel thickness equivalent to ERA module (Teq) are calculated 

along the line of sight. The following equations are used to calculate both the mass and space efficiencies of 

each ERA module, respectively [10]: 

                                                                       EM = (P∞-Pres)/ Teq , and                                        (3) 

                                                                 ES = (P∞-Pres)/ XERA .                                                           (4) 

 DIMENSIONLESS ANALYSIS METHOD FOR EVALUATING ERA PERFORMANCE         

The ERA performance is mainly based on the penetration of remaining jet into RHA witness block. Several 

parameters are affected this performance. Figure 6 illustrates a model of a jet impacting on ERA front plate; 

the considered parameters are illustrated in the same Figure.         



 

Dimensionless analysis method is used herein for deriving the Pres as function of the considered parameters. 

These parameters are divided into four groups. Four parameters are selected for each group. The π theorem 

is applied to determine the parameters of each π group. Finally, combination of dimensionless π groups is 

done to derive the needed equation predicting the depth of penetration into RHA witness block.  

The residual penetration depth into RHA witness block as function of the considered parameters is 

represented by: 

                                       Pres = ƒ (ρj, Lj, Vj, tp, te , Vp),             (5) 

where ρj is the density of jet material, Lj is the jet length, Vj is the jet tip velocity, tP is the flyer plate thickness, 

te is high explosive thickness, and Vp is flyer plate velocity. 

The first π -group consists of: 

                                                                  π1 = ρj 
A. Lj 

B
 . Vj 

C. tP .                    (6) 

By equating the dimensions of the R.H.S. of Eqn. (6) to zero, the first π- group is represented by: 

                                           π1  = tP / Lj .                 (7)                      

The other three π-groups can be deduced using a similar manner used for the first π group. The three π-

groups are: 

                                     π2  = te / Lj ,  π3  = VP / Vj ,  and  π4  = P / Lj.             (8) 

The function ψ could be represented by: 

                                                                                ψ = ψ (π1, π2 , π3, π4).               (9) 

By extracting the π4 group from the function ψ, the residual depth of penetration Pres is represented by : 

                                                                         Pres = Lj. φ ( 
1

1
π

 , 
2

1
π

 , 
3

1
π

 ),                         (10) 

where  φ is a function of the inverse of  π-groups 1,2 and 3. Finally, the residual depth of penetration Pres can 

be expressed as: 

                                                            Pres = C1 [(Lj
3 Vj) / (tP te VP)] ,        (11) 

where C1 is a constant which can be determined for each ERA configuration by matching the measured 

residual penetration depth into witness with the resultant of the R.H.S. of Eqn. (11).             

It is seen from Eqn. (11) that the residual penetration depth into a witness increases with the cubic value of 

jet length and jet velocity. It also decreases with increasing the flyer plate thickness and velocity, and 

thickness of high explosive layer. After determining the constant C1 for each ERA module, these constants 

are sum for all used ERA modules. Then, the average value of the constants is calculated and replaced the 

constant C1 into Eqn. (11). 

INITIATION OF EXPLOSIVE LAYER IN ERA  

Theoretically, the Initiation of the explosive layer in ERA module is difficult to be predicted however, the 

problem may be solved using computer simulation. Here, both the kinetic energy density and Held criteria 

(V2d) are used to check the initiation of the explosive layer of ERA and the results are compared with that of 

the field tests i.e. detonation or no detonation. 



 

Initiation of explosive layer is also checked by Burn on Compression Fraction “B.O.C” [11]. The threshold 

value for initiation was determined by a ratio of 20:30 % of the C-J pressure value of the checked explosive 

depending on its sensitivity. Initiation can be identified by checking the pressure inside the mesh (cell) of the 

explosive material. If the pressure exceeds the threshold value at defined fixed target points, initiation is 

considered to be occurred. Figure 7 illustrates the selected fixed target points inside the explosive cells for 

checking the initiation threshold.  

The value of the B.O.C is taken to be 0.3 of the C-J pressure value for the Detasheet explosive. The pressure 

time history gives an indication about the initiation of the tested explosive. 

RESULTS AND DISCUSSIONS 
In the following, the introduced results are divided into:  

(a) Simulation results obtained by Autodyn-2D hydrocode,  

(b) Comparison of experimental results with the predictions of Autodyn-2D hydrocode,  

(c) Determination of mass and space efficiencies for each ERA module, respectively, and the Pres 

using Eqn. (11). 

SIMULATION RESULTS OBTAINED BY AUTODYN-2D HYDROCODE 
 (I) RESULTS OF SHAPED CHARGE JET FORMATION 

In the following, the results of the shaped charge jet formation using standard jetting analysis model are 

presented. The use of this model requires the determination of the nodes on the liner that will be jetted. The 

used model predicts all parameters associated with the jet formation process. These parameters are 

presented in Ref. [9]. Moreover, this model predicts that the node of the maximum jet velocity lies on the first 

third of the liner; this is similar to that of Ref. [8]. The predicted total jet mass  by standard jetting analysis 

model is 3.1 g whereas, the liner mass is 15.75 g. The ratio of the jet mass to liner mass is about 20 % which 

is similar to that presented in Ref. [8]. 

Figure 8 plots the predicted jet velocity as function of cumulative jet mass. It is seen from the Figure that the 

maximum jet velocity (7335 m/s) is reached when the cumulative jet mass is 450 mg. The net jet velocity of 

the remaining mass of jet becomes lower than the peak value of this curve. This may be attributed to the 

increase of masses of collapsed elements of liner after the peak which forms the rest of jet.  

(II) RESULTS OF SHAPED CHARGE JET PENETRATION INTO MONOLITHIC RHA  

The predicted parameters associated with the jet penetration into RHA are controlled by the value of erosion 

strain. For standoff of 20mm, the hydrocode is running assuming different values of erosion strain. Table 3 

lists the predicted penetration depths at different values of erosion strain in comparison with the measured 

penetration depth. The value of erosion strain is found to be 0.6 which gives a consistency of 93.7% between 

the measured and predicted penetration depths. After determining the erosion strain, the simulated shaped 

charge is placed at standoff of 120 mm from the monolithic RHA. The program is run and the predicted 

penetration depth is found to be 11.8 cm. Figure 9 illustrates the jet penetration process into the monolithic 

RHA target at different times. 



 

The hydrodynamic theory based on Bernoulli equation is used to predict the penetration depth into a target by 

the following equation [12]: 

                                                      P∞ = η L ( ρp / ρt)0.5,     (12) 

where P∞ is the penetration depth into RHA target in mm, η is the efficiency factor, L is the length of jet which 

is equal to 94 mm just before particulization, ρp and ρt are the densities of both jet and target materials, 

respectively. η is given by the S-curve obtained by Stilp and Hohler (See Ref. [12]) which is equal to 1.4. The 

predicted penetration depth of jet into RHA target using the hydrodynamic theory (cf. Eqn. (12)) is 14.1 cm.  

Also, the virtual origin model developed by Held [12] is applied for this shaped charge considering the output 

node velocities of the liner elements and their collapsing time. Figure 10 plots the results of the virtual origin 

model used to determine the effective jet length (Z0) formed from the shaped charge. The plotted results 

were obtained by the standard jetting analysis model. The projection of the first and last nodes at any time on 

the "x" axis gives the distance of the jet tip from virtual origin.   

Table 3. Predicted penetration depths at different erosion strains and the  measured one at standoff of 20 
mm. 

 Predictions Experiment 

Erosion strain 1.5 0.8 0.6 - 

Penetration (cm) 8.6 10 10.3 11 

 

The effective jet length represents the distance between the projection of first and last nodes just before the 

break-up time of jet (cf. Figure 10). The predicted jet break-up time using the standard  jetting analysis model 

is (26 µs).  

From Figure 10, the effective jet length at time 25 µs is 60mm, and the penetration depth into a target by a 

continuous jet is determined by [12]: 
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c
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                                                                       (13)                                   

where P is the penetration depth, Z0 is the effective jet length,  Vtip is the jet tip velocity, VC is the velocity of 

the last penetrating element (cut-off velocity), and γ is the square root of the density ratio of the target and jet 

materials. Using Eqn. (13), the depth of penetration of the formed jet into a monolithic RHA is 13.3 cm.  

The measured penetration depth of jet into RHA placed at 120 mm standoff is 120 mm. By comparing the 

predicted penetration depths obtained by Autodyn-2D hydrocode, by the hydrodynamic theory and by virtual 

origin model, respectively, with the measured value, it can be deduced that Autodyn-2D hydrocode predicts 

very close penetration depth into RHA to the measured one. In addition, the virtual origin model could be 

used to give a quick determination of the jet penetration depth into monolithic RHA. 

 (III) RESULTS OF SHAPED CHARGE JET PENETRATION INTO DIFFERENT ERA MODULES  

In the following, the predicted performance of different ERA modules against the shaped charge jet  threat is 

represented by the penetration depth of remaining jet into the witness. For each simulated ERA module, 

Table 4 lists the predicted penetration depth into witness. Moreover, both flyer plate velocity and its 



 

acceleration as well as the impulse imparted to the flyer plate are also listed in the same table. In addition, 

Figure 11 plots the velocity time history for the flyer plate of 3/5/3 ERA configuration.   

 

The velocity of the flyer plate for each ERA module is also calculated using the following equation [13]:  

                                                              Vo = (2E)½ / ((2M/C) + (1/3))½ ,                                                     (14) 

where Vo is the velocity of flyer plate at the moment of explosive initiation, (2E)½ is the Gurney constant 

which is taken to be 2.82 km/s for Detasheet at density of 1.7 g/cm3, M is the mass of metallic flyer attached 

to Detasheet explosive mass C.Table 4 also lists the velocity of flyer plate for each ERA module calculated by 

Eqn. (14). It can be deduced from the table that:  

• For each ERA module, the flyer plate velocity obtained by Eqn. (14) is close to that predicted by the 

Autodyn-2D hydrocode. 

• The velocity of the flyer plate increases with increasing the thickness of explosive and consequently the 

impulse imparted to the flyer plate. Moreover, the jet penetration depth into witness decreases with 

increasing the flyer plate thickness. Morever, equation (14) could be used as a quick tool for predicting 

the flyer plate velocity of ERA.      

Table 4. Results due to the interaction of S.C. jet with each ERA module backed by RHA witness. 
 

Flyer plate velocity, (m/s) 
 

 
Code ERA 

Module 
Pene. depth 
into witness, 

[mm] 
Autodyn-2D Eqn. (14) 

 
Flyer plate 

acceleration 
(m/s2)/106 

 
Specific 
impulse 
(kPa. s) 

A 3/2/3 32.7 860 751 2.463 14.64 
B 3/3/3 28 934 914 1.445 16 
C 3/4/3 23 1130 1050 42.03 21.63 
D 3/5/3 17.9 1220 1167 6.014 25.2 

E 2/3/2 32 1090 1110 280.3 13.66 
F 4/3/4 15 790 795 1.755 15 
G 6/3/6 4 615 652 1.3 13.2 

COMPARISON BETWEEN EXPERIMENTAL RESULTS AND CODE PREDICTIONS  

The measured performance of each ERA module defined by the difference between the jet penetration depth 

into RHA, P∞, and the depth obtained by the remaining jet into RHA witness placed behind each ERA, Pres. 

The performance values are calculated in Table 5. The maximum absolute relative difference between 

measured and predicted performance is found to be 14.85%.  

Table 5. Predicted and measured ERA performances for each module. 

ERA performance, (P∞- Pres) [mm]  
Code 

ERA  
Module Measured Autodyn-2D 

Absolute relative 
Difference, [%] 

A 3/2/3 84.5 85.3 0.94 
B 3/3/3 101.4 90.0 11.24 
C 3/4/3 102.0 95.0 6.86 
D 3/5/3 105.2 100.1 4.84 
E 2/3/2 101.0 86.0 14.85 
F 4/3/4 103.2 103.0 0.2 
G 6/3/6 117.0 114.0 2.56 



 

It can also deduce from the table that the ERA performance increases with increasing both explosive layer 

thickness and flyer plate thickness. This may be attributed to the increase of velocity and of flyer plate and so 

the flyer plate momentum relative to that of the penetrating jet. Similar results were obtained by Held [3]. The 

present table also shows that the 6/3/6 ERA module is the most efficient one; it has a measured performance 

of 117 mm. 

RESULTS OF MASS AND SPACE EFFICIENCIES FOR DIFFERENT ERA MODULES 

For each ERA module, Table 6 lists both mass and space efficiencies based on measurements and predicted 

results of Autodyn-2D hydrocode. In addition, Figure 12 plots the mass efficiencies for different ERA 

modules. The obtained EM and ES for different ERA modules are relatively great because of the small 

thickness of the flyer. However, the performance of 6/3/6 ERA module is greater than that of 3/5/3 ERA 

module; the later module is considered to be optimum because it has a reduction in mass of about 44% 

compared with the former module. In addition, the maximum relative difference between mass efficiencies 

based on measured and predicted results is found to be 14.8% for 2/3/2 ERA module.  

Table 6. Mass and space efficiencies for each ERA module. 

Mass efficiency 
based on:  

Space efficiency based 
on:  

 
Code 

 
ERA  

Module Meas. Pred. 

Absolute 
relative 

Difference, 
[%] 

Meas. Pred. 

Absolute 
relative 

Difference, 
[%] 

A 3/2/3 6.59 6.65 0.91 5.28 5.34 0.95 
B 3/3/3 7.66 6.8 11.2 5.63 5.0 11.2 
C 3/4/3 7.47 6.96 6.82 5.1 4.75 6.86 
D 3/5/3 7.45 7.12 4.42 4.78 4.55 4.81 
E 2/3/2 10.88 9.27 14.8 7.21 6.14 14.84 
F 4/3/4 5.98 5.98 - 4.69 4.68 0.21 
G 6/3/6 4.64 4.52 2.58 3.9 3.8 2.56 

DIMENSIONLESS ANALYSIS RESULTS FOR ERA PERFORMANCE 
The constant C1 is determined for each ERA configuration used in the present work. In addition, the average 

value of constant (sum of C1 for all ERA modules divided by their number) is found to be 3.12311x10-5. This 

average value is fed into Eqn. (11) and the penetration depth of remaining jet into RHA witness is 

recalculated. Figure 13 plots both measured and predicted residual penetration depths for each ERA 

configuration. It can be noticed that there is a good agreement between measured and predicted residual 

penetration depths based on Eqn. (11) and the maximum error between them is about 18 %. 

PREDICTED RESULTS FOR EXPLOSIVE INITIATION  

The first method for the theoretical threshold of initiation is the kinetic energy density; the calculations are  as  

follow: Jet K.E. is 29.917 MJ  (calculated  by standard jetting analysis  model and jet tip cross  sectional area 

is 1.2571 x10 -5 m2. The calculated jet K.E. density is equal to 237976 X105 MJ/m2; this value is much grater 

than the critical energy density of explosive which is equal to 0.64 MJ/m2 for Detasheet. Also for (V2d) 

criterion [14], Jet tip velocity = 7335 m/s and Jet impacting diameter = 4 mm; so V2d = 215.2 mm3 /µs2 (V2d= 

25 mm3 /µs2 for Comp.B). 



 

It is clear that the calculated jet energy density is much grater than the critical energy density necessary for 
initiation of the used explosive material. Another prediction for the initiation of the explosive layer is done by 
the theory of B.O.C. The target points checked for initiation was illustrated in Figure 7. The pressure-time 
histories for two of the checked target points are shown in Figure 14; the  threshold  value  was taken to be 
0.3 of the C-J pressure value. It is seen from the figure that the value of the pressure reached by impacting 
jet material into the explosive layer exceeds the threshold value; thus initiation is occurred. 

CONCLUSIONS 
The main conclusions of the present work are: 

• Autodyn-2D hydrocode predicts very close depth of jet penetration into RHA target to the measured 
one compared with that of the Virtual origin model and hydrodynamic theory.  

• Good agreement is generally obtained between the measured performance of each ERA module and 
the corresponding predicted by Autodyn-2D hydrocode. In addition, the maximum absolute relative 
difference between measured and predicted performance is found to be 14.85%. 

• Dimensionless analysis equation could be used as a quick tool for determining an approximate value 
of the residual jet penetration depth into RHA witness. 

• Autodyn-2D hydrocode gives an exact definition to the initiation phenomenon based upon empirical 
BOC values. 

• The kinetic energy density of the jet is much grater than the threshold value of the used explosive, so 
jet will initiate the explosive layer used in ERA. The simulation results agree with that of the field tests 
where all explosives layers have been initiated under jet attack. 

• Both Autodyn-2D predictions and corresponding measurements prove that the ERA performance 
against shaped charge jet increases with increasing the thickness of explosive layer and flyer plate 
thickness. 

• The obtained mass and space efficiencies for different ERA modules are relatively great because of 
the small thickness of the flyer.  
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Figure 1. Materials of the used shaped 

charge elements with their grids. 

 
Figure 2. Shaped charge in front of RHA at 

                    20mm standoff distance. 

Figure 3. A schematic drawing of S.C. against 
3*3*3 ERA module inclined by 60o NATO angle, 

and witness block. 
 

 
   

 

 
 

 
Figure 4. A photograph of experimental setup. 

 
Figure 5. A schematic drawing for the calculation of mass 

              and space efficiencies 
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Figure 6. Factors governing the performance of 

an ERA module.  
 

      
Figure 7. Target points selected for initiation 

checking.  

 
Figure 8. Jet velocity as a function of the 

cumulative jet  mass 

 
 

 
 

 

 

 
 
 

 
 

 
 

 
(a) t= 25.7 µs (c) t= 55.6 µs  

(d) t= 145.8 µs 
Figure 9. Simulated penetration process of a formed jet at different penetration times. 
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Figure 10. Predicted effective jet length using 

the virtual origin model.   
 

 
Figure 11.  Flyer plate Velocity-time history for  3/5/3 

ERA configuration. 
 

 
Figure 12.  Measured and predicted mass 

efficiencies for different ERA modules.  
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Figure 13. Measured and predicted penetration 

depths for different ERA modules 

 
Figure14.  Pressure-time history for two target points 

 

 



MATHEMATICAL SIMULATION OF C/B AGENTS 
NEUTRALIZATION BY EXPLOSION PRODUCTS CONTAINED 

TITANIUM NANOOXIDE. 
 

G.Sakovich, A.Vorozhtsov, O.Matvienko, V.Komarov  

Institute for Problems of Chemical and Energetic Technologies, SB RAS 

Tomsk State University 
 
     In the paper the mathematical model and results of numerical calculations of special 
explosion, generation of a titanium nanooxide, interaction TiO2 with chemical agents 
completed by its neutralizing is presented. The determination of particles mass 
concentration change in a cloud implements by the solution of conservation equation for 
each fraction of particles mass and carrier medium (gas) with allowance for their motions 
and diffusion. Thus the change of a poisonous impurity concentration is described by an 
equation of a chemical kinetics simulating a passing of photocatalytic reaction, with take 
into account a processes of a convection and diffusion. The simulation of poisonous gas 
and nanoparticles cloud motion implements within the framework of a gas dynamics 
equations. The conducted calculations have allowed to investigate process of interaction of 
nanoparticles with a cloud of poisonous substances and to determine optimal modes of 
neutralizing depending on concentration and nanoparticles sizes, degree of light exposure, 
temperature and aerodynamic conditions. The time which is necessary for full neutralizing 
of a poisonous cloud is determined and also the relation of toxic concentration change from 
time is obtained. 
 
 

Fast development of world industry creates the problems relating 

protection of population against consequences of technogenic catastrophes 

periodically occurring in chemical plants, in gas and oil industry, on transport, 

etc. The most impressive example of such kind event was tragedy in Bhopal, 

India, Dec. 3, 1984. Gas leaked from a tank of methyl isocyanate led to the 

death of 3,800 persons and disability of about 2,700 persons. Rather recently 

(July 11, 2001), release of arsine gas from a chemical tank at the Tulsa Port of 

Catoosa, Oklakhoma, USA led to injuring 138 people. In addition to 

technogenic catastrophes one has keep in mind the thread of terrorist attacks. 

It happened on March 20, 1995, when members of the Aum Shinrikyo cult 

entered the Tokyo subway system and released sarin, a deadly nerve agent. 

The number injured was about 3,800 and 12 people were dead. The quick 

response in such emergency cases can be performed on the basis of equipment 



capable of fast operational readiness and high production yield. One can 

suppose that for effective neutralization of the poison cloud sufficient amount 

of highly active catalytic particles have to be dispersed in chosen space 

location at given instant of time. Therefore, it is necessary to define the 

catalytically active agents and elaborate the methods of their effective 

production and dispersion. 

One from ways of liquidation of dangerous chemical and biological 

gases or substances in an air can be the photochemical reaction catalyzed by 

nanosized TiO2. For effective neutralizing of a poisonous cloud fill of these 

high-level catalytic partiсles should be disseminate in selected position in the 

given point of time. One from ways of dissemination can be served with a gas-

generator expulsive system, which by analogy to the fire extinguisher makes 

delivery of nanooxide catalyst in a poisonous cloud. 

However in most cases it is impossible to foresee a place of terrorist 

attack realization. We offer to synthesize special "soft" explosive substance 

for generation of nanosized TiO2 particles. This substance can be delivered in 

a necessary point of space by known ways, for example from grenade cup 

discharge. The photochemical reaction on a nanoparticles surface in the 

absence of natural lighting is caused by special pyrotechnic means supplied in 

the same point of space, where there was a terrorist act or technogenic 

accident. 

It is supposed that following diversion or technogenic catastrophe the 

cloud of polluting substances was generated. After explosion of special 

explosive substance within cloud, the high-temperature area of gas containing 

certain concentration of high-level nanoparticles with a specific distribution 

function is formed. In conditions of daylight on a surface of partiсles the 

photocatalytic reaction with a known kinetics occurs causing to neutralizing 

poisonous substances.  

The following equations were solved for pollutant concentration: 
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where CM  is volume concentration, vr  is velocity, D  is diffusion coefficient, 

ρ  is density; Φ   is the chemical reaction rate. 

Traditional approaches to photocatalytic kinetic studies employ a TiO2 

particle aerosol system or an immobilized TiO2 photocatalyst system and 

monitor the concentration of an organic compound. In many cases, the 

macroscopic kinetics of photocatalytic degradation of organic compounds 

follows the Langmuir-Hishelwood kinetic expression [1], namely the double 

reciprocal linear relationship between reaction rate and the substrate 

concentration. This kind of kinetic behavior was always taken as the kinetic 

feature for complying with Langmuir-Hishelwood reaction model. This model 

assumes that: 

• At equilibrium the number of surface sites is fixed. 

• Only one substrate may bind at each surface site. 

• The heat of adsorption by the substrate is identical for each site and 

is independent of surface coverage. 

• There is no interaction between adjacent adsorbed species. 

• The rate of surface adsorption is greater than the rate of any 

subsequent chemical reaction. 

• No irreversible blocking of active sites by binding to product or 

intermediates occurs. 

Under these assumptions, the surface coverage Θ  is related to initial 

concentration of the substrate M  and the adsorption equilibrium constant K . 

That is 

KM
KM
+

=Θ
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The reaction rate can be expressed as 
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where fIkLH =  is the photocatalytic reaction rate factor, I  is the light 

intensity. 

Calculations were carried out for the nanoparticles, distributed in 

accordance Rozin-Rammler distribution [2]. 
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where Md  and n - model constants. In our calculation 4020 << Md nm and 
2=n . 

Two different approaches are currently available for the analysis of the 

behaviour of the solid particles in flows. These are termed the Eulerian and 

Langrangian. 

In the Lagrangian method on the trajectories of the individual size 

particles are evaluated by solving time dependent ordinary differential 

equations. But there are two major drawbacks to this approach however. The 

first is that since the fields are stochastic many particles must be calculated to 

determine the average behaviour. This makes the computation time very 

consuming and expensive. However more fundamental limitation is that the 

approach is limited to flows in which the disperse phase loading is extremely 

small. This it because it is assumed that the presence of the particles has no 

influence on the underlying turbulent motion. The gas affects the particle 

motion but not vice-versa. It has well documented that the presence of even a 

small amount of particles can greatly influence the structure of the underlying 

fluid flow field. The Lagrangian approach can still be used to account phase’s 

interactions by recomposing the fluid turbulent flow in iterative manner. But 

the computational efforts here get quickly out of hand.  



A separated method called the PSI-CELL method attempts to account 

two-way coupling but the ignores the stochastic nature of the fluid field. This 

limits the computing requirements considerably since only one particle of 

each size range needs to be calculated but the effect of the underlying 

turbulent flow is not properly accounted for. 

The effects of the phases interactions are most easily incorporated into a 

model using an Eulerian approach. In the Eulerian approach on the other hand, 

partial differential equations for the conservation of mass and momentum are 

written for each of the particle’s fractions, which are solved together with the 

equation of the gas flow.  

In the Eulerian (or multi-fluid) model, there is one solution field for 

each phase separately. Transported quantities interact via inter-phase transfer 

terms. 

For nanoparticles this approach can be change by models based on 

dispersed phase drift with regard to carrier medium. At that velocity of 

averaged for turbulent pulsation time interval motion of dispersed phase is 

determined in suggestion of inertial terms smallness or in other words of 

dynamic balance of forces acting on particles.  Thus, there is no necessity to 

solve full differential equations of motion, and it is enough to consider an 

equation of dynamic balance of forces. 

  The determination of particles mass concentration implements by the 

solution of an equation of conservation of mass for each fraction of particles 

and carrier medium. 

The equation of conservation of mass for dispersible medium has a kind 

of an equation of continuity: 
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Where pM - volumetric concentration, pvr  - speed of particles motion, ВD  - 

factor of Brownian dissusion, pρ - density of particles. 

  In accordance with the Einstein formula [3] factors of Brownian 

diffusion can be determined as 

d
kTDB πµ3

= , 

where k - Boltzman constant, µ - viscosity of a carrier phase, T - temperature. 

For the description of a disperse phase motion we shall consider main 

forces acting on particles. 

By consideration of problems of nanoparticles dynamics it is impossible 

to bypass such important appearance, as effect of gaseous medium on the 

heated up particles, no uniformly located in it. It is accepted to name these 

appearances as phoretic effects. As well as in all cases of interaction between 

particles and gaseous medium, these forces depend on value of the relation of 

the particles size and mean length of free run of gas molecules. If dp<<l, 

thermophoretic effect appears owing to the fact that the molecules of gas fly 

away from the more heated up side of a particle with the greater speed, rather 

than from the less heated up side. Accordingly molecules of gas give to 

particle impulse in a direction of decrease of temperature. At dp>>l, reason of 

termophores beginnings is a little bit more complex. However it is possible to 

show, as in this case motion should happen in the side of temperature 

reduction. According to Epstein [4] thermophoretic force can be expressed as 
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where λ - length of free run, R - gas constant, κ  and pκ - heat conductivity of 

gas and particles. 

  The drag is described by an equation 
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where 635.0=α  - empirical constant. 

Thus, the equation of dynamic balance of forces can be submitted as 

follows: DT FF
rr

= . 

Disperse phase velocity will be discovered as 
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The velocity of a carrier phase in the supposition, that centre of mass of a 

system is fixed, can be determined as 

p
p vv rr

ρ
ρ

−= . 

For the description of heat exchange the equations of thermal balance 

recorded with take into account thermal effect of chemical response and 

exchange by energy between carrier and a disperse phase are used: 
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Where pT  - temperature of a disperse phase, pС , С  - thermal capacity of gas 

and particles, Q - the thermal effect of response, S - characterizes exchange by 

energy between phases. 

Numerical investigations were performed for three-carbon compounds 

that contain different functionality (likely leading to different affinity for the 

catalyst surface). The following four compounds having similar molecular 

weight but varying polarity were identified: propane (C3H8, a saturated 

hydrocarbon), propene (C3H6, an unsaturated hydrocarbon), propanol (C3H6O, 



an aldehyde), and acetone (C3H6O, a ketone, aka propanone). The conversion 

or removal of carbon compounds from the reaction can be determined as 

in

in

M
MM

f
−

= , 

where inM  is initial concentration. 

Figure 1 shows the data sets derived from our calculations and 

experiments [5]. All calculations were conducted at a relative humidity of 

50% and at a temperature of 30°C. As shown, the four compounds all required 

different amounts of time for complete degradation.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

All four substances began at approximately equivalent concentrations 

(ca. 600 ppmv); however, propane required 600 minutes to degrade, propene 

required 200 minutes, acetone required 100 minutes, and propanol required 50 

 
Figure 1 Conversion data for photocatalytic oxidation 



minutes. The different reaction times agree well with the predicted affinity of 

the compounds for the catalyst surface. These results suggest that the presence 

of these four compounds in a single test environment would result in a 

competitive disadvantage for the slower reacting compounds (i.e., propane 

and propene) and a competitive advantage for the faster reacting compounds 

(i.e., acetone and propanol). 
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Abstract 
 

For a series of seven polynitramines containing up to six nitramino 
groups NNO2  the synthetic pathways are described:  2,4,7-trinitraza-
octane TRINA-8b, 2,4,7-trinitrazanonane TRINA-9b, 8-methyl-2,4,7-
trinitrazanonane TRINA-10c, 1-azido-2,4,6-trinitrazaheptane ATNH, 1,11-
diazido-3,5,7,9-tetranitrazaundecane DATNU, 1,12-diazido-3,5,8,10-
tetranitrazadodecane DATND and 2,4,7,10,13,15-hexanitraza-
hexadecane  HNHD. Their characterization based on spectroscopy, 
thermal analysis, friction and impact sensitivity as well as the comparison 
with the data of other energetic materials with similar structure shows the 
following: 
 
 
The decomposition points are above 200°C, as in the case of analogous 
diazido- and dinitrato-substituted nitramines. The melting  process is in all 
cases clearly separated from the beginning of the decomposition. The 
number of nitramino units is not the only factor governing the sensitivity of 
polynitramines without azido- or nitrato-substituents. Azidoethyl-
substituted nitramines (AENA) prove to be more sensitive to impact than 
their nitrato-substituted analogues (threshold 2 Nm in two cases). Despite 
their nitrato groups ONO2, nitratoethyl-substituted nitramines (NENA) 
generally show a low sensitivity to impact and friction. Other factors like 
the grain size and crystal structure play an important role in the response 
of solid materials to mechanical stimuli and also have to be taken into 
account. 

 
 
 
 



 
1. Introduction     
 
Energetic materials based on the cyclic nitramine structure of hexogen or octogen 
exhibit a high performance, whereas several linear nitramines are studied as energetic 
plasticizers. Earlier work done on NENA compounds had shown that tetraninitramines 
have a remarkably low sensitivity to mechanical stimuli [1]. This prompted us to 
synthesize and characterize several new polynitramines with up to six nitramino groups. 
The influence of azido groups N3 on the stability and sensitivity of nitramino compounds 
also had to be investigated. Therefore the present work describes the synthesis and 
characterization based on the spectroscopy, thermal stability and sensitivity of a series 
of seven polynitramines and their comparison with other nitramines with analogous 
structures. 
 
 
2. Synthesis of polynitramines  
 
The chemistry of linear nitramines R1-N(NO2)R2 is strongly dependent on their 
substituents R1 and R2. The well-known addition of formaldehyde on a primary nitramine 
R1-NHNO2 leads to a hydroxymethyl derivative which can react with a second nitramine 
molecule R2-NHNH2 to give a dinitramine [2]. On the other hand, an acetoxymethyl 
group besides a nitramino function NNO2 can be transformed by a stepwise degradation 
in an acidic medium into different compounds presenting a pronounced reactivity [3, 4] 
(fig. 1). The following syntheses described here are based on the high reactivity of 
primary nitramines and different nitrolysis and degradation reactions of intermediates. 

 
 
 
 
 
 
 
Figure 1: Typical nitramine reactions:  Formation of a methylenedinitramino unit   

   and stepwise degradation of an acetoxymethylnitramino group 
 
Some linear dinitramines are studied as energetic plasticizers in propellant formulations 
which show a nearly temperature-independent combustion. Such encouraged, a series 
of analogous linear trinitramines TRINA was synthesized. As one example of these 
compounds, the synthesis of TRINA-7 had been realised [5] by nitration of a suitable 
precursor and by condensation of nitramines with chloromethylnitramines [6] (fig. 2): 
 

 
 
 
 
 
Figure 2: Synthetic pathways to 2,4,6-trinitrazaheptane  TRINA-7   1 

 
The synthesis of three further trinitramines were based on a dinitramino compound with 
a suitable leaving group. 6-Bromo-2,4-dinitrazahexane 2 was prepared by cyclization of 
ethylenedinitramine with formaldehyde and methylamine, nitrolysis of the formed seven-
membered ring and step-by-step degradation of an acetoxymethylnitraza group leading 

R1 N
NO2

H + CH2O R1 N
NO2

CH2 OH
+ R2 N

NO2

H
R1 N

NO2

CH2 N
NO2

R2

R N
NO2

CH2OAc R N
NO2

HR N
NO2

CH2OH R X
- CH2O

R OH
- N2O HX

CH2 N N
C

N
NO2

H3C
CH2 N

NO2

N
NO2

H3C

CH2 N H N
NO2

N
NO2

H3C H Cl +

CH3

NO2

CH3

NO2

CH2
N CH3

NO2

CH2

H
CH3H3C

CH2 Cl+
TRINA-7   1



to the desired compound 2. By  means of condensation reactions of the bromohexane 
derivative 2  with methylnitramine, ethylnitramine and isopropylnitramine, respectively 
the trinitramines TRINA-8b  3, TRINA-9b   4 and TRINA-10c  5 (fig. 3) were obtained. 
 

 
 
 
 
 
 
 
 
 

Figure 3: Synthesis of  the linear trinitramines  TRINA-8b, TRINA-9b and TRINA-10c 
 

The synthesis of a trinitramine, substituted by an azido group, was realized by a four- 
step reaction sequence. Its first two steps shown in fig. 4 represent the cyclization of 
methylenedinitramine MEDINA with formaldehyde and methylamine, followed by the 
nitrolysis of the formed six-membered ring which furnished an acetoxy-trinitrazaheptane. 
By means of an acidic hydrolysis under selected reaction conditions the chloro derivative 
6 was obtained which  was converted with sodium azide providing the           1-azido-
2,4,6-trinitrazaheptane ATNH  7.   

 
 

 
 
 
 
 
 
Figure 4: Synthesis of 1-azido-2,4,6-trinitrazaheptane  ATNH  7 

 
For linear tetranitramines with two terminal substituents, two synthetic pathways had 
already been published [1]. The first one is based on the chloromethyl-nitratoethyl-
trinitramine 8 which is obtained in two steps from urotropine and 2-aminoethanol by 
nitrolysis followed by the exchange of an acetoxy group by a chloro group. In a specific 
acidic medium compound 8 undergoes a degradation and rearrangement reaction 
leading to the 1,11-dichloro-3,5,7,9-tetranitrazaundecane 9. Its reaction with silver nitrate 
gave the tetranitramine TENA-1   10 [1]; its conversion into the diazido derivative 
DATNU  11  was performed by a treatment with sodium azide in dimethylformamide at 
room temperature (fig. 5). 
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By cyclization of ethylenedinitramine with formaldehyde and ethylenediamine, two 
seven-membered rings linked by an ethylene group were formed. This intermediate is 
nitrolysed to give the hexanitramino derivative 12 which can be stepwise degraded to 
provide the 1,12-dichloro-3,5,8,10-tetranitrazadodecane 13. This dichloro derivative has 
been described to deliver the tetranitramine TENA-2  14 with silver nitrate [1]; its 
conversion into the diazido derivative DATND  15  was obtained by a treatment with 
sodium azide (fig. 6). 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
Figure 6: Synthesis of the 1,12-disubstituted tetranitramines  TENA-2  14  and  DATND  15 

 
Finally, the hexanitramino compound HNHD 16, containing just nitramino and alkyl 
groups, was prepared by the reaction of 6-bromo-2,4-dinitrazahexane 2 with ethylene-
dinitramine EDNA in the presence of triethylamine. This base is required in order to form 
the reactive dianion of the dinitramine  EDNA (fig. 7).    
 
 
 

 
 
 
 
 
Figure 7: Synthesis of  2,4,7,10,13,15-hexanitrazahexadecane  HNHD  16 

 
The detailed synthetic procedures of these compounds will be published elsewhere. 
 
3. Spectroscopical characterization   
 
The spectroscopical characterization of the compounds described were achieved by 
FTIR spectroscopy and NMR spectroscopy. The IR spectra presented the typical 
nitramino absorption bands at 770 cm-1, 1250 cm-1 and 1600 cm-1 and the azido band at 
2150 cm-1, but provided no detailed information on the linear structural elements of the 
new materials. By 1H and 13C NMR spectroscopy the supposed structures could clearly 
be confirmed, as the signal for every carbon and hydrogen atom can be predicted and 
compared with the experiment in terms of resonance frequency, integral, multiplicity and 
splitting constant. Just one typical example is described, the compound 8-methyl-2,4,7-
trinitrazanonane TRINA-10c  5 (fig. 8). 
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Figure 8: Attribution of hydrogen 

 and carbon atoms of  
8-methyl-2,4,7-trinitraza- 
nonane TRINA-10c  

 
 
In table 1 the chemical shifts δ , the multiplicity, the integral and the coupling constant J 
are given for every hydrogen and carbon atom of the compound TRINA-10c. Figures 9 
and 10 show the 1H and 13C NMR spectra taken in d6-DMSO. 
 
 Atom Signal   

δ (ppm) 
Coupling 
constant 

3JH,H (Hz) 

Atom Signal   
δ (ppm) 

Coupling 
constant 

1JC,H (Hz) 
 H-1 3,44 (s, 3 H) - - - C-1 39,7 (q, 1C) 143 
 H-3 5,61 (s, 2 H) - - - C-3 67,5 (t, 1C) 159 
 H-5 4,16 (t, 2 H) 5,89 C-5 50,3 (t, 1C) 145 
 H-6 3,92 (t, 2 H) 6,09 C-6 43,3 (t, 1C) 142 
 H-8 4,76 (se,1 H) 6,59 C-8 52,7 (d, 1C) 148 
 H-9 1,50 (d, 6 H) 6,39 C-9 18,4 (q, 2C) 127 
 

Table 1: 1H and 13C NMR signals of  8-methyl-2,4,7-trinitrazanonane TRINA-10c  
(in  d6-DMSO)  

 
Figure 9: 1H  NMR trace of  8-methyl-2,4,7-trinitrazanonane TRINA-10c (in  d6-DMSO) 

 
Figure 10: 13C  NMR trace of  8-methyl-2,4,7-trinitrazanonane TRINA-10c (in  d6-DMSO) 
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4. Thermostability  
 
By means of differential thermal analysis / thermogravimetry DTA/TG and differential 
scanning calorimetry DSC a high thermostability of the polynitramines was found. Their 
decomposition points (maximum of the DTA trace) are above 200°C,  as in the case of 
the other diazido- and dinitrato-substituted nitramines mentioned in tab. 2. The melting  
process was in all cases clearly separated from the beginning of the decomposition. Fig. 
11 shows the DTA  and TG traces of TRINA-8b and TRINA-9b which are typical of the 
polynitramines studied. However, in the case of HNHD 16 a mixture of two crystalline 
modifications was detected melting at 193°C and at 197°C, respectively (see DSC trace 
fig. 12).  A similar behaviour was found for BNE-EDNA. 
 
 
   melting  

point (°C) 
decomp.  
point (°C)

 TRINA-8b          3 2,4,7-trinitrazaoctane 94 262 
 TRINA-9b          4 2,4,7-trinitrazanonane 113 258 
 TRINA-10c        5 8-methyl-2,4,7-trinitrazanonane 144 256 
 ATNH                7 1-azido-2,4,6-trinitrazaheptane 105 208 
 DATNU            11 1,11-diazido-3,5,7,9-tetranitrazaundecane 143 243 
 DATND            15 1,12-diazido-3,5,8,10-tetranitrazadodecane 126 237 
 HNHD              16 2,4,7,10,13,15-hexanitrazahexadecane 193 / 197 245 
     

 TENA-1            10 1,11-dinitrato-3,5,7,9-tetranitrazaundecane 163 200 
 TENA-2            14 1,12-dinitrato-3,5,8,10-tetranitrazadodecane 147 210 
 BAED               

20 
1,6-diazido-2,5-dinitrazahexane 76 217 

 BNE-EDNA      21 1,8-dinitrato-3,6-dinitrazaoctane 61 / 65 200 
 BNE-MEDINA  22 1,7-dinitrato-3,5-dinitrazaheptane 93 198 
 
Table 2: Melting point and decomposition point of synthesized polynitramines  

and several dinitrato- and diazido-substituted nitramines   
 

 
Figure 11: DTA / TG traces of  TRINA-8b   Figure 12: DSC trace of HNHD 

and TRINA-9b (heating rate  5 K/min)         (heating rate 5 K/min) 
 
 
5. Sensitivity  
 
The handling properties of an explosive are essentially influenced by its sensitivity to 
friction and impact. Measured data often suffer from poor comparability, when different 
test procedures are used. Furthermore, it has to be taken into account whether the 
threshold for the first positive reaction out of six tests is given, or whether a 50:50-value 
according to a Bruceton up and down procedure has been determined. 
 



Using the BAM drop weight apparatus (1 kg)  and the BAM friction apparatus the 
following reaction thresholds were found for at least one positive reaction out of six tests 
for the synthesized polynitramines (tab. 3) and for several known explosives (tab. 4). 
 
 
 

 sensitivity to 
friction ( kp )

sensitivity to 
impact ( Nm ) 

TRINA-8b         3 2,4,7-trinitrazaoctane 19,2 5,4 
TRINA-9b         4 2,4,7-trinitrazanonane 36 17,7 
TRINA-10c       5 8-methyl-2,4,7-trinitrazanonane 16,8 > 24,5 
ATNH               7 1-azido-2,4,6-trinitrazaheptane 32 2,0 
DATNU           11 1,11-diazido-3,5,7,9-tetranitrazaundecane 21,6 2,0 
DATND           15 1,12-diazido-3,5,8,10-tetranitrazadodecane 12,8 9,8 
HNHD             16 2,4,7,10,13,15-hexanitrazahexadecane 36 9,8 
 
Table 3: Sensitivity to friction and impact of synthesized energetic materials  (first reaction given) 
 
  sensitivity to 

friction ( kp )
sensitivity to 
impact ( Nm ) 

TENA-1           10 1,11-dinitrato-3,5,7,9-tetranitrazaundecane > 36 > 25 
TENA-2           14 1,12-dinitrato-3,5,8,10-tetranitrazadodecane 32 10 
HMX                17 1,3,5,7-tetranitrazacyclooctane 12 4 
RDX                18 1,3,5-trinitrazacyclohexane 12 4 
PETN              19 pentaerythritetetranitrate  6 3,5 
BAED              
20 

1,6-diazido-2,5-dinitrazahexane 2,8 4,4 

BNE-EDNA     21 1,8-dinitrato-3,6-dinitrazaoctane 25,2 9,8 
BNE-MEDINA 22 1,7-dinitrato-3,5-dinitrazaheptane 36 4 
 
Table 4: Sensitivity to friction and impact of known energetic materials (first reaction given) 
 
The studied linear polynitramines have different structural elements: the compounds 3, 
4, 5 and 16 contain alkyl groups, while compounds 7, 11 and 15 have additional azido 
groups. It is expected that their sensitivity will be strongly influenced by these different 
structural elements. 
 
The friction sensitivity of the synthesized linear nitramino compounds 3, 4, 5 and 16 is in 
the range of 16,8 up to 36 kp, while the cyclic nitramines RDX and HMX already react at 
12 kp. It is evident that the number of nitramino groups does not determine the low 
friction sensitivity of the linear molecules. The cyclic nitramines RDX and HMX are also 
more sensitive to impact (4 Nm) than the linear nitramines 4, 5 and 16 (9.8, 18 and        
> 24.5 Nm). However, the trinitrazaoctane TRINA-8b  3 (5.4 Nm) nearly reaches the 
sensitivity threshold of RDX and HMX.  
 
For the azido compound ATNH  7, the diazido derivatives DATNU 11 and DATND 15 a 
threshold of friction sensitivity was found between 12.8 kp and 32 kp, resp. lying clearly 
above the values found for the booster explosive PETN (6 kp) and for the 1,6-diazido-
2,5-dinitrazahexane BAED (2.8 kp).  
 
Azidoethylnitramines AENA and Nitratoethyl-nitramines NENA are proposed as 
energetic plasticizers in explosive formulations. Therefore, it seemed interesting to 
compare the sensitivity of analogous  nitramino derivatives like 10, 11, 14 and 15. The 
data show that the sensitivity to friction of NENA compounds like BNE-EDNA, BNE-
MEDINA, TENA-1 and TENA-2 - containing nitramino groups NNO2 as well as nitrato 
groups ONO2  - is very low (25.2 kp up to >36 kp) and obviously not influenced by the 
presence of the nitrato groups.   



Otherwise the azido nitramines ATNH 7 and DATNU 11 show a very pronounced impact 
sensitivity (2 Nm) surpassing the sensitivity of the nitrate ester PETN (3.5 Nm), of the 
known explosives RDX and HMX (4 Nm) and of the diazido dinitramine BAED (4.4 Nm). 
Only the threshold of the diazido tetranitramine DATND 15 (9.8 Nm) is in a more 
favourable range. It is interesting to compare these data with the sensitivity of the NENA 
compounds: BNE-MEDINA proves to be sensitive (4 Nm) and BNE-EDNA and TENA-2 
are in a higher range (9.8 and 10 Nm, respectively), while TENA-1 does not react at all 
at the maximal load (5 kg, 50 cm).  
 
In fig. 13 the reaction thresholds for the different compounds are shown on the same 
sensitivity scale, the numbers of nitramino, nitrato and azido groups being indicated by 
the abbreviation N, Ni and Az. It is evident that azido compounds can reach a high 
sensitivity, whereas NENAs – except BNE-MEDINA -  are rather less sensitive. 
 

 
 

 
 

 
 

 
 
 

 
 

Figure 13: Impact and friction sensitivity of energetic materials (first reaction given) 
 
In fig. 14  the impact sensitivity (+) and the friction sensitivity (=) of 14 energetic 
materials versus their oxygen balance are represented. The expected general trend  - 
more energetic material  ⇒  higher sensitivity -  is more pronounced for the impact 
sensitivity thresholds, the friction data showed a greater dispersion. The comparison of 
couples like TENA-1  10 / DATNU 11 and TENA-2  14 / DATND  15 owning the same 
linear tetranitramine structure, but differing just by the substituents nitrato or azido, 
revealed an increase of the sensitivity for the azido groups.  However, other factors like 
the grain size and crystal structure play an important role in the response of solid 
materials to mechanical stimuli and have to be taken into account. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 14: Sensitivity of energetic materials (first reaction given) vs  oxygen balance 
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6. Conclusion  
 
A series of seven polynitramines  (fig. 15) containing up to six nitramino groups NNO2  
has been synthesized and characterized using IR and NMR spectroscopy, thermal 
analysis, friction and impact sensitivity.  By comparison with the data of other energetic 
materials with a similar structure the following can be remarked: 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 

Figure 15: Energetic polynitramines 
 

• The decomposition points are above 200°C,  as in the case of analogous 
diazido- and dinitrato-substituted nitramines. The melting  process is in all cases 
clearly separated from the beginning of the decomposition. The existence of two 
crystalline modifications melting at 193°C and at 197°C, respectively had been 
shown for HNHD  16. 
 
• The number of nitramino units is not the only factor governing the sensitivity of 
polynitramines without azido- or nitrato-substituents. 
 
• Azidoethyl-substituted nitramines (AENA) prove to be more sensitive to impact 
than their nitrato-substituted analogues (threshold 2 Nm in two cases).  
 
• Despite their nitrato groups ONO2, nitratoethyl-substituted nitramines (NENA) 
generally show a remarkably low sensitivity to impact and friction. 
 
•  Other factors like the grain size and crystal structure play an important role in 
the response of solid materials to mechanical stimuli and also have to be 
considered. 
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Abstract 

Properties 2-azidomethyl-N-nitrooxazolidin as perspective plasticizer of nitrates of 

cellulose in gas-generator energetic materials are investigated. Characteristics of individual 

plasticizer – saturated vapour pressure, enthalpy of evaporation, parameter of solubility 

and glass-transition temperature – are obtained.   Thermodynamic compatibility    2-

azidomethyl-N-nitrooxazolidin   with   nitrates of cellulose is studied. It is shown that these 

components are compatible in a wide temperature range. Plasticizing ability of 2-

azidomethyl-N-nitrooxazolidin is investigated.  It is shown that this substance plasticizing 

action considerably surpasses action of nitroglycerine. Influence of 2-azidomethyl-N-

nitrooxazolidin on relaxation transitions in plasticized nitrates of cellulose is also 

described.  

 

Introduction 

This work is concerned with the properties of 2-azidomethyl-N-nitrooxazolidin 

(MANO-2) as a new plasticizer of cellulose nitrates (NC). MANO-2 is of interest as a 

promising component of gas-generator energetic compositions. Characteristics of 

individual plasticizer – saturated vapour pressure, enthalpy of evaporation, parameter of 

solubility and glass-transition temperature – are obtained. Plasticizing ability and 

thermodynamic compatibility    MANO-2  with NC is studied. Influence of MANO-2   on 

relaxation transitions in plasticized NC is also described.  

 

 

 



Synthesis 

The starting compound used in the reaction chain to obtain MANO-2 was 

potassium N-2-hydroxyethylsulfamate (I). After reacting the salt with an aqueous solution 

of chloroacetaldehyde (II) and distilling off water, oxazolidin sulfamate (III) was obtained 

in an almost quantitative yield under certain conditions. Compound (III) was nitrated by an 

acetic anhydride plus nitric acid mixture to yield 2-chloromethyl-N-nitrooxazolidin (IV); 

the yield was ca. 70%. Next, compound (IV) was treated with sodium azide in DMF to 

yield the target MANO-2 (V) in a ca. 90% yield. The reaction chain was as schematized 

below.  

 

 

 

 

 

 

 

 

 

 

 

Assay: at least 98% of the main substance. Density: d 20 = 1.37 g/cm3. Calculated enthalpy 

of formation: H∆ f = -226 kJ/mol. 

 

Experimental 

Two NC samples used contained 12.0 and 13.4 wt % nitrogen and had the 

viscosity-average molecular mass of  ηM  = 77.1 × 103 and 114.4 × 103. The study was 

made with NC – MANO-2 binary systems containing 30 – 70 wt % MANO-2. Samples 

were prepared in two ways: as rolled sheets and films prepared from acetone solutions. The 

preparation procedures are described in [1]. 

In investigating the thermodynamic compatibility of MANO-2 with NC, we used 

the interference microanalysis method [2]. The MANO-2 vapor pressure was measured 

using dynamic gas chromatography [3]. 
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 Mettler DSC 822 differential  scanning calorimeter and a TMA/SDTA 840 

thermomechanical analysis unit  were used to study relaxation transitions and mechanical 

properties. 

 

Results and Discussion 

The results of the MANO-2 saturated vapor pressure measurements are compiled in 

Table 1. The MANO-2 volatility is higher than the nitroglycerine (NG) volatility and lower 

(in the range 40 – 60 ºC) than the diethylene glycol dinitrate (DEGDN) volatility. At 25 – 

30 ºC, MANO-2 and DEGDN have similar volatilities. 

Table 2 displays the enthalpies of evaporation, solubility parameters, and glass-

transition temperatures for MANO-2, NG, and DEGDN. The enthalpy of evaporation for 

MANO-2 is 1.2 – 1.5 times lower than for nitroethers. 

In the experiments on the MANO-2 thermodynamic compatibility with NC, we 

studied plasticizer diffusion into NC films (100 – 150 mcm thick) containing 40 wt % 

MANO-2. In Fig. 1, we show plasticizer concentration profiles in the interdiffusion zone 

for the MANO-2 – NC (12.0% N) system in the range from 20 to 80 ºC. One can see that 

the plasticizer concentration in the interdiffusion zone changes continuously. This behavior 

is evidence of the full thermodynamic compatibility of the polymer and plasticizer. Similar 

results were obtained for the NC systems containing 13.4% nitrogen. Note that the 

maximal equilibrium NG and DEGDN concentration in NC is 70 and 60 wt %, 

respectively [1, 3]. 

To quantify the thermodynamic affinity of MANO-2 and NC, we measured the 

plasticizer partial vapor pressure of MANO-2 solutions in NC (Fig. 2). Chemical potential 

1µ∆ , partial enthalpy 1H∆ , and entropy 1S∆  of mixing of the plasticizer in NC solutions 

were calculated from 
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Table 1 
Saturated vapor pressure  MANO-2, NG и DEGDN 

Saturated vapor pressure, Pa Temperature, 
º C MANO-2 NG* DEGDG* 
25 0.73 0.10 0.60 
30 0.99 0.17 0.92 
40 1.81 0.49 2.16 
50 3.16 1.16 4.26 
60 7.05 2.86 9.03 

*results were obtained by means of statical and dynamic gas chromatography methods [1, 3] 
 

Table 2 
Characteristics of plasticizers 

Plasticizers Evaporation 
enthalpy, kJ/mol 

Solubility para-
meter, J1/2/cm3/2 

Glass-transition 
temperature,º C 

MANO-2 53,7 20,8 -76 
NG 79,1 23,2 -72 

DEGDN 64,0 20,8 -84 
 

Table 3 
Partial thermodynamic functions of mixing for plasticizers of  NC. T = 45 ºC 

Plasticizer 
concentration, 

wt % 

Nitrogen concen-
tration in polymer 
and type of sample 

1µ∆ , 
 J/mol 

1H∆ , 
 kJ/mol  

1S∆ , 
J/mol K 

40 % MANO-2 12 %; film -4052 -37,0 -103,6 
40 % MANO-2 13,4 %; film -2334 -23,9 -67,8 
50 % MANO-2 12 %; film -2590 -20,4 -56,9 
50 % MANO-2 12 %; rolled sheet -2870 -21,7 -60,2 

40 % NG 12 %; film -719  -10,9  -32,0  
 

Table 4 
Characteristics of relaxation transitions in plasticized NC 

Nitrogen concen-
tration in polymer, 

% 

Concentration of 
MANO-2, wt % 

Temperature of  
lower relaxation 
transition* l

rT , 
º C 

Temperature of 
higher relaxation 
transition** h

rT , 
º C 

 
12 

30 
40 
50 
60 

-22 
-24 
-35 
-46 

65 
64 
45 

< 25 
13,4 30 

40 
50 

-33 
-37 
-43 

- 
- 
- 

* results were obtained by means of  DSC 822; 
** results were obtained by means of TMA/SDTA 840 (Stress: 0.1 MPa) 



 
Fig. 1. Plots of the plasticizer concentration versus distance in the interdiffusion 

zone. System NC (12% N) – MANO-2.  Temperature (ºC): (1) 20, (2) 50, and (3) 80. 
Diffusion time (min): (1) 35, (2) 7, and (3) 30. 
 

 
Fig. 2. Plots of the plasticizer vapor pressure versus temperature for (1) pure 

MANO-2 and (2, 3) binary systems (2) NC (13.4% N) – MANO-2 (40 wt %) and (3) NC 
(12% N) - MANO-2  (40 wt %). 
 
Here 0

1p  and 0
evH∆  are the saturated vapor pressure and the enthalpy of evaporation of the 

pure plasticizer, 1p  is plasticizer partial vapor pressure over solution, and evH∆  is the 

enthalpy of evaporation of the plasticizer from solution. The results of the calculations are 

displayed in Table 3. The negative sign of the MANO-2 chemical potential in solution is 



due to the negative enthalpy of mixing; the negative entropy of mixing decreases the 

absolute value of 1µ∆ . Such data are characteristic of polymer solutions in which the key 

contributors to the free energy of mixing are the molecular solvation interactions between 

the polymer and solvent (plasticizer). The results may be explained by the existence of 

polar fragments in the MANO-2 and NC molecules that are capable of dipole – dipole  and 

hydrogen bonding. The plasticizer chemical potential can serve as a measure of the 

thermodynamic compatibility of the components in the system. One can see from Table 3 

that MANO-2 has a far higher thermodynamic affinity to NC compared to NG. Increases 

in the temperature or the degree of NC etherification  somewhat reduce the thermodynamic 

affinity between MANO-2 and NC. Note that the way in which the plasticized NC sample 

was prepared (a film or rolled sheet) practically does not affect the thermodynamic affinity 

of the polymer and MANO-2. 

The DSC and TMA studies of the MANO-2 plasticized NC samples showed two 

relaxation transitions and one transition with endothermic effect. DSC curves for the NC – 

MANO-2 system are plotted in Fig.3. Two transitions are distinguished in the curves: a 

relaxation transition below 0 ºC, characteristic of vitrification processes, and an 

endothermic transition occurring in the range 35 – 95 ºC. Analogous results were obtained 

for NG-plasticized NC samples [4, 5].  The lower relaxation transition is characterized by 

the temperature l
rT  (table 4). l

rT  is a function of the heating rate, which is typical of 

relaxation processes. l
rT  decreases with increasing the plasticizer concentration in the 

system or the nitrogen content of the polymer.  The endothermic transition is reversible: it 

disappears  after   heating and  appears  again after exposure at room temperature. When 

the MANO-2 concentration is equal or above 50 wt %, the endothermic transition is 

degenerate.  

The strain versus temperature plots obtained by means of TMA for NC samples 

with various MANO-2 concentrations are shown in Fig. 4. For the samples containing 50 

wt % plasticizer or higher, two temperatures are distinguished: h
rT  is due to the higher-

temperature relaxation transition and fT  is due to the viscoelastic-to-viscoplastic transition 

(Table 4). For the samples containing less than 50% MANO-2, h
rT  and fT  coincide. 

 



 
Fig. 3. DSC traces for MANO-2 plasticized NC samples. The plasticizer 

concentration in the samples: 40 wt %. The  nitrogen content of the polymer (%): (1, 2) 12 
and (3, 4) 13.4. Aging time: (1) 4 months and (3) 6 weeks. Curves (2) and (4) were 
recorded immediately after heating the samples to 100 ºC. 
 

 
Fig. 4. Strain versus temperature plots for NC samples with various MANO-2 

concentrations. Plasticizer concentration (wt %): (1) 60, (2) 50, (3) 40, and (4) 30. Stress: 
0.1 MPa. 
  

The strain versus temperature plots  for NC samples plasticized with MANO-2 and 

NG are shown in Fig. 5. The MANO-2 plasticized NC samples have far higher strains. 

This proves that the MANO-2 plasticizing effect considerably surpasses the NG effect. 

 

 



 
Fig. 5. Strain versus temperature plots for NC samples plasticized with (1) NG and 

(2) MANO-2. Plasticizer concentration: 50 wt %. Stress: 0.01 MPa. 
 

Conclusions 

In summary, we investigated the thermodynamics of NC plasticization by 2-

azidomethyl-N-nitrooxazolidin. The chemical potential and the partial enthalpy and 

entropy of mixing for the plasticizer were determined. We have shown that 2-azidomethyl-

N-nitrooxazolidin has a higher thermodynamic affinity to NC than nitroglycerine. 

Increases in the temperature or the degree of cellulose nitrate etherification somewhat 

reduce the thermodynamic affinity. 2-Azidomethyl-N-nitrooxazolidin is a more efficient 

plasticizer for cellulose nitrate than nitroglycerine. The use of 2-azidomethyl-N-

nitrooxazolidin improves the strain parameters of cellulose nitrate base energetic materials. 
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Abstract 

GAP binder is a unique energetic material with high enthalpy of formation as well as higher density. GAP 

based low signature propellant is the most promising propellant for the future use. But the mechanical property 

of GAP based propellant is quite poor due to its structural characteristics.  

Based on the analyzing of the character of GAP binder and the propellant, some useful technical 

approaches to ameliorating the mechanical property are put forwards, these are as following: 

1) The molecular weight is high enough so that the GAP binder must be modified. 

2) Chain extender as well as network modifier should be introduced into propellant composition. 

3) Bonding agent or filler surface coating technology should be employed to get rid of dewetting.  

Using the methods above, especially the high molecular weight (as high as 9000 ) GAP binder together 

with the special bonding agent，the mechanical property is good enough to meet the propellant demands as 

following:   

25℃，σm=0.6MPa~0.8MPa，    εm = 57%~100% 

70℃                          εm = 40%~60% 

-40℃                          εm≥80% 

 

1 Introduction 
The appearance of azide polyether is an important evolvement in recent development of energetic binders, 

which includes glycidyl azide polymer (GAP) and oxetane polymer such as BAMO 

(3,3-bis(azidomethyl)oxetane) and AMMO (3-azidomethyl-3-methyl oxetane). GAP is a promising binder 

which has been carried on most investigations currently [1~4]. 

GAP binder possesses higher enthalpy of formation, higher density (which is 40% higher than that of 

HTPB), and generates large amounts of gases during decomposition and combustion. It is also well compatible 

with energetic plasticizer such as nitrate esters. Thus it is an ideal binder for high performance and low 

signature propellants. Synthesis and application research of GAP binder have been in its full swing both home 

and abroad [2~4]. 

However, the main shortcoming of GAP-based propellant is its poor mechanical characteristics compared 

with other propellants, which limits its application to a certain extent. Aiming at the application of low 
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signature propellant, GAP structure is analyzed and detailed technical approaches to improve the mechanical 

properties of the propellant are described in this paper. 

 

2 Characteristic Analyzing of GAP-based Low Signature Propellant 
2.1 Propellant Formulation 

To meet the demands of high energy and low signature, the main technical approaches for GAP-based 

propellant are as following: 

1) Adopt GAP binder system plasticized with high content of nitrate ester; 

2) Use nitramine as main oxidizer, the content of AP is less than 15%, the content of Al is less than 5%; 

3) Incorporate efficient electro-capturing agent and antismoke agent to further eliminate invisible plume 

and reduce attenuation on electromagnetic wave.  

The composition and theoretical performance are shown in table 1. 

Table 1 Basic composition and Theoretical Performance 

Composition，wt% 
Energetic performance

（Pc/Pe=70/1） 

Product 

constitution，

wt% 

GAP 
NG/ 

BTTN 
HMX AP Al 

electro-capturing 

agent 

Theoretical impulse

N⋅s/kg 

ρ 

g/cm3 
Al2O3+HCl N2 

5～15 15～25 30～60 10～30 1～6 1～2 2510～2590 1.70～1.76 16.4 26.8 

 

2.2 Characteristic Analyzing of GAP-based Low Signature Propellant 

2.2.2 The Feature of GAP Binder 

Typical GAP binder is usually obtained by 

replacements of the chlorine atoms in the 

polyepichlorohydrin (PECH) with the energetic azido 

groups. Its molecular structure is shown as the right 

figure. 

The backbone atom number of binders is one of the 

key factors determining strength and elongation of the propellant. The backbone atom number of GAP reduced 

significantly because of its side chain with high molecular weight. For example, for GAP with molecular 

weight of 3000, its backbone atoms are about 90, while PEG and HTPB with the same molecular weight are 

more than 200. At the same time, there are three features of binder structure will affect glass transition 

temperature (Tg) and result in no benefit on the propellant low temperature properties[5]:(1) presence of highly 

polar groups; (2) presence of bulky side chains, and (3) poor flexibility. The low temperature properties of 

initiator PECH of GAP are not as good as common rubber such as HTPB. When the chlorine atom of PECH is 
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replaced by energetic azido group, its stress and strain will reduce substantially. According to the kinetic theory 

of rubber elasticity, it is known that both stress and strain capability scale with chain flexibility to the one-half 

power. The hindrance to rotation offered by the azido groups is greater than for the chlorine atom. Replacing 

the chlorine atom of PECH by azido group, chain flexibility becomes poor, stress and strain properties reduce 

significantly. To obtain good mechanical properties, backbone of GAP binder must be modified or network 

modifier must be introduced.   

 

2.2.2 Characteristic Analyzing of GAP-based Low Signature Propellant 

From the composition of GAP-based low signature propellant (in table 1), it can be seen that the 

formulation is based on GAP binder system plasticized with large content of nitrate esters, in which the ratio of 

plasticizer to polymer as high as 1.5-~2.0. This system has the following features: 

1) Low cross linking density and irregular curing network. The GAP pre-polymer is just a small portion 

in  the binder system, and cross linking reaction is affected by large amounts of polar plasticizers. As 

a result, compared with other composite solid propellant (e.g. HTPB propellant), the cross linking 

density is lower and curing network is irregular.  

2) Poor interface bonding between fillers and binders results in a so called “soft layer”. As a polar 

compound, solubility coefficient δ of plasticizer NG/BTTN is up to 11.16 （cal/cm3）1/2 , which is 

close to HMX(δ=16.2（cal/cm3）1/2). Consequently parts of the solid filler dissolve in plasticizers 

which produces a soft layer between filler and binder system. The soft layer is torn when pulling, thus 

solid filler exposes and dewets. As a result, mechanical properties of propellant reduce significantly.    

To improve mechanical properties of GAP-based low signature propellant, the following measures must be 

taken: 

1) Modify the binder itself: synthesize copoly-GAP or high molecular weight GAP etc; 

2) Incorporate suitable cross linking agent and chain extender (namely network modifier); 

3) Adopt coated oxidizer or introduce bonding agent to eliminate soft layer and avoid dewetting 

efficiently. 

 

3 Enhancements on Mechanical Properties of GAP Low Signature Propellant 
3.1 Modification of GAP binder 

Mechanical properties of propellant with homo polymerized GAP (HGAP-3000, Mn=3000) is poor, 

because the molecular weight of HGAP binder is relatively low and each structure unit of binder backbone has 

a -CH2N3 side chain which reduces the backbone atom number and results in poor chain flexibility. 

Consequently, this molecular structure has no benefit to obtain high mechanical properties. To overcome this 

shortcoming, the following two technical approaches adopted: 

1) Prepare high molecular weight GAP binder (YGAP, Mn≥9000) to replace HGAP-3000; 
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2) Introduce a few polymers to blend with GAP binder. 

Experimental results are shown in table 2 and 3. 

Table 2 Effect of GAP binder with variable Mn on the mechanical properties of propellant 

mechanical properties（25℃，R=100mm/min） 
number Mn 

σm，MPa εm，% εb，% 

HGAP 3000 0.76 14.0 14.5 

YGAP-1 4000~5000 0.64 27.2 29.0 

YGAP-2 6000~7000 0.84 37.9 41.6 

YGAP-3 8000~10000 0.80 44.2 51.2 

 

 

Table 3 Effect of the ratio of YGAP to PO with variable Mn on the mechanical properties of propellant 

Mechanical properties（25℃，

R=100mm/min） 
Composition 

number 
Mn of PO YGAP

*
/PO

σm，MPa εm，% εb，% 

GAP-5 — 1/0 0.72 42.5 43.8 

GAP-6 ≈4000 3/1 0.95 34.2 35.0 

GAP-7 ≈6000 3/1 0.86 45.6 47.8 

GAP-8 ≈10000 3/1 0.83 75.7 80.9 

GAP-9 ≈10000 5/1 0.81 57.3 60.2 

* YGAP with Mn between 8000~10000. 

 

From table 2 and 3, it can be seen that the mechanical properties of propellant can reach a high lever by 

replacing HGAP-3000 with YGAP (Mn: 8000~10000) and introducing a few high molecular PO to blend with 

YGAP. 

 

3.2 Improving Interface Bonding Between Nitramine and Binder Matrix 

Soft layer exists on the interface of nitramine and binder matrix, due to nitramine slightly soluble in nitrate 

esters, which leads dewetting and thus reduces the mechanical properties of propellant substantially. In order to 

improve interface bonding performance, we adopt two key technical approaches: 

1) Incorporate bonding agent; 

2) Tailor particle size of HMX. 
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Experimental results are shown in table 4. 

 

Table 4 Effect of Bonding Agent on Mechanical Properties of Propellant 

25℃ -40℃ 
Composition 

number 

Content of 

bonding agent% 
type σm，

MPa 

εm， 

% 

εb， 

% 

σm，

MPa 

εm， 

% 

εb， 

% 

GAP-19 0 — The grain is too soft to measure. 

GAP-20 0.15 BA-1 0.61 134.5 144.7 3.22 118.0 125.9

GAP-21 0.30 BA-1 0.61 109.6 121.0 3.38 107.2 114.0

GAP-22 0.40 BA-1 0.76 78.1 81.9 5.41 31.5 41.3

GAP-23 0.40 BA-2 0.63 105.0 109.5 3.30 110.6 116.4

 

The results indicate that: 

(1) As interface bonding between solid filler (mainly nitramine) and binder system is poor and filler has 

no reinforcing action, the strength of the propellant without bonding agent is low; While the strength of the 

propellant using bonding agent increases dramatically; 

(2) Compare the effect of solid BA-1 and liquid BA-2 with the same content, the strength of propellant 

with BA-1 is higher but elongation is rather lower. 

 

3.3 Optimization of The Curing Network  

Table 5 lists the effect of variable curing ratios and variable network modifiers on propellant mechanical 

properties. 

Table 5 Investigation of curing ratio and network modifier on the mechanical properties of propellant 

Mechanical properties（25℃，

R=100mm/min） Curing agent type 
Curing 

ratio 

Network 

modifier，%
σm，MPa εm，% εb，% 

N-100(fn=4.58) 1.5 — 0.77 60.7 68.5 

N-100(fn=3.70) 1.5 — 0.68 92.1 96.1 

N-100(fn=3.70) 1.8 — 0.75 73.8 78.7 

N-100(fn=3.70) 2.0 — 0.73 66.7 70.8 

N-100(fn=3.70) 1.8 PG1，0.25 0.78 110.9 116.5 

N-100(fn=3.70) 1.8 PG2，0.25 1.11 53.3 55.4 

It can be seen from table 5 that: 

(1) Functionality of N-100 and curing ratio has important effect on propellant mechanical properties. For 
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the propellant with high functionality of N-100 or high curing ratio, its strength is higher, while elongation 

is relatively low; On the contrary, for the propellant with lower functionality of N-100 or reducing curing 

ratio, the strength decreases while elongation increases; 

(2) Propellant mechanical properties can be dramatically improved by introducing a few additives PG1 

and PG2, which maybe increase the physical interaction through introducing Coulomb force. 

 

3.4 Comprehensive Research of Propellant Mechanical Properties 

Combining the above technical approaches, several batches of propellant loading are repeatedly carried on 

to examine the reproducibility of propellant mechanical properties. The experimental results are listed in table 

6. 

 

Table 6 Propellant mechanical properties of different batches 

25℃，R=100mm/min 70℃，R=2mm/min -40℃，R=100mm/min 

number σm，

MPa 

εm， 

% 

εb， 

% 

σm，

MPa 

εm 

% 

εb， 

% 

σm，

MPa 

εm， 

% 

εb， 

% 

GAP-30 0.62 100.7 105.6 0.28 63.5 64.7 3.60 99.3 107.5 

GAP-31 0.68 92.1 96.1 0.21 58.4 59.5 3.25 81.7 84.5 

GAP-32 0.76 65.7 69.5 0.31 41.4 44.8 4.96 91.7 99.0 

GAP-33 0.74 67.6 71.6 0.24 48.1 48.1 3.05 103.0 109.0 

GAP-34 0.81 57.6 61.6 0.28 47.6 48.2 4.23 98.1 101.3 

GAP-35 0.62 80.1 87.6 0.22 52.6 53.3 2.58 87.8 99.7 

     

It can be seen from table 6 that the mechanical level of GAP-based low signature propellant can reach: 

25℃，σm=0.6MPa~0.8MPa，    εm = 57%~100% 

70℃,                         εm = 40%~60% 

-40℃,                         εm≥80% 

 

4 Conclusion 
Based on the application of GAP/nitrate ester/HMX in low signature propellant, investigating works were 

conducted to improve mechanical behavior. Starting from improving bearing atom number of binder, network 

structure and filler, efficient technical approaches are adopted to improve propellant mechanical behavior 

dramatically. It can be concluded that: 

(1) Poor stress and strain behavior，shortcomings of GAP binder are overcome by synthesis of GAP with 

high molecular weight (Mn=8000～10000) and bi-functionality. Thus the mechanical properties of GAP-based 
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propellant are improved significantly. The key technique of GAP binder applied in propellant has been broken 

through； 

(2) Mechanical properties are prominently improved by incorporating network modifier which efficiently 

increases physical interactions; 

(3) Dewetting phenomenon is eliminated by introducing efficient bonding agent that realizes reinforcing 

effect of filler. As a result, propellant mechanical behavior is substantially improved; 

(4) Combined with the above technical approaches, mechanical properties have been reached to a level 

for the practical use while maintaining high energy and low signature of GAP-based low signature propellant. 
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Abstract 
Composite solid propellant is a kind of highly filled composite material which is made 

up of several kind fillers, additives and polymer binder. In its structure, there exist chemical 

crosslink points in polymer network and physical crosslink points between filler and polymer 

binder, and also exist chemical crosslink points between filler and polymer binder if an 

effective bonding agent employed. A generalized crosslink point model is established based 

on these three kinds of crosslink point, and the physical model is also put forwards in this 

paper.       

Basing on the equation of stress and strain in filled elastomer and the character of 

bonding agent, the stress and strain equation of composite solid propellant is established. 

From the equation, the binder/filler interaction factor k is deduced. Using the factor k, from 

the curve of tensile testing, the binder/filler interaction can be evaluated.  

It is shown, after applied in several different filler system, this model, which is simple 

and clear and of much application value, can not only evaluate the filler/binder interaction, 

but also characterize the bonding efficiency of bonding agents in composite solid propellants. 

 
1 Introduction 

Mechanical property is one of the key properties of composite solid propellant. The 

combustion property has been further investigated since long time ago, and several effective 

model have been established and applied, but those of mechanical property is just touched, the 

methods are not enough to deal with the problem thoroughly[1~3].  

Xu Xingcai established a three layer model from the tensile test property of solid 

propellant, basing on which, the tensile test mechanical property has been predicted. This 

method has made a little improvement over before, but it only refers to tensile test property, 

and the predicted precision is quite low[1].    

Basing on the results of the investigations on the mechanical properties of composite 

solid propellants, combining with the quintessence of Bonding Agent Function Model, the 

newly advanced network and morphology theory and the mature theory of particulate filled 

composite materials, a mesophase (interphase)  mechanical model of composite solid  

propellants has been put forwards by author[2].The quantitative relationship between the 
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structure factors of propellants and the mechanical characteristic parameters (σ, ε), which 

conforms well to the results of verifying tests and previous experiments, has been established 

by mechanics and mathematics deducing. The posed method of tailoring the mesophase 

modulus provides a new technique approach to further enhance the mechanical properties of 

composite solid propellants. Although this model can direct the property tailoring, it is still at 

qualitative stage.  

Manohar Singh and other authors considered forty formulations based on four different 

grades of hydroxyl-terminated polybutadiene with varying amounts of trimethyol propane and 

butane diol and containing 86 per cent solid loading to test the applicability of α-model of 

Marsh, et al. for prediction of the mechanical properties of composite solid propellants [3]. 

They calculated two network parameters, crosslink density (νe) and effective chain length (Lx) 

from the model. Tensile strength and modulus were correlated to νe and elongation at break to 

Lx. They obtained good agreement between experimental and predicted properties for 

formulations with 10 KSC. This method, as authors pointed, only or mainly considered the 

network parameters, but the effects of filler parameters or filler/matrix interaction is also very 

important. 

   The generalized crosslink point model will consider both the network or the filler and 

filler/binder interaction based on mash's equation [4,5].    

 
2 The Generalized Crosslink Point Model of Composite Solid Propellants 

2.1 Establishment of the model  

Composite solid propellant is a kind of viscoelastic material, whose tensile strength and 

elastic deformation are determined by binder matrix chemical crosslink chain, tangled chain 

and accessional crosslink chain. The chemical crosslink chains play a dominant role in tensile 

strength and elongation, which are formed by the crosslink reaction between polymer binder 

and curing agent. The accessional crosslink chains are formed by the binder reacted with filler 

through effective bonding agent or by physical absorption on the filler surface, which 

sometimes also plays an important role, especially when the composite is highly filled. As to 

tangled chain has weak effect so that it could be ignored usually.  

Hence, when the propellant containing effective bonding agent, the filler is combined 

well with the binder matrix through bonding agent, from macros copy, the filler and bonding 

agent can regard as a kind of crosslink point. 

In the meantime, other kinds physical interaction, such as domain, hydrogen bond and 

coulomb force, etc. , also have a significant effect on the mechanical property of propellant, 
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which can also be regarded as crosslink point. 

Thus, from macros copy, the structure of composite solid propellant is a kind of special 

crosslink structure, whose stress and strain can be expressed in the same way of cross linked 

elastomer, which is pictured as following:  

 
 
 
 
 
 
 

Bonding agent                Chemical crosslink point                 
       Filler                       Generalized crosslink point               

σ= (1+ kρSfФf ) RTVe (λ-λ-2) 
 

Fig. 1 The model of generalized crosslink point 
 

2.2 Mathematic expression for general crosslink point model 
     The tensile stress and strain equation for cross linked elastomer is as following[4,5]： 

   σ= eV  RT（λ- λ-2）                            （1） 

    On the assumption that the contributions to tensile stress by accessional crosslink and 

chemical crosslink are the same, thus the mathematic expression for general crosslink point model is： 

                σ= eV （1+ k fff S Φρ ）RT（λ- λ-2）                    （2） 

there：σ – tensile stress, MPa； 

     eV  – effective crosslink density of binder matrix, mol·cm-3 

      λ – tensile ratio； 
      k – interaction factor of filler to binder matrix, cm ； 

     fρ -- filler density, g·cm-3； 

    Sf – surface area of filler per gram, cm2/g； 

     fΦ -- volume ratio of filler； 

      R – gas constant, 8.31N·cm·mol-1·K-1； 
      T -- temperature, K。 

    From（1），（2），the stress of binder matrix can be described as： 

A



 4

                 σm = eV  RT（λ- λ-2）                               （3） 

σm is the tensile stress of binder elastomer without filler. 

Thus（2）turn as：σ=（1+ k fff S Φρ ）σm  

Rewrite as：  
m

m

fff S
k

σ
σσ

ρ
−

∗
Φ

=
1   

 Suppose Vf = fff S Φρ ，get： )1(1
−=

mfV
k

σ
σ                             （4） 

 If the filler character remains the same, whose size, density and volume ratio are 
constant, we get： 

               k*Vf = 1−=
m

vk
σ
σ                                     （5） 

      k is the interaction factor of filler to binder matrix. The bigger the k is, the stronger the 

filler to enforce the strength of binder matrix, and the higher the stress of filled composite. 

Thus：the high value of k（> 0）mains the stronger interaction between filler and binder 

matrix。When the kind, surface area and filling ratio are constant, kv can also be the criterion. 

Therefore, the method to estimate the degree of filler/binder interaction is as following: 

1） Get the tensile stress to strain curve of binder matrix and filled composite; 

2） Find the stress value at different elongation，calculate k or kv from（4）; 

3） According to the value of k and kv，can get the conclusion：k(or kv) >0，filler 

enforces strength；k(or kv) <0，poor interaction exists at filler and binder interface; The 

bigger the k is, the stronger the filler to enforce the strength of binder matrix. 
It can also be used to evaluate the effect of bonding agent： 
1） Get the tensile stress to strain curve of binder matrix and propellant with 

bonding agent; 

2） Find the stress value at different elongation，calculate k or kv from（4）; 

3） Compare the value of k or kv of binder matrix with that of propellant containing 

bonding agent：The bigger the k or kv is, the more effective the bonding agent is. 

 
3 Application and evaluation 

3.1 Application in evaluate binder/filler interaction 
    From equation (4) or (5), the binder/filler interaction can be evaluated; there are several 
examples for the applications of above method. 

a． Evaluating the interaction between glass ball, epoxy resin particulate(ERP) and 

polyurethane（PU） 



 5

In the traditional bonding agent theory of Oberth[6], he used glass ball(GB), epoxy resin 

particulate and polyurethane（PU）to put forwards his bonding agent imagination. This 

example is more convictive. 

 

         250 

   σm  
  (Psi) 

         125 

 

 

 
                                                     
           0        1.50      2.00      2.50           λ 

Fig. 2 Tensile property of PU elastomer with different filler（s= 50%） 

                                 

Get the stress value at different elongation, and calculate k, the results are listed in 

table1. 

             Table 1 the calculation of k about different filler/binder  
λ 1.25 1.5 1.75 2.0 2.25 2.5 2.75 
σm 12.5 25 37 40 50 55 60 
σGB 50 50 45 40 38 35 32 
σexp 49 100 130 160 200 210 230 
kGB 6.0 2.0 0.4 0 -0.5 -0.7 -0.9 
kexp 5.8 6.0 5.0 6.0 6.0 5.6 5.7 

     

It is shown from table 1 that the interaction factor k of GB/binder decreases with 

elongation increases, which turns negative at last. This suggest that the interaction between 

GB and binder is quite weak; Whereas the interaction factor k of epoxy resin particulate(ERP) 

and binder is almost remain a constant（～6）, which indicates the interaction between ERP 

and binder is quite strong so that the ERP is always filler reinforced binder matrix. 

 

b．Evaluating the interaction between HMX and NEPE matrix 

Kim has investigated the effects of neutral polymeric bonding agents, and evaluated the 

interaction between HMX and NEPE matrix[7]. The stress-strain curve is shown in figure 3. 

The kv calculated by equation(5) according to figure 3 lists in table 2. It is shown from 

table 2 that the interaction is weak of HMX and NEPE, but it turns filler reinforced binder 

after effective bonding agent employed. 

                                           
                epoxy resin   
 
 
 
                                           unfilled 
 
                                         glass ball  
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     1.2 
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             0      100    200    300     400     500   600    ε，%                    

Fig.3 The stress-strain curve of HMX and NEPE propellant 

 

        Table 2 the evaluation of interaction between HMX and NEPE matrix 
λ 2．00 3．00 4．00 5．00 
σm 0.3 0.42 0.62 0.82 
σHMX 0.2 0.22 0.40 0.50 

σBA-HMX 0.62 1.00 1.22 1.70 
kHMX -0.33 -0.48 -0.35 -0.39 

kBA-HMX 1.07 1.38 0.97 1.07 

 

3.2 Application in evaluating the effect of bonding agent 

The effect of different bonding agents in high energy nitramine propellant is investigated, 

and the stress-strain curve is shown in fig. 4. Accumulating the data and calculating kv from 

equation (5), the results are shown in table 3. 
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       Fig. 3 The stress-strain curve of high energy nitramine propellant 
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Table 3 Evaluation for the effect of different bonding agents 
λ 1.3 1.4 1.5 1.6 1.7 1.8 2.0 
σm 0.04 0.1 0.13 0.16 0.2 0.25 0.3 
σHMX 0.03 0.05 0.09 0.1 0.1 0.11 0.12 
σBA-5 0.1 0.22 0.4 0.47 0.51 0.6 -- 
σBA-3 0.05 0.15 0.25 0.38 0.41 0.48 0.6 
kHMX -0.25 -0.5 -0.31 -0.38 -0.5 -0.56 -0.6 
kBA-5 1.5 1.2 2.08 1.94 1.55 1.4 -- 
kBA-3 0.25 0.5 0.92 1.38 1.05 0.92 1.00 
 
It is shown from table 3 that, 

 Without bonding agent, kHMX is less than zero, and it turns quite less as the 

elongation increases, which indicates the interaction between HMX and binder matrix is 

rather weak； 

 When the bonding agent, BA-3 and BA-5 added, k is bigger than zero, and it almost 

remains unchangeable as the elongation increases, which suggests that it ameliorates the 

interaction between filler and binder matrix; 

 kBA-5 is bigger than kBA-3, which means the bonding efficiency of BA-5 is better than 

that of BA-3. 

 
4 Conclusions 

The generalized crosslink point model is established based on the investigation 

productions of filled composite and cross linked polymer as well as the bonding agent 

function mechanism in composite solid propellants. According to the model, the stress and 

strain equation of composite solid propellant is established, which has introduced the factor of 

binder/filler interaction, filler and the polymer network cross linking density, etc. These 

factors are in conform to the mechanical tailoring methods, therefore, in other words, it 

realized in certain extent that quantifying the mechanical tailoring methods in composite solid 

propellants.     

From the application in several different filler system It is shown that this model can not 

only evaluate the filler/binder interaction, but also characterize the bonding efficiency of 

bonding agents in composite solid propellants, it is simple and clear and of much application 

value. 
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Abstract 

Nitroglycerine diffusion into plasticized  nitrate of cellulose is studied. Plasticizer 

concentration profiles in the interdiffusion zone are obtained. The interdiffusion coefficient 

and the plasticizer chemical potential are calculated as functions of system's composition. 

Nitroglycerine diffusion into freshly prepared and aged samples of plasticized  nitrate of 

cellulose leads to the appearance of different interdiffusion zones. The plasticizer diffusion 

results obtained on the aged samples can be interpreted as the formation of a liquid-crystal 

solution and a molecular complex. A phase diagram is designed to reflect the formation of 

two complexes with different compositions in the  nitrate cellulose – nitroglycerine  system. 

 

 

Introduction 

Nitroglycerine (NG)-plasticized nitrate of cellulose (NC) are the subject of extensive 

research. Their structure, molecular mobility, relaxation and phase transitions, and 

thermodynamic compatibility have been studied [1-13]. However, documentation concerning 

NG diffusion in NC is in fact nonexistent. 

Here we report on NG diffusion into plasticized NC films. We have obtained 

plasticizer concentration profiles in the interdiffusion zone. Also we have calculated the 

interdiffusion coefficient and the plasticizer chemical potential as functions of the 

composition of the system. The experimental results are essentially affected by the aging time 

of the starting plasticized NC samples. Plasticizer diffusion data obtained on aged samples 

prove that liquid-crystal solutions and a molecular complex can form. 

 

 

 

 

 



Experimental 

The NC sample used contained 12.0 wt % nitrogen and had the viscosity-average 

molecular mass of Mη = 77.1 × 103. The study was made with NC – NG binary system 

containing 40 wt % NG. The samples were prepared in the form of films with thicknesses 150 

– 200  mcm from acetone solution. The sample preparation technique is described in [11]. The 

films used in the experiments were either freshly prepared (the time elapsed from the 

preparation to the beginning of an experiment was no longer than 1 week) or aged at room 

temperature (the time elapsed from the preparation to the beginning of an experiment was 6 

months). 

Interference microanalysis methods described in [14-16] were employed to study 

diffusion.  

 

 

Results and Discussion 

Figure 1 plots the plasticizer concentration profiles for NG diffusion into freshly 

prepared films. The temperature range of the experiments was 45 – 95 °C. The diffusion 

beginning is characterized by a continuous plasticizer concentration profile (Fig. 1a). When 

such a profile exists, it is usually thought that the components of a system have unlimited 

reciprocal solubility. However, a phase boundary appeared with time; this means that a single-

phase system transformed to a two-phase one. A discontinuity corresponding to the transition 

through the phase boundary appeared in the concentration profile (Fig. 1b). 

The solution compositions on both sides of the phase boundary changed with time 

(Fig. 2). The plasticizer concentration in the NC – rich phase decreases and that in the 

plasticizer – rich phase increases until this phase transform to essentially pure NG. The 

equilibrium compositions of the coexisting phases are attained after 4.5 h at t = 90 °C and 

after 30 days at t = 45 °C. 

The interdiffusion coefficient vD  and the plasticizer chemical potential 1µ∆  were 

calculated as functions of composition using a procedure described in [14, 16]. The results of 

the calculations for diffusion times dτ  = 351 and 985 s, i.e., before the phase boundary 

appears, are illustrated in Figs. 3 and 4. 

The vD  and 1µ∆  plots for dτ  = 351 s have trends characteristic of thermodynamically 

compatible systems that form a continuous concentration field of stable solutions [14, 16].  
 



Fig. 1. NG concentration vs. distance in the interdiffusion zone. The NC – NG  system. 

Temperature: 90 °C. Diffusion time (s): 351 (1) and 985 (2) (a);  1140 (1) and 16 800 (2) (b). 

 

 

 

 



Fig. 2. Limit NG concentration in coexisting phases vs. diffusion time:  

 an NG-rich phase (1) and  an NC-rich phase (2). Temperature: 90 °C. 

Fig. 3. Interdiffusion coefficient vs. the composition of the NC – NG  system. 

Temperature: 90 °C. Diffusion time (s): 351 (1) and 985 (2). 

 

 



 

Fig. 4. NG chemical potential vs. the composition of the NC – NG  system. 

Temperature: 90 °C. Diffusion time (s): 351 (1) and 985 (2). 

 

Fig. 5. Phase diagram for of the NC – NG  system. For explanation, see text. 

 



The interdiffusion coefficient curve passes through a maximum. The NG chemical potential 

curve descends monotonically, remaining convex over the entire concentration range. 

The vD  and 1µ∆  plots for dτ  = 985 s have different trends. In this case, the 

interdiffusion coefficient curve shows a minimum, and the NG chemical potential curve 

shows a weakly concave portion and a flex point. It is known from [14, 16] that these trends 

of vD  and  1µ∆  curves indicate a worse thermodynamic compatibility of the components and 

the possibility of phase decomposition. 

We may interpret the results by assuming that a freshly prepared film is in a 

nonequilibrium amorphous state. At the first diffusion stage, intermolecular interactions 

between diffusing plasticizer molecules and polymer macromolecules are not fully developed. 

The components are mixed owing to the entropy factor. As the system viscosity decreases, 

however, the segmental mobility of NC macromolecules increases to make possible 

intermolecular bonding and restructuring of the amorphous plasticized polymer to a more 

ordered state. As a result, the metastable single-phase solution is separated into two phases. 

Using the equilibrium compositions of coexisting phases in the NC – NG  phase 

diagram (Fig. 5), we designed binodal ab, which demarcates the field of single-phase, 

thermodynamically stable solutions from the phase-decomposition field.  

The equilibrium NG concentration of NC solutions increases with a decrease in 

temperature, which proves that the thermodynamic compatibility of the components improves 

upon cooling. 

Figures 6 and 7 display an polarized-light micrograph of the interdiffusion zone 

(crossed polaroids) and the NG concentration plots against the relative distance in the 

interdiffusion zone x  ( /x x l= ,where x  is the distance in the interdiffusion zone and l  is the 

interdiffusion zone length) obtained for NG diffusion into aged films. The temperature range 

of the experiments was 45 -  65 °C. The time during which the interdiffusion zone formed was 

2 to 10 days. The NG concentration plots are similar over the entire range of the temperatures 

studied. In the plots we distinguish several regions associated with pure NG; with dilute 

solutions containing ∼ 2% NG; with the NG concentration decreasing from 98 to 63%; with 

field of constant composition  ∼ 63% NG (this is the average concentration for the range of 

the temperatures studied); and with the starting plasticized film. Polarized-light microscopic 

investigations showed that the region with NG concentrations from 98 to  63%  fluoresces in 

crossed polaroids (Fig. 6); that is, the samples in this region are birefringent, which is 

characteristic of anisotropic liquid-crystal solutions. 



 

Fig. 6. Polarized-light micrograph of the interdiffusion zone of the NC – NG  system.  

 Crossed polaroids. 

Fig. 7. NG concentration vs. relative coordinate in the interdiffusion zone. 

 The NC - NG system. Temperature (°C): 45 (1), 55 (2), and 65 (3). 

 

 

 



We use the hypothesis advanced in [17, 18] to interpret the above results. According to 

this hypothesis, a phase equilibrium between an anisotropic liquid-crystal solution and a 

polymer – plasticizer  molecular complex is possible for rigid and semirigid macromolecules. 

In our case, the anisotropic liquid-crystal solution in the interdiffusion zone borders on a 

phase of constant composition (Fig. 7). Presumably, this phase is a molecular complex that 

consists of set of microcrystallites, whose composition (63% NG + 37% NC) is close to an 

equimolar ratio (2 NG molecules: 1 NG glucopyranose ring). 

Molecular NC complexes with acetone, dibutyl phthalate, glycerine formal, and 

several other plasticizers and solvents have been found [19-23]. Arguments in favor of the 

existence of an NG molecular complex of NC, with two NC glucopyranose rings per NG 

molecule, are found in [13]. The NC – NG  phase diagram mapped in Fig. 5 shows elements 

due to the formation of two molecular complexes with different compositions, along with 

binodal ab which was obtained for freshly prepared films. The following phase fields are 

distinguished in the diagram: (1) a single-phase field of anisotropic solution; (2) a two-phase 

field in which an equilibrium exists between anisotropic and isotropic solutions; (3) a single-

phase field of isotropic solutions; (4) a two-phase field in which an equilibrium exists 

between the anisotropic solution and molecular complex I (2 NG molecules: 1 NC 

glucopyranose ring); (5) a two-phase field in which microcrystallites of molecular complex I 

and molecular complex II (1 NG molecule: 2 NC glucopyranose rings) coexist; (6) a two-

phase field in which microcrystallites of molecular complex II and NC coexist; and (7) a two-

phase field in which an equilibrium exists between NC microcrystallites and the anisotropic 

solution. It is possible to assume, that in double-base propellant and gun powder areas of the 

ordered phase are distributed among amorphous polymer. The quantity of  the ordered phase 

is insignificant (~ 3 – 4 wt %), though increases at ageing a material.   

Curves bcde, df, and gh are shown in dashed lines in the diagram. In drawing curves 

df and gh, we proceeded from the general ideas of phase diagrams with crystal - liquid and 

liquid - liquid phase separation. It was suggested [11] that the NC concentration in field (3) 

does not exceed 1%. Now we have no exact and complete data on the position of curve cde, 

which is the melting curve of molecular complexes. For example, a range of 45 – 50 °C was 

reported for the temperature of an endothermic transition that may be associated with melting 

of the molecular complex [13]. Results are obtained in this work show that   the molecular     

complex may exist at t = 65 °C. On the other hand, when NG diffused into aged films, 

complete liquid - liquid phase separation did not occur and no phase boundary appeared 



between the molecular complex and the anisotropic solution (Figs. 7). Therefore, we cannot 

as yet exactly position curve bc. 

 

Conclusions 
 

From the results of this work, we conclude that the NC – NG  two-component system 

appreciably changes its structure with time. Freshly prepared amorphous samples are 

structured to yield anisotropic liquid-crystal solutions and molecular complexes. NG diffusion 

into freshly prepared and aged NC samples forms different interdiffusion zones. In the aged 

samples, the interdiffusion zone includes a fixed-composition region (a molecular complex) 

and the anisotropic liquid-crystal region. The NC – NG  phase diagram (Fig. 5) comprises the 

elements derived from the study of both the freshly prepared samples  and the aged samples.  
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Abstract 
A new technique of nanocomposites lab-scale production using the method of 

atomisation drying of Al nanoparticles (40 - 150 nm) suspension in HMX solu-

tion has been developed. One-micron-sized HMX and RDX were produced in 

the same manner. A comparative study of explosive performance of high-dense 

aluminised HMX-based charges made of mechanic mixtures and nanocompo-

sites was performed. Detonation velocities of the composites containing vari-

able Al nanoparticles differed by approximately 200 m/s. The detonation velocity 

of one-micron-sized HMX exceeded the velocity of commercial HMX by nearly 

100 m/s. Two-peak pressure history was observed for all explosives except the 

most uniform composite. It was shown that nanocomposites can have the 

higher heat of explosion in comparison to the mechanical mixtures when the 

oxidation degree of Al is far from unity. 

 

Keywords: nanosized aluminium, nanocomposite, detonation, detonation veloc-

ity, pressure, heat of explosion. 

 
1. HE-Al Nanocomposite Preparation 
In the last few years, there were undertaken some efforts to produce nanosized 

energetic materials containing HE and Al, which had shown the promise of the 

suggested technique [1-3]. The technique is based on the fast gas jet atomisa-

tion drying of the suspension of Al particles in HE solution. A technological 
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scheme is given in figure 1a). Updating of HE-Al nanocomposite manufacture 

included several steps. The lab-scale set-up for production of nanosized Al by 

Gen-Miller levitation method was modernised. There were finished-off two op-

erating modes, which permit to produce coarser and finer Al. A technique for Al 

particle coating by an organic or inorganic cover, which prevents Al particle ag-

glomeration, was elaborated. Produced Al powders are given in table 1. An ul-

trasonic dispergator was used for production of the suspension of Al particles in 

HMX solution immediately prior to its atomisation. Schematically, the atomisa-

tion producing by the jet of dry air is shown in figure 1b). 

 

a) A technological scheme of the 
composite formation 

b) The scheme of the lab-scale set-up 
for HE-Al composite production 

Figure 1: HE-Al nanocomposite production. 
 

Solid particles of the composite containing nanosized Al surrounded by HMX 

matrix were formed in the course of gas jet moving. The particles were trapped 

by a fibber filter. Loose-packed density of the nanocomposite powder containing 

15% wt. Al was about 0.1 g/cm3. Optimisation of the operating regimes resulted 

to ~10 g/h yield at atomisation efficiency ~95%. One-micron-sized HMX (HMX-

U) with mean particle size 1.38 µm and RDX were produced in the same man-
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ner. Properties of nanocomposites depended on the type of Al powder coating. 

Structures of nanocomposites containing Al(1-6S) are shown in figure. 2. 

 
Table 1: Performance of Nanosized Al Powder. 

Al powder Coating reactant <d>, 
(nm)

Metallic Al 
content, % 

Al(1-1S) 94 86 
Al(2-1S) 

Atmospheric air 
38 77 

Al(1-Ox) 123* 83 
Al(2-Ox) 

Dry oxygen 
65 70 

Al(1-6S) 143 86 
Al(2-6S) 

Hexamethyldisilazane 
86 82 

 
*Particle distribution in Al(1-Ox) powder is of a bimodal character with two maxima at 
18 nm and 256 nm. The average size obtained over more than 700 particles with the 
help of scanning electron microscopy was 123 nm. 

 

   

a) Mixture of crystallites of 
irregular form with <d> = 

1.1 µm  

b) Fragments of micro-
scopic hollow spheres 

with shell thickness 
0.2÷0.4 µm 

c) Images of the spheres 
(see b) in characteristic 

radiation of Al. 

Figure 2: Different structures of nanocomposites containing HMX/Al(1-6S) 
 

We tested high-dense samples produced by cold pressing either of nanocom-

posite powders or powders of manually mixed commercial HMX (<d> = 10 ÷ 20 

µm) and nanosized Al. X-ray analysis and electronic microscopy showed actu-

ally uniform Al distribution in pressed samples of HE-Al nanocomposite. There 

were studied detonation velocities, pressure histories of HMX-based samples 

containing Al (15% wt.), heats of explosion were measured also. The samples 
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manufactured both from nanocomposites and mechanical mixtures are noted 

anywhere below as HMX/Al and as HMX+Al respectively.  

 
2. Detonation velocities 
There were tested explosive charges 20 mm in diameter initiated by booster 

charges of RDX-with-wax. A pellet of the tested explosive 1½ diameter in length 

was placed between the booster and the base charge, which was above 2 di-

ameters or more. Electric-contact gauges 0.05 mm of thick were used for re-

cording of detonation wave transit time. Accuracy of the velocity measurement 

was not less than 1%. The obtained data are given in table 2, where there are 

made the following notations: ρ0exp – initial charge density; TMD – relative den-

sity (an initial charge density referred to the theoretical maximum one); Dexp – 

experimental detonation velocity; ρ0HE – HMX density in charges; DHE – HMX 

detonation velocity at ρ0HE; ∆ = DHE – Dexp. Maximum difference ∆ was observed 

for HMX/Al(2-6S), and the minimum one for HMX/Al(1-0x). Experimental deto-

nation velocities were recast to the density of the charges 1.760 g/cm3 (it is 

equivalent to the HMX density in the charge 1.657 g/cm3). In so doing, it was 

assumed linear character of D(ρ) dependence, and the same inclination of 

detonation velocity line to the density axe as for pure HMX. Recalculated values 

of D* are defined as: D* = Dexp – 3.34 (ρ0HE – 1.657). D* values are given in ta-

ble 2 and figure 3. D* obtained for mechanical mixtures were practically the 

same, but the velocities of the composites containing variable Al nanosized par-

ticles differed by approximately 200 m/s. The detonation velocity of HMX-U ex-

ceeded the velocity of commercial HMX by ~100 m/s; the same effect was ob-

served in [3]. D* decreases with the Al addition into HMX. The most prominent 

decrease was found for explosives with Al particles less than 10 µm [4]. It is 

caused by several factors: 

 Growth of the energy losses through heating of Al particles;  

 Decrease of pure Al content in the powder; 

 Decrease of mole number of gaseous products in case of Al reacting with 

HMX detonation products in detonation zone. 
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Table 2: Detonation Velocities. 

Composition ρ0exp,
g/cm3 

TMD, 
% 

Dexp, 
km/s 

ρ0HE, 
g/cm3

DHE, 
km/s 

∆, 
km/s 

D*, 
km/s 

HMX+Al(1-6S) 1.760 88.2 7.81 1.657 8.27 0.46 7.81 
HMX/Al(1-6S) 1.775 89.0 8.02 1.673 8.32 0.30 7.96 
HMX+Al(1-0x) 1.752 87.8 7.85 1.649 8.24 0.39 7.88 
HMX/Al(1-0x) 1.807 90.6 8.25 1.707 8.44 0.19 8.09 
HMX+Al(2-6S) 1.688 84.6 7.63 1.583 8.02 0.39 7.88 
HMX/Al(2-6S) 1.770 88.7 7.76 1.668 8.31 0.55 7.72 
HMX+Al(2-0x) 1.733 86.9 7.69 1.629 8.18 0.49 7.79 
HMX/Al(2-0x) 1.712 85.8 7.70 1.607 8.10 0.40 7.87 

HMX-U 1.794 94.2 8.84 1.657 8.39 - - 
1.720 90.2 8.48 

HMX 
1.812 95.1 8.79 

1.657 8.27 - - 
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Figure 3: Detonation velocities 
D* versus size of Al.  
Notes: ▼, ∇ - HMX+Al(2-0x) 
and HMX+Al(1-0x);  
■, □ - HMX/Al(2-0x) and 
HMX/Al(1-0x);  
▲, ∆ - HMX+Al(2-6S) and 
HMX+Al(1-6S); 
●, ○ - HMX/Al(2-6S) and 
HMX/Al(1-6S).  
Solid line - mechanic mixtures 
of HMX with Al powders pas-
sivated in the open air [4].  

 
Basic dependence of D* on particle size has two kinks: nearby the transition 

from commercial Al to micronsized one (∼10 µm) [4] and nearby the transition 

from micronsized Al to submicron one (∼0.5 - 1 µm), see figure 3. 

 

3. Pressure histories 
Optical pyrometry was used to record pressure histories by employing the indi-

cator technique [5]. Bromoform poured on a tested sample was used as the in-

dicator. Pressed charges (40 mm in diameter and ∼45 mm of height) were initi-
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ated by plane-wave generator. The absolute accuracy was about 3%. Pressure 

histories in detonation products (DP) are shown in figure 4.  
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Figure 4: Pressure histories in detonation products. 

 
Experimental data are also given in table 3, where: D – detonation velocity re-

cast to a density (ρ0) given in the column; Pmax1, Pmax2, Pmin – are pressure val-

ues in DP of the first and the second peaks, and of the minimum pressure be-

tween them; t12 – the time between peaks. 

 
Table 3: Experimental Pressure Values in Detonation Products. 

 HMX+Al(1-6S) HMX/Al(1-6S) HMX+Al(2-6S) HMX/Al(2-6S)
ρ0, g/cm3 1.800 1.760 1.816 1.760 1.746 1.760 1.710 1.760
D, km/s 7.95 7.81 8.16 7.96 7.83 7.88 7.55 7.72 

Pmax1, GPa 29.2 27.6 27.5 25.4 29.0 29.6 24.61 26.51 
Pmax2, GPa 28.6 26.9 29.1 26.9 29.8 30.4 29.01 31.31 
Pmin, GPa 22.0 20.7 24.0 22.1 22.0 22.4 - - 

t12, µs 0.29 - 0.50 - 0.16 - 0.081 - 
1 - Monotonic pressure growth. In marked columns, there are given recalculated values. 
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For a number of explosives, pressure histories are not monotonic ones. Previ-

ously similar two-peak pressure profiles were observed for some HMX-based 

explosives with micronsized Al [6, 7]. There are a number of factors, which 

could be responsible for two-peak profile: 

• Al interaction with DP, intensity of which depends on Al powder activity and 

contact area of the components; 

• Possible changes in the decomposition of HMX, grains of which are in con-

tact with relatively cold metal particles; 

• Effect of charge uniformity and its structure on peculiarities of dynamic flow 

caused by non-equilibrium in particle velocities of the components and Al 

particles involving into a flow at the initial stage of the detonation wave for-

mation. 

At present, two-peak pressure history was observed for all tested explosives 

except composite HMX/Al(2-6S), which assumed to be the most uniform. Pres-

sure drop between the peaks is less both in time and depth for the mechanic 

mixture with finer Al. Pressure values were also recalculated to the charge den-

sity 1.760 g/cm3 see table 3. For a given Al, Pmax2 were the same (within ex-

perimental error) in the composite and the mechanic mixture, but the peak pres-

sures were achieved at different times. While, Pmax2 was higher for the compos-

ite with finer Al. Two-peak profiles were found only in HMX-based charges ~45 

mm in length. Thus, the question on the steady-state propagation of the 

detonation wave with such profiles and their transformation with charge length 

is still open. 

 

4. Heat effect 
The heat of explosion (EH) is a fundamental parameter characterising the en-

ergy content of HE and the potential working ability of explosion products (EP). 

There are presented the results of comparative studies of EH for the aluminised 

mechanical mixtures as well as for the nanocomposites. EHs were measured 

using two calorimetric set-ups with the bombs of 2 and 5 litres in volume [8]. 

The experimental results for the explosives with 15% Al are given in table 4. In 

the table: Q is the EH value (H2O – gas) at experimental density. Q1 is the EH 
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value corresponding to the charge density 1.760 g/cm3. N1 is the calculated 

mole number of gaseous EP. γ1 and γ2 are the values of oxidation completeness 

calculated, respectively, taking into account only the mass content of pure Al or 

total mass of the Al including oxide film. N1, γ1 and γ2 correspond to Q1. The 

conversion from Q to Q1 and the calculation of EP composition were performed 

using the method suggested in [9]. From the results, it follows that EH values 

obtained for the explosives with nanosized Al of the same sort, are closely re-

lated irrespective of the type of the explosive (mechanical mixture or nanocom-

posite). The reason is that the pure metal of nanosized Al powder undergoes 

practically complete oxidation at the explosion (γ1, table 4). In this case EH de-

pends mainly on the content of pure Al. Therewith, the high degree of the uni-

formity of the composites doesn’t provide an additional increase in EH. The con-

tent of oxide film is higher in Al(2-6S)-containing explosives. Therefore EH of 

these explosives is below EH of Al(1-6S)-containing ones. 

EH of the mixtures with micronsized Al decreases with increasing particle size 

(i.e. decreasing specific surface). This holds good for Al(3.6), Al(15) and Al(150) 

powders, mean particle size is given in brackets, see table 4. 

 
Table 4: EH (H2O - gas) of the Compositions. 

Composition ρ, 
g/cm3 

Q, 
kJ/kg 

Q1, 
kJ/kg 

N1, 
mol/kg γ1 γ2 

HMX 1.81 5610 5500 38.06 - - 
HMX+Al(150) 1.86 6600 6560 31.69 0.707 0.700 
HMX+Al(15) 1.89 6980 6930 31.49 0.852 0.835 
HMX+Al(3.6) 1.85 7080 7040 31.43 0.910 0.874 

HMX+Al(1-1S) 1.83 6930 6900 31.51 0.958 0.824 
HMX+Al(1-6S) 1.84 7020 6990 31.46 0.995 0.856 
HMX/Al(1-6S) 1.75 6960 6970 31.47 0.986 0.848 
HMX+Al(2-6S) 1.76 6840 6840 31.54 0.980 0.804 
HMX/Al(2-6S) 1.72 6770 6780 31.57 0.960 0.787 

In marked columns, there are given values recalculated to 1.76 g/cm3 charge density. 

 
In the case of micronsized Al, the particle size is the deciding factor because 

the oxidation degree of pure Al is below unity and the content of oxide film of Al 

powder is moderate. Among the formulations considered, the mixture with 
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Al(3.6) has the greatest EH. As it follows from the data of table 4, γ1 is always 

higher in the case of nanosized Al. However EH is greater when γ2 is higher. 

Explosives with nanosized Al don’t surpass in EH the mixtures with micron-

sized Al due to the large content of the oxide film. 

In subsequent tests we have studied the influence of oxygen content of base 

HE on EH of aluminised mixtures. The tested formulations contained: ammo-

nium dinitramide (ADN), HMX and TNT. These explosives have different oxy-

gen balance (OB): ADN – (+25.8%), HMX – (-21.6%), TNT – (-74.0%). Al(1-1S) 

and commercial Al(15) powder were used as formulations components. The ex-

perimental values of EH (H2O - gas) for pressed charges are presented in figure 

5, the calculated curves for TNT-based compositions are also given. 

It follows from the results, that, in general, the addition of Al to HE considerably 

enhances EH. As expected, the largest EH gains correspond to the explosives 

of positive OB. However, the experimental curve of the explosives ADN+Al(15) 

lies higher than that of ADN+Al(1-1S). When HE has an excess of oxygen in its 

molecule, the oxidation completeness of pure Al is high and the controlling fac-

tor is the content of pure metal of Al powder. 

0.0 0.1 0.2 0.3 0.4 0.5
2000

4000

6000

8000

10000

TNT+Al

HMX+AlADN+Al

 

 

2

1

H
ea

t o
f e

xp
lo

si
on

, k
J/

kg

Al mass content

Figure 5: EH versus the content of 
Al additive. 
Notes: ●, ○ – AND; ▲, ∆ – HMX;  
■, □ – TNT; solid symbols – Al(1-
1S); open symbols – Al(15);  
dashed lines - calculated curves of 
TNT-based mixtures: 1 – Al(1-1S), 
2 – Al(15). 

 
The advantage of nanosized Al over commercial one is observed when the 

base HE has negative OB and the content of Al additive is relatively high. In this 

case the oxidation completeness of pure Al is far from 100% and the decrease 
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in particle size (specific surface growth) results in the increase of EH (HMX- and 

TNT-based mixtures in figure 5). Similarly, the increase in mixture uniformity (in 

nanocomposites) can lead to the additional EH gain only in the case that pure 

Al is oxidised incompletely at the explosion of a mechanical mixture. 

 

Conclusions 
1. The present work demonstrates the feasibility to manufacture and to produce 

(in amounts necessary for lab studies) one-micron-sized HMX-U and nanocom-

posites based on HMX and nanosized Al. 

2. There were tested experimentally detonation and explosive performance of 

HMX-based mechanic mixtures containing nanosized Al with different coatings, 

and nanocomposites. In so doing, there were found some features of the explo-

sive behaviour of aforementioned materials. 

• Detonation velocity of HMX-U was higher than the velocity of commercial 

HMX of the same density. 

• Detonation velocities of the explosives containing Al (<d> ∼120 ÷ 140 nm) 

were higher than those measured previously for mechanic mixtures of HMX 

(<d> ∼10 ÷ 20 µm) with nanosized Al. However, decrease of the size of Al 

nanoparticles was followed by the velocity decrease. 

• At the given test arrangement, initial charge structure influenced on the pres-

sure history, i.e. on the parameters of two-peak profile. While second peak 

pressures were the same for the composite and the mechanic mixture con-

tained the same nanosized Al. This inference correlates with the data on EH. 

• Despite the high degree of the uniformity, the HMX-based composites with 

15% of nanosized Al have EH close to that of mechanical mixtures. 

• The composites with nanosized Al can possess greater EH in comparison to 

the mixtures with micronsized one only in the case of high content of Al addi-

tion and negative OB of base explosive. 

3. The preferences of nanosized Al, if it were, are restricted by the growth of ox-

ide film content with particle size decrease.  
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4. One can assume that the difference in the initial structure of high-dense ex-

plosive charges with nanosized Al plays a role nearby the detonation front and it 

diminishes at later stages of detonation process. 

A fundamental problem to produce a novel energetic material based on explo-

sive nanocomposites with nanosized Al of high activity is still under investiga-

tion, but we believe that the first steps forward have been already made. 
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A Kind of Screw Extrusion High-Energy Modified 

Double-Base Propellant 
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Abstract: To succeed in studying a kind of screw extrusion high-energy modified 

double-base propellant. In this propellant, the addition of RDX and Al is more than 

50﹪ and its density is more than 1.75g /cm
 3
 . Measured value of specific impulse 

is higher than 2433N·s/kg（248s）. Based on reliable technological performance, 

mechanical performance and mechanical sensitivity, if auxiliary binder is used , 

the addition of RDX can exceed 70﹪. Then, theoretical value of specific impulse 

of the propellant is higher than 2649 N·s/kg(270s) and measured value of specific 

impulse approaches 2551 N·s/kg(260s). 

Keywords: Modified Double-Base Propellant; High-Energy Propellant; Specific Impulse; 
Combustion Performance 
1 Introduction 

To improve energy is invariable aim of development of solid propellant, including the 
double-base solid propellant. The measured energy (Isp)of most earlier double-base propellant 
varies round about 1962N•s/kg，That characteristic of its formation bases on NC and NG, adding a 
nice bit of the auxiliary plasticizer （about 10％）.  To improve energy of double-base propellant, 
the study about CMDB added Ammonia Perchlorate （ AP ） , Aluminum （ Al ） , 
Octogen(HMX) ,Hexogen(RDX) was commenced from the 1950’s ～1970’s。The measured 
special impulse of this kind of propellant can exceed 2252N•s/kg（230s，10MPa）.With further 
studying and the development of materials, screw extrusion double-base propellant adding 50%(or 
above 50%)RDX can make the energy of propellant augment furtherly. This paper introduces the 
basic performance of screw extrusion high-energy CMDB with the additive of RDX+Al more than 
50%. 
2 Experiment  
2.1 The formula of experiment  

Table 1 the propellant formula 

NO.  NC+NG RDX+Al V C2 DINA Ct.  The auxiliary binder 

GL-303 39 53.5 0.5 1.5 3 2 0.5 

2.2 The prepare of sample 
The propellant sample are prepared by the conventional technology of absorbing, 

smooth rolling, screw pressing. After that, Interior ballistic performance and other 

experiments are made out. 

3 Results  
3.1 Burning rate of propellant 

Fig.1 is the change law of the burning rate, when the additive of RDX varies 

from 0﹪to 50﹪in the same formula. From Fig.1,it can be found that the burning rate 

of the plateau is depressed by the increasing addition of RDX, and the plateau moves 

toward the low pressure, but after adding carbon black(CB),the burning rate of 



propellant(RDX=30%) is improved greatly. 
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Fig.1 Curves of burning rate (u) versus pressure 

with different of the additive RDX mass 

 

When different kinds of catalyst are used in the propellant with the additive 

of RDX+Al being 52.5﹪(Al≥5﹪),the change law of the burning rate is presented in 

Fig.2. From Fig.2, it is found that, when the additive of RDX+Al is equal to 52.5

﹪，there are the plateau effect of burning rate at 6～12MPa，10～19MPa，12～22MPa,  

Which shows the effect of traditional catalyst is still good. 
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Fig.2 Curves of burning rate(u) versus pressure  

with different kinds of catalyst 

3.2 The propellant density 
The density of this propellant is 1.75g/cm

3
,which is higher 0.07～0.1 g/cm

3
 than 

the common CMDB(RDX=30%). 



3.3 Mechanical properties of propellant 

The result of mechanical properties(tensile strength( mσ ),compressive 

strength（ cσ ）,shock strength（ nkα ）etc.) is presented in Table 2. Table 3 is the 

mechanical properties of the common CMDB(RDX=30%). 

Table 2 Mechanical properties of propellant 

The experimental temperature／℃   mσ ／(MPa) cσ ／(MPa) nkα ／(KJ/m
2
)

-40℃ 26.1 103 1.57 

20℃ 4.94 26.8 6.73 

50℃ 1.38 5.40 Not Breaking

 

Table 3 Mechanical properties of the common propellant(RDX=30%) 

Table 2 and Table 3 show that mechanical properties of this propellant agree 

with the common propellant(RDX=30%). 

3.4 Mechanic sensitivity of the propellant 
Table 4 shows mechanic sensitivity of the propellant, which demonstrates that 

the mechanic sensitivity of this propellant is superior to the common 

propellant(RDX=30%). 

Table 4 Mechanic sensitivity of the propellant 

NO. Temp. /℃
The probability of 

friction explosive/﹪

Critical height of 

drop H50/cm 

GL-303 14 10 55.4 

Common CMDB(RDX=30%) 14 34 21.8 

3.5 The energy of propellant 
    Table 5 is theory value of propellant energy (specific impulse). 

Table 5 The theory value of propellant energy 

Isp(N·s/kg) 
NO. RDX/﹪ Al/﹪ 

7MPa        10MPa       15MPa 

GL-303A 0 5 2464.9 2540.8 2611.3 

GL-303B 10 5 2480.5 2556.6 2627.3 

GL-303C 30 5 2511.9 2588.3 2659.2 

GL-303 48.5 5 2540.8 2617.5 2688.6 

The P –t curve of propellant in the experimental engine is presented in Fig. 

3.The measured result of the thrust shows that the specific impulse of propellant 

is 2433N·s/kg（248s）(the pressure is 13.5MPa). 

  The experimental temperature／℃ mσ ／(MPa) cσ ／(MPa) nkα ／(KJ/m
2
) 

-40℃ 41.5 136.9 0.41 

20℃ 7.8 28.9 2.43 

50℃ 1.8 4.2 3.90 
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Fig. 3 The P –t curve of propellant in the experimental engine  

 

4 Analysis of combustion theory  
From Fig.1, it is obvious that the more RDX is added, the more burning rate of propellant is 

depressed, and the plateau moves toward the low pressure. After adding black carbon (CB), the 
burning rate can get back the earlier state. So it can be concluded that RDX doesn’t effect the 
burning rate of propellant, that only effect the output of CB producing in the catalytic field of 
combustion surface (the catalyst work in combustion surface)[1,2]. The results of experiment prove 
further the conclusion that RDX doesn’t take part in catalyzed reaction of combustion surface [3,4]. 
It makes the conclusion of above  mentioned more clear that there are the good plateau effect, 
when different kinds of catalyst are added to the formula(Table 1) 
5 Conclusions  

The conclusions show that the energy of propellant is improved greatly, when 

the additive of RDX add up to 50﹪,especially, the special impulse of this propellant 

can reach 2688.6N ·s /kg at 15Mpa and the combustion properties still can be adjusted 

by traditional catalyst, and show that mechanical properties is correspond to common 

CMDB, but the sensitivity is reduced, which demonstrate that After adding the 

auxiliary binder (a kind of  thermoplastic elastomer), the propellant exhibits the 

insensitive trend. Its reason need more study. 
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Design of composite explosive (CEM) with borderline detonation rate 
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The physical model of wave detonation distribution in heterogeneous polydis-
perse  explosive material (EM) has been formulated and the conception (algorithm) of 
molding CEM design with detonation top speed has been developed using the model. 
The conception has been experimentally tested on HMX-based CEM. 

 
Efficiency of operation of an explosive device at other equal conditions is defined 

by the geometric configuration of an EM charge. Complicated configurations of an EM 
charge exclude a pressing technique and require molding properties from EM, i.e. EM 
has to be melted at an acceptable temperature span that is sufficiently distant from the 
initial temperature of its appreciable decomposition. However, many modern EMs with 
high detonation speed do not have such properties and the task is to create the CEM by 
adding fusible and liquid-viscous additives into EM (RDX, HMX, CL-20). CEM, ob-
tained by such a method, is a heterogeneous polydisperse system by its properties. The 
detonation development patterns in the charge of such an EM and in a separate EM 
will be different.  

We formulate the differences in the following way. In contrast to development of 
detonation in an EM monocrystal, propagating in the form of plane wave, propagation 
in the heterogeneous polydisperse CEM will be multi-vectorial from a crystal to a crys-
tal of basic EM through the interlayers of additives and possible entrapped air. Obvi-
ously, propagation speed will be irregular, increasing in dependence on a size of EM 
crystal up to the certain level (limiting by the speed in a monocrystal), attenuating at 
going through an additive interlayer and being repeated at going through a next EM 
crystal. A propagation vector at every current point in time can be defined by a size of 
an EM crystal, interlayer thickness between the closest EM crystal and its ability of 
transmitting a propagating wave. In that case the infusion volume fraction of the based 
EM φEM, the detonation speed of the basic EM monocrystal D0 and physico-
mechanical properties of an interlayer should be the characteristics of CEM, which de-
termines the speed of its detonation DCEM. Such ideas, by our sight, allow developing 
the algorithm of component selection for CEM formation with detonation top speed. 
And the consequence implied of the fact that D CEM will be always lower than D0 and 
depend functionally on a particle size of basic EM does not contradict the known ex-
perimental facts and will be confirmed by the experiments described below.  

 
Initial data selection and problem definition  
The functional binding analysis of CEM detonation speed with an inclusion vol-

ume fraction of basic EM in it DCEM=f(ϕEM), allowing on  basis of  the formulated 
detonation model of heterogeneous polydisperse material defining the additive proper-
ties, responsible for the value DCEM, requires initial data selection by the density  ρEM 



and the detonation speed D0 of basic EM because of their large difference in the data 
published.  

So, density data are within ρ=1,59÷1,66 g/sm3 for trotyl (TNT), ρ=1,80÷1,816 
g/sm3  for hexogen (RDX), ρ=1,90÷1,92 g/sm3 for octogen (HMX). The stable one is 
only the value ρ=2,04 g/sm3 for CL-20. Existing spread in values ρEM at present meth-
ods of its definition ought not to refer to experimental errors. Therefore, the spread is 
caused by defectiveness of real material. Contemporary designing methods [1] give 
values from absolute coincidence, f.ex., for CL-20, to absurd one, f.ex., for RDX 
ρ=1,773 g/sm3. So, there is no choice but to accept the largest value, defined by re-
searchers, as density of a monocrystal. In the given publication we have done so.  

To select the value D0 by calculating data [1-2] is also impossible because of the 
large discrepancy in experimental data. In the publication given we have made use of 
statistical treatment of a large quantity of experimental data, available in the world lit-
erature, including individual EMs and compositions on their basis. The value ϕEM for 
CEM, consisting of i components, with the mass percentage αi on condition that 
∑αi=1, has a simple algebraic expression: 

EM

EMCEM

ρ
αρφEM
⋅= ,      (1) 

where ρCEM − the realized density of pressed EM or the composition on its basis with 
different additives. The dependence of DCEM=f(ϕEM) in the value area ϕEM=0,40÷0,98 
has been proved to be linear: 

    D= a + bϕEM       
 (2) 

and at extrapolation on the value ϕEM=1 it gives a desired value D0. The parameters of 
the equation (2), a correlation coefficient R and a value D0 for some EMs are given in 
the Table 1. 
 
Table 1 − The statistical treatment results of experimental data for EM 
 

Basic EM a b D0, m/s R 

TNT 

RDX 

HMX 

Cl-20* 

2660 

5020 

4890 

4460 

4430 

3780 

4270 

5060 

7090 

8800 

9160 

9520 

0,965 

0,961 

0,964 

0,800 

* − experimental data are limited by the area ϕEM=0,82÷0,94 
The analysis conducted has shown that the compositions, in which the substances, 

able to explosive transformation, are used as additives, have the maximum deviation 
from an approximation line by the equation (2) to the area of high detonation speeds. 
As an example, the figure 1 shows the approximation line for RDX-based CEM and its 
deviation for compositions with different additives, which confirms aforesaid. The data 
obtained are logically coordinated with the foregoing physical model of detonation 



propagation in CEM and can be used for performance of the detailed experimental 
check of the conception.  

 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 1 − The detonation speed D dependence on the inclusion volume fraction of 
RDX ϕEM in different CEM. Additives: 1 − 25% H2O, 2 − 30% Mg, 3 − 36% TNT, 4 − 
30% NaCl, 5 − 30% H2O, 6 − 35% BB, 7 − 30% Al, 8 − 30% SiC, 9 − 25% Ti, 10 − 
23% TNT. 
 

Experiment and analysis of results 
The consequence of the stated model of detonation development in the heteroge-

neous polydisperse CEM is the DCEM dependence on additive detonation speed and ba-
sic EM particle size. The experimental check of the conception has been conducted 
with use of HMX-based CEM with different fusible and liquid-viscous additives. The 
two-fraction HMX of a particle size 270÷700 µm and less 50 µm (the specific surface 
area is ≈3000 sm2/g) was used for CEM production. As fusible additives were used de-
finilamine (DFA), TNT, methylnitrotriazol (MNT), dinitrazapentane (DNAP) and di-
ethanolnitraminedinitrate (DINA), and as liquid-viscous additives – a polymer, plasti-
cized by petroleum oil (PM) and different nitroesters (PN). HMX powder mixture with 
fusible additives was agitated at heating in a mixer, poured out into the cylindrical con-
tainers (20mm in diameter) under vacuum and tested after cooling. The liquid-viscous 
additives-based compositions were stirred by HMX powder feed into the liquid-
viscous medium with simultaneous stirring in an agitator mixer and following dis-
charge into the analogous cylindrical containers. Unknown values of additive detona-
tion speed (Dad) were experimentally determined by an analogous method. The ex-
periment results are represented in the Table 2. 
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Table 2 −Influence of additives on HMX-based CEM detonation speed 

Additive Dad, m/s 
HMX content in 

CEM 
, % 

ϕEM DCEM, m/s

DFA 

the same 

the same 

TNT 

DNP 

DINA 

MNT 

no detonation 

 

 

7090 

7400 

7850 

6900 

90,0 

85,0 

76,0 

73,0 

75,0 

73,0 

75,4 

0,743 

0,740 

0,642 

0,642 

0,644 

0,636 

0,627 

7965 

8100 

7650 

8200 

8425 

8850 

8140 

PM 

PN-1 

PN-2 

PN-3 

PN-4 

no detonation 

7600 

7200 

5200 

6500 

79,9 

69,8 

70,8 

73,2 

72,0 

0,624 

0,645 

0,648 

0,646 

0,645 

7450 

8800 

8565 

7860 

8200 

In the coordinates DCEM − ϕHMX (fig. 2) detonation speed values of CEM with ad-
ditives that are not able to detonation transformation lie in the neighborhood of the 
equation approximation line (2), the others lie in a random way. At designing of these 
results in the coordinates DCEM − Dad (рис. 3) one can observe the clear dependence of 
DCEM on the detonation speed of an additive. But at that an unexpected difference of 
DCEM at the equal Dad, obtained through additive melting with the following cooling (at 
that its shrinkage has place) and mixing with an liquid-viscous polymer additive when 
such shrinkage is impossible, demands an explanation. This reason has become appar-
ent yet in the fact that all CEM samples, obtained with fusible additives, did not have 
calculated density, whereas with use of liquid-viscous additives the calculated density 
was realized. At the same time CEM samples with fusible additives distinctly did not 
change their geometric dimensions at cooling. This is possible at resistance of a rigid 
framework of a crystal filler in a high-filled composite. But then in its structure it has 
to be formed cavities, which lead to lowering of ϕEM, and, consequently, in accordance 
with the equation (2), to lowering of detonation speed. 



 
 
 
 
 
 
 
 
 
 
 
 
 
 
The microstructural analysis of CEM samples has confirmed the presence of such 

a picture. At the fig.4 the electronic photos of CEM microsections with additives of 
MNT and DINA are given, at which one can see pores. Also there is the difference in 
the character of pore-formation. The fused DINA moistens HMX well and its film re-
mains on the crystal surface after cooling. The analogous picture is observed with 
TNT. For CEM with MNT the surface stays clear, pores reach the sizes of 10÷20 µm 
and are situated near the surface of HMX crystals. The system with DNP has the 
analogous structure. Besides, in it the irreversible interaction of DNR with HMX, af-
fecting by the irreversible shifting of melting endothermic effect from 54°С  in the re-
gion of 107°С , i.e. by formation of a new phase state, has been found by a method of 
differential scanning calorimetry. 

 
 
 
 
 
 
 
 
 
 
 

Figure 4 − An electronic photo of CEM section with MNT (а) and DINA (b) additives.  
 

We have examined the system reaction on changing of HMX particle size. In 
CEM with an index PN-2 (Table 2) the large HMX particles 270÷700 µm in size have 
been changed on particles about 100 µm in size. At testing of such CEM at equal with 
PN-2  ϕHMX there have been obtained the value DCEM=8050 m/s, i.e.  515 m/s less. 
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Figure 3 − DCEM dependence on Dad
detonation speed of fusible (●) and 
liquid-viscous (○) additives. 
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Conclusion 
The detonation speed of molding composite explosive material is determined by 

the detonation speed of basic EM, on which basis it is designed, and its inclusion vol-
ume fraction ϕEM in it: DCEM= a + bϕEM. The molding properties of CEM are reached 
by injection in its composition fusible or liquid-viscous components in quantities of 
20% of mass and more that leads to the decrease of ϕEM and irreversible lowering of 
DCEM. To minimize the lowering is logically at the expense of improving of detonation 
transmission from a crystal to a crystal of a basic EM through an additive interlayer. 
The most effective is the transmission when the other EM, injected as an additive to 
the basic EM, serves as an interlayer. The maximum value DCEM is reached with an ad-
ditive, having the largest detonation speed. At that the preference should be given to 
the additives, having elastico-viscous properties, which provide zero-defect of inner 
structure of CEM. Such approach may serve as a designing algorithm of CEM with 
detonation top speed.  
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ABSTRACT   

 
About 10 years ago research on the processing of energetic materials using the twin screw 

extrusion technique started at TNO. A wide variety of energetic compositions (and simulants) 

have been investigated up to now: Plastic bonded explosives (HTPB), composite gun 

propellants (HTPB, TPE, ETPE), conventional NC propellants (single, double, triple base) 

and pyrotechnic compositions.  

Soon it was clear that the extrusion process had to be well understood to be capable of 

successfully and safely manufacturing these compositions. The different properties of these 

compositions make it necessary to process these compositions under different conditions and 

stress the need for modelling: Flow2000 for the die flow modelling, and Ludovic for the 

double screw extrusion process modelling. The required input for the modelling software is 

determined using a capillary rheometer giving an accurate description of the shear and 

extensional flow behaviour of the material to be processed.  

This paper is describes how the modelling approach is used to reach a safe production process 

and how it is used to optimise this process. Using the models a first estimation is made of the 

processability of a composition, after which the die is designed to have an acceptable pressure 

drop and final shape. The die design and validity of the model is tested in a ramextruder, if 

this is correct an extrusion batch is performed.  

Results on the continuous production of TPE based composite propellants, conventional NC 

double and triple base propellants and pyrotechnic compositions which were obtained in the 

past 2 to 3 years will be presented. 

 
 

  



1. Introduction 
 
At TNO new energetic materials and compositions are formulated and tested to meet new 

requirements for weapon and decoy systems. Examples of these materials are gun propellants 

(composite and conventional multibase), pyrotechnics (spectral flare), explosives (PBX) and 

rocket propellants (HNF), some of these were succesfully applied in qualific setups such as 

large callibre guns. The challenges are often to meet new performance criteria like higher 

energy density, higher accuracy, lower vulnerability, less environmental impact, specific infra 

red spectra, reduced erosion in gun barrels, reduced signature, etc., but also to manufacture 

these materials in a cost effective and safe way. 

 

For some of these materials continuous extrusion processing gives advantages like: 

• Safer processing (remote operation and less material at a time is processed) 

• Less environmental impact (less or no solvents needed) 

• Better performance (better reproducibility by larger batch sizes) 

• Precise control over final shape (reduced influence of operator and environment on 

final shape, resulting in reduced batch to batch variations) 

• Process can be optimised (process is controlled for a large part by parameters that can 

be set which makes optimisation of the process easily achievable). 

 

 
Figure 1: Products that have been made using the extruder, from left to right: Cylindrical multibase stick, 
hexagonal multibase stick, dark composite propellant, white composite propellant, plastic bonded explosive, flare 
and spectral flare. At this moment the propellants are mixed and shaped by the extruder and the rest of the products 
are only mixed by the extruder. 
 
From a processing point of view manufacturing these materials, consisting of different 

binders, plasticizers and fillers, is challenging as the different materials show very different 

flow behaviour and different sensitivity to friction and impact and can have a very different 

maximum allowable process temperature (defined by the ignition temperature and self heating 

characteristics) and requirements for the final product. The challenge is to find the optimum 



processing conditions to manufacture the product with sufficient quality, throughput and 

safety. 

 

In the past decade methods have been developed and refined at TNO to find these optimal and 

safe processing conditions for continuous processing by means of extrusion. To be capable to 

mix and shape these materials in an extruder within the safety limits, different processing 

parameters, process set up, shaping tools and even a change in formulation may be needed. A 

mixture of the following methods are used to find the correct process and formulation for a 

specific requirement: 

• Define a formulation range with required performance using experience and 

performance models [1-5] 

• Measure flow behaviour and sensitivity of a range of formulations [6] 

• Model the flow behaviour, including formulation changes, and simulate the process 

to find a safe processing parameter range [7-11] 

• Find a ideal formulation range for good processability and performance 

• Perform small scale tests to verify models, processability and performance  

• Manufacture the materials with the extruder to verify models, processability and 

performance 

• If further increase in performance is a requirement: modify the models to give a more 

accurate description of the real process and optimise the process using these 

upgraded models 

 

Results of some of these evaluation methods are described in this paper: paragraph 2.1 

describes results on the modelling of the flow behaviour; paragraph 2.2 shows results of 

designing of shaping tools using the flow behaviour models and comparison of simulated and 

extrusion results; paragraph 2.3 shows results of the simulation of the extrusion process in 

comparison to the extrusion batch; and the paper ends in paragraph 3 with the conclusions and 

remarks. 

2. Results 

2.1 Modelling of flow behaviour 
The software that simulates the extrusion process needs material properties and a rheological 

model. The rheological model is a description of the measured flow behaviour data from a 

double capillary extrusion rheometer. The better the description, the better the estimations 

will be from the simulation. 



From research and literature it was found that the following parameters can be included into 

the rheological model [12-14]: 

• Bagley correction (correction of the shear data for entry effects)  

• Rabinowitz correction (correction for the change in flow profile) 

• Extensional forces (elasticity)  

• Temperature dependency 

• Shear rate dependency 

• Yield stress 

• Slip 

• Formulation changes 
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Figure 2: Example of a comparison of experimental data with model estimations. The rheological mode l 
estimations for the pressure drop are closest to reality if extensional forces are included into the rheological model. 
 
Which of these parameters need to be included into the rheological model for an accurate 

description can be determined experimentally by comparing simulation results with small 

scale ram extrusion experiments as shown in figure 2. In this figure it is shown that 

extensional forces need to be included into the model to get sufficiently accurate processing 

estimations for this material.   

 

A model has been developed at TNO that can describe a large range of rheological 

behaviours, which is needed to describe the rheological behaviour of all the products 

investigated for processability at TNO. Figure 3 shows some extremes of rheological 



behaviours. From this it becomes clear that different combinations of binders, plasticizers and 

fillers show a completely different rheological behaviour, covering 5 to 6 orders of magnitude 

in viscosity. Some plasticizers and fillers when added to a binder can change the flow 

behaviour dramatically, for example initiate slip behaviour (the velocity at the wall becomes 

not equal to zero), increase yield stresses or give very different shear thinning behaviours. 

Within the limits of the specifications of the final product it is possible to control and optimise 

the flow behaviour. By including these changes in the formulation into the rheological model 

the optimum can be found theoretically and validated by a small number of experiments.  
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Figure 3: Rheology of a few products with very different rheological behaviours.  

2.2 Designing shaping tools 
When a rheological model estimates the pressure needed for shaping a material sufficiently 

accurate, it can be used in simulations to design the required shaping tools, also called dies. 

Figure 4 gives some examples of cross sectional shapes for cylindrical and hexagonal gun 

propellants. To manufacture these shapes, differently shaped dies are needed, which produce 

different flow profiles resulting in different pressure drops. The pressure drop over the die 

needs to be within certain limits to get the right mechanical properties, shape and density. The 

final design of the die also needs to take into account dead spots and compensate for shape 

changes due to material properties. 

 



  
 

Figure 4: Simulated flow profiles for different propellant cross sectional shapes. 
 
By using simulation software in designing dies it is possible to achieve all these goals. With 

the software and models used at TNO it is possible to predict the pressure drop within 10% of 

the actual value. This was found from an investigation with a large number of different die 

designs, materials and process conditions, some results of which are shown in figure 5. 
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Figure 5: Estimated pressure drops from simulation software shows less than 10% deviation from measured values 
for very different process parameters: D = die design; C=composition. 

2.3 Simulation of extrusion process 
If ram extrusion results show the die design is correct, an extrusion batch is performed. To 

find the right process conditions an investigation is done using simulation software for the 

extruder. All parameters can be varied to see the effect on the process. Based on experience 

and simulation results a screw set up, screw speed and barrel temperatures are chosen. 
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Figure 6: Estimation of pressure drop and product temperature for different process parameters. This evaluation is 
done to find the best process parameters for the first batch of a new material. 
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Figure 7: Comparison between estimated values from extrusion simulation and measured pressure drop and 
extrudate temperature. 
 
These settings are used in a first extrusion batch, where the composition is slowly changed in 

steps from a safe composition towards the investigated composition. Process values are 



monitored during this process to verify that the simulation results are correct and that the real 

values do not exceed safety limits. If the values do not match a re-evaluation of the 

rheological model and simulation software is performed to elucidate the cause of the 

difference. If values do match within acceptable limits, as shown in figure 7, the model and 

simulation settings are correct and the simulation can be used to further optimise the process 

and the composition. 

3. Conclusions and remarks 
 
TNO has managed to develop research methods, using experience and (new) models, that 

make it possible to develop new compositions which have good performance and 

processability characteristics.  

The developed and used models and methods are valid for a large range of materials. 

Because the models predict values close to reality, the development time for extrudable 

products is reduced significantly because less inert and life production runs are needed to 

come to the optimal processing conditions. 
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THE INFLUENCE OF THE STEFAN FLOW ON  IGNITION  AND 

BURNING OF TUNGSTEEN PARTICLES 

S.G.Orlovskaya 1,  V.V.Kalinchak1, T.V.Grizunova1, M.I.Kirmikchee1 , 
A.V.Mandel2  

Ukraine, I.I. Mechnikov’s Odessa National University1, 
Odessa State Medical University2  

 
The tungsten powder is a perspective fuel for pyrotechnic mixtures used for 

different purposes. This is why the studying of characteristics of high temperature 

oxidization of or tungsten in different gaseous environments is so important [1]. 

When the chemical reaction occurs on the surface of metals and the products of 

reaction (oxides) evaporates, the Stefan flow appear that has a substantial influence 

on the processes of high temperature heat and mass exchange and oxidization of 

particles [2, 3].  

The problems reviewed in this work are: the influence of the Stefan flow on 

the processes of high temperature oxidization of the tungsten particle, also its 

influence on the ignition period  tign and its integral parts: the time of inert heating  

tin  and the time of chemical heating tch  (tign= tin+ tch). Also the influence of the 

Stefan flow on the temperatures of particles in these moments of time (Tin ,Tch) and 

on the time of burning  tburn and the maximal temperature of burning of tungsten 

particle was researched.   

The growth of the film (layer) of oxides on the surface of the tungsten 

particle in the air is described by a parabolic law:   
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In these formulas  is a preexponent, m0k 2/s; E − energy of activation, 

J/mole; − density of gas (air), kg/mgρ
3 ; h − the thickness of oxide layer, m; − 

relative mass concentration of oxygen in the air; R − universal gas constant, 

J/mole⋅К; Т, T

s2On

g  − temperatures of  the particle and the gas, К. 



Considering the Stefan flow, it is possible to write a following equation for 

the concentration of the oxygen: 
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sfP  here represents the Stefan flow,  in m2/s; 
d

DSh
=β   is a coefficient of 

mass exchange, m/s; Sh − Sherwood criteria; d − diameter of the particle; D− 

coefficient of diffusion,  m2/s. 

The density of the chemical heat production because of oxidization on the 

surface of the particle is:  
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Here  Q  is a specific heating effect of reaction (calculated per unit of mass of 

oxygen - J/kg  О2.)  

The heat exchange between the metallic particle and the air by convection 

is determined by equation [2]:    
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sf     is a relative velocity of the Stefan flow.  

    The Stefan-Bolzman’s low determines the heat flow to the walls of reaction 

plant: 
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d
Nugλ=α   is a heat exchange coefficient, W/m2⋅К; ε − absorbtion 

coefficient of the particle covered by oxide; σ −  Stefan-Bolzman’s coefficient, 

W/m2К4; Tw − the temperature of the walls of reaction plant, К;  Nu − Nusselt 

criteria; − coefficient of heat conductivity of the air,  W/m⋅K. gλ



       Here is an equation of heat balance that determines the dependence of 

temperature of the tungsten particle on time:         

          ,qqq
t
TdρC

6
1

radsfchww −−=
∂
∂

λ     bT0)T(t == .                             (5) 

    is a specific heat capacity  (in  J/kg·К), and    is a specific density of the 

metal,  kg/m

wC wρ

3;  Tb   is  initial temperature of the particle, К. 

The velocity of growth of the thickness of the oxide layer on the surface of 

the tungsten particle is described by parabolic law of oxidization:  
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Equations (5) – (6) permits to analyze the influence of the Stefan flow on the 

non-stationary heat exchange and kinetics of oxidization  of the tungsten particle in 

the gaseous environment. 

Fig.1 represents results of  calculations of the system of equations (1)-(6) for 

the tungsten particle with a heterogeneous chemical reaction on its surface:  W + 

O2  WO→ 2. The used thermo-kinetic constants for the reaction of oxidization of   

tungsten were taken from [3]. After the particle appears in the heated gaseous 

environment, it is intensively heated and there the transition to high temperature 

regime happens.  The final stage of inert heating of the particle is characterized by 

decreasing of the time derivative of the temperature of particle to the point of 

minimum:   'I ⎟
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⎞
⎜
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dt
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2
 (Fig.1 c).  Simultaneously it means the 

moment of beginning of the self-accelerated process of oxidization  - a chemical 

reaction between the metal and the oxidizer, with creation of the layer of oxide on 

the surface of the metal.   

After the point  is passed, the velocity of the chemical reaction increases, 

that leads to increasing of the temperature of the particle.  
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Fig.1. The influence of the Stefan flow on the time dependences of T, h, dT/dt, Usf, 

k/h,β for the tungsten particle, at   nO2∞ = 0.5, Tg=Tw=2000K, d=50 mkm. 
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. In this point the 

ignition of the particle happens – so the transition to the high temperature regime  

of heat and mass exchange and oxidization occurs.  Thus, the time of transition to 

the high temperature regime (induction period) consist from the times of inert and 

chemical heating of the particle, and this time interval is determined by the time of 

oxidization process – until the point  is reached.  During the period of inert 

heating the thickness of the oxide does not change substantially. 
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After the moment of ignition the temperature of the particle grows and 

reaches its maximal value, according to  the condition  wsf.ch qqq += λ
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dt
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.  

Increasing of the thickness of the oxide (Fig.1 b)  in the high temperature regime  

leads to decreasing of velocity of oxidization and density of the chemical heating. 

In the point E the extinction of the particle occurs, because the oxide layer reaches 

its critical point, and the particle transits to the low-temperature regime 
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2
. The next stage after extinction is a stage of slow 

oxidization of the particle, at the temperature that is close to the temperature of the 

gas.   After the moment of extinction the thickness of the oxide on the surface of 

the particle does not changes substantially. Thus, the time of burning is determined 

by the moments of ignition  ( ) and extinction (Е). "I
 It is shown on the Fig.1d   that velocity of the Stefan flow reaches its maximal 

value and then decreases  - because of it’s dependence on the temperature of the 

particle.   In the high temperature regime the velocity of Stefan flow is enough 

high (2 3 m/s) and it leads to increasing of the temperature of burning, because 

this velocity is directed to the surface of the particle. Thus the consideration of the 

Stefan flow increases the induction period, because the stage  of chemical heating 

becomes longer (that is caused by more rapid growth of the thickness of the oxide 

on the surface  - if to consider the Stefan flow).  This flows leads to decreasing of 

÷



the time of burning for the particle – because of higher temperatures of  burning, 

and also because of increasing of the critical   thickness of the oxide layer – at 

which the extinction happens.  This is a result of increasing of the oxygen 

concentration on the surface of the particle, аnd – thus – it’s temperature too, as it 

leads to increasing of the velocity of the oxide production.  

Table 1.  The characteristics of ignition and burning of the tungsten particles at the 

temperature of gas 2000К. 

 d, µm 
Characteristics of 

oxidization 

With (1) or 
without  (2) the 

Stefan flow 100 200 400 600 800 

1 11,4 44,2 155,5 313,4 494,9 tin ,mc 
 2 11,5 44,6 174,6 352,3 557,4 

1 867,3 885,4 877,3 872,2 857,2  
Tin ,K 

 2 872,2 890,2 943,4 938,8 923,5 

1 26,1 89,7 299,1 608,5 883,4 tch ,mc 
 
 2 24,6 80,7 263,2 467,8 657,9 

1 2646,4 2406,1 2194,7 2148,2 1945,6 
Tch ,K 

 
2 2234,5 2038,3 1971,9 1813,5 1666,3 

1 37,5 133,9 454,6 921,9 1378,3 tign ,mc 
 
 2 36,1 125,3 437,8 820,1 1215,3 

1 38,8 124,5 498,5 992,1 1519,2 
tburn ,mc 

 
2 48,1 191,4 580,3 1307,3 2181,7 

1 3819,8 3474,4 3107,9 2900,5 2762,6 
Tmax ,K 

 

 
2 3207,5 3008,6 2774 2646,1 2555,7 

 

  



 

    The Stefan flow is directed to the particle, so it leads to increasing of 

concentration of oxygen on its surface and thus the density of the chemical heating 

grows too.  This is why for the tungsten particles the time of burning decreases and 

the temperature increases if to consider the Stefan flow.   The maximal temperature 

of burning decreases with increasing of the diameter of the particle (See Table 1).   

  

     Thus it is shown that the induction period and the burning temperature of the 

particles increase, and the burning (high temperature oxidization regime) period 

shortens at consideration of the Stefan flow.   
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ABSTRACT 

 
At the 34th ICT Conference, we introduced the concept of shock-dispersed-fuel (SDF) 

charges, and presented results from a preliminary feasibility study (Neuwald et al., 2003). To 

recapitulate: the miniature SDF charges consist of a spherical booster charge of 0.5-g PETN, 

embedded in a paper cylinder of ~ 2.2-cm³, which is filled with powdered fuel 

compositions. The tests were performed in closed steel vessels, which we call barometric 

calorimeters, since we diagnose energy release by monitoring the build-up of quasi-static 

pressure in the vessel.  

 

In continuation of the feasibility study, we have investigated the performance of SDF 

charges in barometric calorimeters of five different geometries. In three cases we utilized 

cylindrical steel vessels with an aspect (L/D) ratio of about 1, but different volumes: 6.6 l, 

21.5 l and 40.5 l; two further set-ups are comparable to the 6.6-l calorimeter in volume (6.3 

l), but provide different aspect ratios: L/D = 4.6 and 12.5. Though we investigated a 

number of fuels the presentation will focus on the results for shock-dispersed aluminum 

flakes. Up to now this material has proven to give the fastest and most complete reaction 
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among the tested fuels. In addition, we will present results for bare spherical PETN charges 

and for composite charges consisting of a 0.5-g spherical PETN core and a solid shell of 1 g 

TNT. Our basic goal is an assessment of the combustion-related pressure built-up. To 

provide an experimental baseline, tests in an air atmosphere were supplemented by tests in 

a nitrogen atmosphere which inhibited oxidation / combustion of the fuel. 

 

To establish theoretical estimates for the expected maximum quasi-steady pressure levels, 

we calculated the pressure of a corresponding adiabatic constant volume explosion (CVE) 

by means of a thermodynamic equilibrium code (Cheetah). In addition, we have formulated 

a global thermodynamic model for the barometric bomb experiments assessing three steps: 

(a) conversion of the explosive to its products, (b) mixing with the ambient atmosphere and 

(c) conversion of the fuel to combustion products (Kuhl et. al., 2003). 

 

Both the experimental base line experiments and the theoretical estimates allow one to 

formulate various indicators for the experimentally observed combustion performance in 

terms of maximum quasi-steady overpressure. For shock-dispersed aluminum flakes we find 

a consistent trend in a number of such performance indicators showing that the 

combustion efficiency decreases with increasing volume of the barometric bomb. A similar 

decrease of the combustion efficiency is found in experiments at a volume of around 6 l 

when the aspect ratio is increased to larger values. This bears importance to the 

performance of SDF charges in tunnel environments. At least a part of these performance 

losses are due to changes and constraints of the mixing between fuel and air. 

 

INTRODUCTION 
 

Over the years considerable efforts have been made to develop reliable and efficient 

numerical methods for the prediction of combustion-related energy release in detonations 

(e.g., after-burning of TNT detonation products). In unbalanced, non-ideal explosives the 

after-burning energy can easily be in excess of the heat of detonation. Thus a number of 

concepts have been developed to increase the performance of explosives by the addition of 

excess fuel like aluminum. However, in such cases the performance of a charge relies on the 

rapidity of combustion, which again depends on various factors. These have to be taken 

into account in the numerical models. In support of such modeling efforts, the Experimental 

Fluid Dynamics Group of the Ernst-Mach-Institute has carried out a variety of experiments at 

laboratory scale to gather some phenomenological insight into specific aspects of the 

problem and to provide a database for code validation.  
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DESIGN OF SMALL-SCALE CHARGES IN THE 1-G RANGE 
 

Since the typical masses of explosive handled in our group's laboratory are of the order of a 

gram, the design of our charges differs somewhat from that of larger charges. The basis of 

all charge types discussed in this paper are custom-made spherical small-scale PETN-

charges. They consist of nearly pure PETN at a density of about 1 g/cm³. Two electrical 

ignition wires are embedded. A thin resistance wire at the top bridges the small gap 

between these wires. Care is being taken that the resistance wire is located in the center of 

the explosive sphere. A high voltage discharge explodes the bridge wire. This explosion 

drives the detonation through the charge. In laboratory experiments we typically use 

charges with masses from 0.2 g to approximately 1.5 g. 
 

PETN exhibits negligible after-burning. It is well, albeit not perfectly, oxygen balanced. Its 

heat of detonation amounts to 6.28 kJ/g, which is 76.5% of its heat of combustion, the 

value being 8.19 kJ/g [1, 2]. To enhance the after-burning effects, EMI has designed a 

composite TNT-PETN charge. A spherical PETN charge of 0.5 g constitutes the core of the 

composite charge. The core is repeatedly dipped into molten TNT and dried. Thus an outer 

shell of TNT forms. Its density is also around 1 g/cm³. For our experiments charges with 

three different shell masses were manufactured: 0.5 g, 0.7 g and 1 g. In the following we 

will refer to charges with a 1-g shell. 
 

However, these charges are mainly used to provide a baseline to the focus of our 

investigations: shock-dispersed fuel (SDF) charges. A standard SDF charge consists of a 

lightweight paper cylinder with a height and diameter of 14 mm, though larger cylinders 

have also been used to increase the mass of the fuel. Again a spherical PETN charge of 0.5 

g is inserted into the center of the cylinder. It acts as the dispersing booster. The remaining 

volume (1.6 cm³) of the cylinder is filled with the fuel to be dispersed. In previous feasibility 

tests flake aluminum has proven to give the fastest and most complete reaction among the 

tested fuels. The flake aluminum was obtained from Merck KgaA. With a thickness around 

2 µm the flakes are fairly thin compared to their lateral dimensions, which spread over a 

wide band as shown in the SEM image of Figure 2. Due to the manufacturer the flakes are 

phlegmatized by the addition of 1% fat and consist to at least 90% of pure aluminum. A 

minor contaminant might be iron (less than 0.5%). The estimated content of Al2O3 is thus 

around 8.5%. 
 

The shock-dispersed flake aluminum is expected to provide a significant performance 

increase over the composite TNT-PETN charge since aluminum has about twice the heat of 

combustion of TNT (31kJ/g vs.15 kJ/g), while the amount of ambient air necessary for 

complete stochiometric combustion is comparable for both materials (2.62 l air / gram TNT 

vs. 3.19 l air / gram Al). 
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Figure 1 
Top row: Photographs of a spherical PETN charge, a composite TNT charge and an SDF charge. 
Bottom row: Schematic sketches of the charge designs. 

 

 
 
Figure 2 
SEM image of the aluminum flakes. 
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TEST SET-UPS AND DIAGNOSTICS 

 

The different test set-ups are basically thick-walled steel vessels of simple geometry, 

designed to be air-tight and to withstand high pressure loads. Table 1 provides a summary 

of the basic geometrical characteristics. 

 
Table 1 
Dimensions of the five barometric bomb calorimeters (BBC) 

Name Length L 

[mm] 

Diameter D

[mm] 

Cross-

section 

Volume

[l] 

L/D 

BBC[6.6 / 1] 210 200 circular 6.6  1.05 

BBC[21.2 / 1] 300 300 circular 21.2  1.00 

BBC[40.5 / 1] 379 369 circular 40.5  1.03 

BBC[6.3 / 4.6] 555 120 circular 6.3  4.625 

BBC[6.3 / 12.5] 1000 80 square 6.3 12.5 

 

We call these vessels barometric bomb calorimeters, since it is our aim to diagnose energy 

release by monitoring the build-up of quasi-static pressure in the vessel. To this end, up to 

12 piezo-electric and piezo-resistive pressure gages are mounted flush into one or both 

closing flanges of the barometric bombs. In addition, further gages were installed in the 

side-wall of the bombs with the larger aspect ratio L/D. In all tests the charges were located 

at the center of the bombs.  

 

For each charge type two series of at least five repetitive tests were performed in each 

bomb. In one of the two test series the bomb was filled with air at the ambient conditions, 

while the other test series was performed in a nitrogen atmosphere to inhibit the 

combustion with oxygen, while essentially retaining the thermodynamic properties of the fill 

gas. 

 

DATA ANALYSIS 

 

The pressure-time histories at each gage are sampled at high frequency for a time interval 

of around 40 ms. Due to the detonation of the booster charge these records are initially 

dominated by strong shock waves with peak amplitudes of up to several 10 bars, which 

reverberate in the barometric bomb, while decaying in time to essentially acoustic 
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disturbances. The peak amplitudes, the decay rate and the typical reverberation period 

depend on the volume and geometry of the bomb. In a perfectly adiabatic system one 

could evaluate the quasi-steady pressure attained fairly late in time, when all perturbances 

have decayed. The actual barometric bombs though, are no adiabatic systems and heat 

transfer to the walls decreases the quasi-static pressure with time. Thus the pressure records 

should be interrogated as early as possible to minimize the influence of heat transfer. To 

this end the pressure records are subjected to a low-pass filtering, where the cut-off 

frequency of the filter is adapted to the typical shock wave signature in a specific 

barometric bomb (see Figure 3). The maximum value of such a filtered curve is then taken 

to represent the level of the quasi-static pressure as measured by a specific gage. 

Subsequently the mean and the standard deviation over all gage results for a single test are 

calculated, where the mean represents the final result of a single test and the standard 

deviation characterizes the (technical) accuracy of the measurement. Finally all results in a 

test series are analyzed for their mean and for their standard deviation, which in this case 

characterizes the (physical) reproducibility of the tests. 

 

       
 
Figure 3 
Overpressure vs. time in the 6.6-l cylinder. Left: unfiltered data, right: data low-pass filtered at a cut-
off frequency of 0.5 kHz. Charges: a bare booster of 0.5 g PETN and an SDF charge filled with 1 g 
aluminum flakes. 
 
 

A theoretical model is necessary to assess and interpret the experimental results. The most 

basic approach is to disregard the detailed dynamics of the detonation of the booster, the 

formation and decay of blast waves and mixing and combustion with air and to treat the 

system as an adiabatic constant volume explosion (CVE) of the contents of the barometric 

bombs (i.e., with the fill gas included). This is readily done by a thermo-chemical equilibrium 

code like Cheetah. Results from such CVE calculation for air and nitrogen thus form the 

reference, in which the experimental results will be discussed below. 



Neuwald, Reichenbach, Kuhl: Shock-Dispersed Flake Aluminum 
    

 

7 

EXPERIMENTAL RESULTS – VOLUME DEPENDENCE 
 

We will start the discussion of the results with the composite TNT-PETN charge (TNT shell of 

1g). Figure 4 presents three curves in a double-logarithmic plot of the quasi-steady 

overpressure versus the volume of the barometric bomb. The lowest curve gives the result 

of a CVE calculation for the charge in nitrogen (triangles); the highest curve the results of a 

CVE calculation for the charge in air (squares). The experimentally observed values (bullets) 

fall somewhat below the CVE prediction.  
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Figure 4 
The quasi-steady overpressure due to the combined detonation/combustion of a composite TNT-
PETN charge in different volumes compared to reactive and inert CVE calculations. 

 

From the data in the plot one can quantify at least two characteristic values for the 

performance of the composite charge. The first is the experimentally observed overpressure 

in air divided by the calculated overpressure in nitrogen: 

TNT
2N/CVE

AIR/EXP

p

p
.P.R =  

This gives the relative experimental performance of the charge showing after-burning to a 

reference charge releasing energy only by detonation, but not by after-burning. For this 

paper we take the values of the CVE calculation of the composite charge in nitrogen as the 

reference. 
 

A second performance characteristic might be formulated as follows 

2N/CVEAIR/CVE

2N/CVEAIR/EXP

pp

pp

−

−
=δ  
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This is the ratio of the experimentally observed excess pressure due to combustion to the 

theoretically predicted excess pressure and corresponds – though in general non-linearly – 

to the mass fraction of fuel actually burned in the experiment. The data for the composite 

charge are summarized in Table 2, which shows that both performance characteristics 

decrease with increasing volume of the barometric bomb. Such a decrease is also obvious in 

the different slopes of the curves in the double-logarithmic plot of Figure 4. 
 

Table 2 
Performance characteristics of the composite TNT-PETN charge 
as a function of volume 

bomb volume R.P.(exp.) R.P. (theo.) δ (exp.) 

6.6 l 2.26 2.50 0.84 

21.2 l 1.74 1.98 0.76 

40.5 l 1.43 1.81 0.54 

 

Figure 5 shows a corresponding graph for the results of the experiment with the SDF 

charges (fill 1 g of flake aluminum) in air. Besides the experimental and computed values for 

the SDF charge the computed curve for our reference charge (composite charge in nitrogen 

is included again). As can be seen the experimentally observed values increasingly deviate 

from the theoretical prediction as the bomb volume increases. This is reflected in the 

performance characteristics, which are summarized in Table 3. Please note that the 

performance R.P. is again relative to the CVE calculation of the composite charge in 

nitrogen. 
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Figure 5 
The quasi-steady overpressure due to the combined detonation/combustion of an SDF charge with a 
fill of 1 g flake aluminum in different volumes compared to reactive and inert CVE calculations. 
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Table 3 
Performance characteristics of the SDF charge with a fill  
of 1 g flake aluminum as a function of volume 

bomb volume R.P. (exp.) R.P. (theo.) δ (exp.) 

6.6 l 2.74 3.03 0.88 

21.2 l 2.41 3.21 0.71 

40.5 l 1.69 3.06 0.49 

 
 

EXPERIMENTAL RESULTS –DEPENDENCE ON ASPECT RATIO 

 

In correspondence to Figures 4 and 5 the Figures 6 and 7 present the experimental and 

computed values for the variation of the aspect ratio. The slight increase of the computed 

values for L/D = 4.625 and 12.5 is due to the fact that these barometric bombs have a 

slightly smaller volume of 6.3 l in contrast to the 6.6 l of the L/D=1 bomb. As the graphs 

show, the experimentally observed quasi-steady overpressure values decrease nearly linearly 

with increasing aspect ratio. This again reflects in the decreasing performance 

characteristics summarized in Tables 4 and 5. In comparison to the effects of volume onto 

the performance of the charges the impact of increased aspect ratio appears to be even 

stronger, especially for the after-burning of the TNT products. However, the interpretation 

assumes that the concept of an adiabatic constant volume is appropriate to modeling the 

global energy release in our barometric bombs. 
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Figure 6 
The quasi-steady overpressure due to the combined detonation/combustion of a composite TNT-
PETN charge in bombs of different aspect ratio compared to reactive and inert CVE calculations. 
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Figure 7 
The quasi-steady overpressure due to the combined detonation/combustion of an SDF charge with a 
fill of 1 g flake aluminum in bombs of different aspect ratio compared to reactive and inert CVE 
calculations. 

 
Table 4 
Performance characteristics of the composite TNT-PETN charge 
as a function of L/D 

L/D R.P. (exp.) R.P. (theo.) δ (exp.) 

1.05  2.26 2.50 0.84 

4.625 1.88 2.51 0.58 

12.5 1.27 2.51 0.18 

 
Table 5 
Performance characteristics of the SDF charge with a fill  
of 1 g flake aluminum as a function of L/D 

bomb volume R.P. (exp.) R.P. (theo.) δ (exp.) 

1.05  2.73 3.03 0.88 

4.625 2.34 3.01 0.73 

12.5 1.48 3.01 0.39 

 

 

DISCUSSION AND SUMMARY 

 

While the measured levels of the quasi-steady overpressure as shown in Figures 4 to 7 hold 

true within the accuracy and repeatability limits of our experimental test series, the 

performance characteristics defined above depend somewhat on the choice of reference 
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values. Within the scope of this paper we have based the definitions on a single 

experimental value normalized by the results from CVE calculations. An alternative 

approach might use the experimental data from tests in the nitrogen atmosphere as the 

reference values. In the case of the composite charge these test data were typically lower 

than the calculated values. In consequence, the values of the relative performance R.P. for 

the composite and SDF charges in air would be accordingly larger, when based on the 

experimental reference. However, the reasons for the experimental data in nitrogen being 

low compared to the CVE calculation are not unambiguous: they might be due to 

incomplete detonation or due to flaws in modeling the barometric bomb experiments by 

the simplified approach of a constant-volume explosion. 

 

Nevertheless, the performance characteristics summarized in Tables 2 to 5 indicate a certain 

trend for the shock-dispersed flake aluminum, to wit, a decrease of combustion efficiency 

with increasing volume and increasing aspect ratio. The volume dependency apparently can 

be explained by the fact that shock reflections provide additional disturbances to the 

dispersed fuel cloud and enhance the mixing with air. In smaller volumes these disturbances 

set in earlier (causing an early halt of the fuel expansion and the associated cooling) and are 

more intense than in larger volumes; thus smaller volumes are more beneficial for the 

combustion of the flake aluminum. In slender geometries with a large aspect ratio the 

situation is somewhat different. The sidewalls are close to the charge, so that the fuel / 

detonation products cloud soon fills a segment of the model. Much of the fuel cloud is thus 

in contact with the sidewalls instead of forming an interface with air. The remaining 

interface can only expand down the length of the model; its surface area is essentially 

constraint to twice the models cross-section. Also the blast fronts rapidly evolve in quasi-

one-dimensional, plane fronts, which have to propagate down the model's length before 

major reflections occur. Thus the reverberation cycle is slow and inefficient for the 

enhancement of the mixing. In addition, in our non-adiabatic barometric bombs we have to 

take into account the issue of heat transfer to the wall. Though not discussed in this paper, 

measurements with photo-diodes show that intense light emission is associated with the 

combustion of flake aluminum. Thus we have to anticipate at least radiative heat transfer to 

the steel walls of our barometric bombs as a loss mechanism with rates comparable to 

those of the combustion. Since the surface-to-volume ratio is larger at smaller scales, it 

would be of interest to study the possible influence of the heat transfer at a considerable 

larger scale than our 1-g experiments. 

 

In summary: Since the experimental evidence indicates a dependence of the combustion 

performance of shock-dispersed fuels on the geometry of the confinement, appropriate 

modeling of the mixing processes appears to be at least one prerequisite for the successful 

numerical simulation of such systems. 
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Abstract 
 
The purpose of this work was to evaluate optical absorption of RDX in the 1.38-6.2 eV 

(200-900nm) wavelength range as a potential method to detect defects and impurities in 

RDX.  The optical absorption spectrum of RDX was measured to determine the 

consistency of the absorption spectrum on a sample-to-sample basis.  Samples were also 

annealed at elevated temperatures and subjected to pressures as high as 20 GPa to 

determine the effects of temperature and pressure on the optical absorption spectra.  A 

sample-to-sample variation in the optical absorption of as-received samples was found, 

with the onset of strong absorption occurring at either 3.6eV (345nm) or 4.1eV (280nm). 

Subjecting RDX to pressures of 0.5-2GPa significantly reduced an optical absorption 

region from 3.6-4.13 eV (300-345nm) and did not return upon depressurization.  

Annealing RDX at temperatures of 383 K increased the measured absorption throughout 

the UV and visible peaking at ~3.4 eV (360nm).     

 

Introduction 

There is considerably interest throughout the energetic community to develop 

insensitive energetic to be used in munition fills.   These insensitive energetic materials 

are ideally inert unless a specific set of stimuli are provided to cause an intentional 

initiation.  Unfortunately, no material is currently available that is completely inert until 

initiated.  All available energetic materials are sensitive to shock and impact at some 

point.  Therefore, the approach has been to examine the current energetic fills to see if it 

is possible to make them less sensitive to unintentional shock or impact initiation. 



 

RDX has been intensively studied to see if itse detonation sensitivity to shock and 

impact could be decreased.  It has been shown that there exists a rather large variation in 

the shock-to-detonation sensitivity of currently produced RDX.  Large scale gap testing 

(LSGT) of formulations by Freche et al.[1] have found variations in the minimum pressure 

necessary to initiate PBX formulations range from ~20 – 60 kBar.   The exact cause of 

this sensitivity variation found in RDX is unknown, however, one common factor that 

has been noted is that material produced by the Woolwich technique tends to be less 

sensitive than material produced using the Bachmann technique.  The Bachmann method 

is known to generate 5-15% HMX during the RDX synthesis whereas the Woolwich 

technique produces relatively no HMX.  Thus, it would seem that the HMX impurity is 

causing the sensitivity differences.  Work by Karwietz and Cominiello[2], though, showed 

that the LSGT was invariant when testing RDX formulations with HMX dopant levels 

varying from 5.9-16%.  At these concentrations then, HMX impurities are not a strong 

factor in determining the LSGT sensitivity.   Additionally, Lochert et al.[3], has shown 

that the sensitivity differences vanish in pressed formulations or melt-cast formulations.  

Since both pressing and melt-casting should not remove the HMX impurity from RDX, it 

stands to reason that the HMX impurity cannot be solely responsible for the sensitivity 

difference found in RDX. 

To try to find other factors potentially contributing to the sensitivity variation in 

RDX, a number of RDX material properties have been studied.  The shock and impact 

sensitivity of RDX has also been shown to be related to density[4] , crystal morphology[5], 

particle size[6], NQR linewidth[7], and void concentration[8, 9].  All of these studies indicate 

that the crystalline quality of the RDX material itself plays a role in determining the 

sensitivity of the material. 

If the quality of the RDX does have some influence on its shock and impact 

sensitivity, then there is a need to better characterize energetic materials in order to better 

understand the sub microscopic defects present.  Few methods currently exist to 

determine the concentration of vacancies, dislocations, etc., present in the bulk of the 

crystal.  In a search for different methods to detect defects and impurities in RDX, optical 

absorption measurements of RDX were proposed.  Optical absorption has long been used 

to characterize the crystalline quality of solid-state materials.  Since the technique can be 



 

sensitive to both impurities and to structural defects in crystals, the technique could 

provide useful information about the crystalline quality of RDX.  It also can be measured 

at elevated pressures and temperatures providing information about RDX at near 

detonation regions.  Therefore, work has been undertaken to determine if optical 

absorption can reveal information on the crystalline quality of RDX. 

The approach of this work was to determine if (1) differences between the 

absorption of large single crystal samples of RDX grown by different sources could be 

found, (2) changes in pressure could influence the optical absorption of RDX and (3) 

changes in temperature could affect the optical absorption of RDX. 

Experimental 

 

Large single-crystal samples were obtained from a variety of sources, including 

Dan Hooks from Los Alamos National Lab (LANL), Stan Caulder from Naval Surface 

Warfare Center-Indian Head (NSWC-IH), and material previously grown at Naval 

Surface Warfare Center.  The samples were nominally 5mm x 5mm x 1mm in size.  All 

of the samples were grown from type II RDX that was recrystallized greater than two 

times in order to reduce the impurity concentration.  Four large single crystals were 

selected for this work, samples R1 and R2 were grown by Stan Caulder at NSWC-IH.  

Sample R1 had very few visually detectible voids whereas sample R2 had approximately 

100/cm2.  These samples were uncut and polished on two opposing faces for optical 

absorption.  Samples R3 and R4 were grown at LANL by Dan Hooks.  These samples 

were cut along the [100] and [210] orientations, respectively, and were polished on two 

faces.  They had no detectible voids in them.   

For powdered RDX, class I/Type I RDX powder supplied by Holston or class 

I/Type II powder produced at SNPE (now Eurenco) was used.  To measure the optical 

absorption, the powder was either mixed with KBr to produce a pellet or was loaded into 

a diamond anvil cell.   

Optical absorption measurements were taking using a Varian Cary 100 

spectrophotometer over wavelength range of 1.38-6.2 eV (200-900 nm).  To compensate 

for scatter off of powdered samples, the optical absorption of nominally 50 µm aluminum 



 

oxide powder was measured over the range of interest.  Since aluminum oxide has no 

significant absorption over the range of 200-900nm, the shape of the absorption was due 

to scattering from grain boundaries.  This data was fitted to a polynomial and then used to 

subtract off the contribution to grain scattering from the RDX absorption measurements.  

In general, the contribution from scattering is several orders of magnitude lower than the 

intrinsic absorption of the HOMO-LUMO gap or the bandgap of the crystalline RDX. 

To measure the optical absorption of RDX under quasi-uniaxial pressure changes, 

the spectrophotometer was modified to accommodate diamond anvil cells (DAC).  A 

Merrill-Bassett style DAC was used to pressurize the RDX samples up to 20 GPa.  A 

stainless steel gasket 100 µm thick with 360 µm hole was used to confine the RDX.  The 

pressure was calibrated using a ~20 um ruby sphere placed in with the RDX.  To correct 

for the optical absorption due to diamond, a second empty DAC was placed in the 

reference beam of the spectrophotometer. 

Data 

Taking into account that there is a sample-to-sample variation in the shock 

sensitivity of RDX and this sensitivity is thought to arise from differences in the 

crystalline quality, then differences should also be found in the optical absorption spectra. 

To test this, four different samples from two different sources were measured over the 

range of 1.38-6.2 eV using a spectrophotometer.  Figure 1 shows the optical absorption 

measured from four different single crystals of RDX compared with the absorption of 

RDX in a solution of acetonitrile.  The solid RDX samples all absorb at considerably 

lower optical energies than the RDX dissolved in acetonitrile.   Among the solid samples, 

though, differences can be seen.  There is little absorption over the 1.38-3.5 eV range for 

all the samples.  At energies above 3.5 eV, three of the four samples (RDX2,RDX3, and 

RDX4) show the onset of strong absorption beginning around 3.76 eV (330 nm).  One of 

the four samples, RDX1, showed little absorption until the onset of strong absorption at 

roughly 4.20 eV (295 nm). Sample RDX2 also showed a considerable amount of 

absorption throughout the visible and NIR region, most likely due to scattering off of 

internal voids. 
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Figure 1:  Absorption from as-received RDX  single crystals compared with RDX dissolved in 

acetonitrile. 

 Absorption from sample RDX2 annealed at 383 K is shown in Figure 2.  The data 

shown has had the unannealed absorption subtracted resulting in absorption change.  

When annealed at 383K, the optical absorption increases from ~1.7 eV –3.6 eV, peaking 

at roughly 3.45 eV (360 nm)  but remains unchanged in the >3.5 eV range.  This results 

in the RDX turning yellow.  The optical absorption from 1.7-3.6 eV increased with 

anneal time for all samples, but the rate of change was dependent on the type of RDX.  

Type I powder turned yellow within 24 hours, whereas type II powder took 300 hours or 

longer to turn yellow.  In the solid sample RDX2, regions of the crystal turned yellow at a 

faster rate than other regions.  It should be noted that the oscillations seen at the low 

energy end of the 24 hour absorption spectrum of Figure 2 (black line) are due to Fabry-

Perot effects off the parallel crystal faces. 
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Figure 2:  Change in absorption of RDX2 due to annealing at 383 K. 

 

Absorption of RDX subjected to quasi-uniaxial pressures are shown in Figure 3 

using Type I RDX.  At pressures of 0.065 GPa and lower, the onset of strong absorption 

occurs at ~ 3.6 eV.  As the pressure increases, the onset of absorption increases by ~ 0.5 

eV, from 3.6 eV to ~ 4.13 eV.  At pressures of 2.45-11.7 GPa, the absorption edge starts 

to slowly decrease as shown in Figure 4.  Over these pressure ranges, the onset of  

absorption  decreased by roughly 0.05 eV.  Upon depressurization, the absorption from 

3.6-4.1 eV did not return. 
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Figure 3:  Changes in the absorption of as-received Type I Holston RDX powder with pressure.  The 
onset of strong optical absorption increases from ~3.6 eV to ~4.1 eV when the pressure changes from 
0.065 GPa to 2.45 GPa.   
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Figure 4:  Optical absorption shift of as-received Type I RDX.  Above 2.45 GPa, the onset of the 
absorption edge begins to decrease, dropping roughly 0.05 eV from 2.45 GPa to 11.7 GPa. 

 



 

To minimize the effects of voids, dislocations and vacancies present in the as-

received material, single RDX crystals were precipitated from solution under pressure.  

The growth of RDX in a higher pressure environment has been shown to reduce the 

concentrations of these type of defects.[10]  Small chips from sample RDX 4 were 

dissolved in acetonitrile solutions until fully saturated.  The acetonitrile/RDX solution 

was placed in a DAC and pressurized. At a pressure of ~ 0.05 GPa, the RDX began to 

precipitate out of solution and grow into a crystal.   Slowly increasing the pressure to 0.23 

GPa resulted in a single crystal that completely covered the gasket hole in the DAC.   The 

optical absorption of these crystals grown at elevated pressure are shown in Figure 5.  

The onset of strong absorption began at roughly 4.13 eV (300 nm).  The absorption from 

3.6 -4.1 eV (300-350nm), found in the as-received samples (Figure 3), was not present.  

Increasing the pressure decreases the onset of strong absorption in the 4.1 eV range, but 

increases the absorption from approximately 1.7-3.5 eV.  Both of these changes are 

reversible.  Upon depressurization, the absorption in the 1.7-3.5 eV range disappeared, 

and the onset of strong absorption increased back to 4.1 eV. 
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Figure 5:  Optical absorption of RDX grown in diamond anvil cell as a function of pressure 



 

 

Analysis 

 

Based on the data obtained, the absorption in RDX can be broadly categorized 

into 4 regions: (1) From 4.8-6.5 eV (190-260nm), the intrinsic absorption from the RDX 

molecule itself is found. (2) From 4.2-4.8 eV (260-290nm), an absorption was found in 

all the solid samples tested that was not affected by temperature or pressure. (3)  From 

3.6-4.1 eV (300-345 nm) an absorption was found that could be removed by uniaxial 

compression at pressures < 2.45 GPa. (4) From 1.77-3.54 eV (350-700nm) an absorption 

was found that increased with anneal time at 383 K or increased with pressure. 

RDX dissolved in a solution absorbs strongly from 4.95-6.5 eV with two strong 

peaks at ~ 5.3 eV and 6.2 eV.   The peak at ~ 5.3 eV is reported to be from absorption by 

N-NO2.[11, 12]  The peak at 6.1-6.5 eV is reported to be absorption arising principally from 

π-π* transitions.[13]  At optical energies less than 5 eV, RDX in a liquid phase shows no 

absorption.  Once the RDX becomes crystalline, the onset of absorption decreases by ~ 

1.5 eV. The absorption presented in Figure 1 shows this considerable absorption shift in 

the single-crystals compared to the liquid.  A comparison of this absorption work with 

that of others shows similar variability and features.  Absorption by Smit[14] shows the 

onset of strong absorption at ~4.6-4.8 eV, but a long tail extends into the visible.  

Absorption by Maycock et al.[15] shows absorption shoulders at 3.54 eV,  4.0 eV, and 4.4 

eV.  This fits well with three of the absorption regions found in this work.  Renlund et 

al.[16] mention onset of absorption at 3.54-3.76 eV and Ramaswamy et al.[17] show strong 

absorption appearing at optical energies greater than 3.1 eV with some weak absorption 

bands from 0.77-88 eV and 0.95-1.23 eV.   

Work by Marinkas[12] reported an absorption peaking at 3.54 eV with an 

associated fluorescence peaking around 2.5 eV.  This absorption is very similar to that 

found in both thermally annealed RDX (Figure 2)and RDX subjected to pressure (Figure 

5).  It is therefore likely that fluorescence in the 2.5 eV range will be emitted when 

stimulating at 3.5 eV. 



 

Subjecting type I RDX powder to uniaxial pressures shows a rapid decrease of the 

absorption from 3.6 eV to 4.1 eV by 2 GPa.  When the cell was depressurized, the 

absorption from over this region did not reappear.  This indicates that the cause of this 

absorption could be due to a structural defect within the material.  The increase in 

pressure will preferentially cause the voids, vacancies and dislocations to flow out of the 

material, but should leave the impurities.  If this is true, this flow of dislocations and 

defects may lead to pileup and initiation.  This could be one mechanism that leads to the 

shock and impact sensitivity differences found in RDX.   

Based on the analyis above, the absorption in solid RDX can be broadly 

categorized into 4 regions.  From 4.8-6.5 eV, the intrinsic absorption from the RDX 

molecule itself is found.  From 4.2-4.8 eV, an absorption found in all solid samples, with 

only a few samples reported in literature that did not have this absorption.  The source of 

this absorption is unknown.  From 3.6-4.1 eV, a pressure dependent absorption region is 

found.  This region can be removed by uniaxial pressures of 2.45 GPa, but is not affected 

by annealing temperature.  It is tentatively assigned to a structural defect.  Work by 

Kuklja et al.[18] has shown that edge dislocations should lower the bandgap of RDX and 

could be responsible structural defect causing the absorption.   Finally, there is a weak 

absorption found from 1.77-3.54 eV, peaking at 3.4 eV.  This absorption region increases 

with temperature and pressure.  It is though to arise from an impurity since the rate of 

yellowing is sample dependent.   

 

Conclusion 

Sample-to-sample absorption variations were found in as-received material in the 

over a wide optical energy range.  Major differences seem to occur in 4 different regions.  

4.8-6.5 eV, 4.2-4.8 eV, 3.6-4.1 eV and 1.77-3.54 eV and each have different responses to 

pressure and temperature. 

The 3.6-4.1 eV absorption can be removed by uniaxially pressing RDX with 

pressures of 2 GPa or lower.  The absorption region seemed to remain relatively 

unchanged by thermal annealing. Since this region may be related to structural defects 



 

flowing through the crystal well below detonation pressures this could be one mechanism 

that leads to increased sensitivity in RDX. 

Absorption in the <3.54 eV range increases when the sample is annealed at 110 

°C or is subjected to uniaxial pressures, which results in the samples turning yellow.  The 

absorption changes due to thermal annealing are sample dependant.  Type I RDX  turned 

yellow much more rapidly than type II RDX.  The absorption changes with pressure 

increased in the same optical range, but were reversible.  They disappeared once the 

pressure was removed. 

The absorption region in the 4.2-4.8 eV region was present in greater than 90% of 

the material studied.  Not much is known about this absorption range other than it is very 

commonly found in solid RDX.  Uniaxial pressures seemed to cause the onset of this 

absorption to decrease in energy.  Thermal annealing seemed to have little affect on this 

absorption feature.    

Optical absorption may be a useful technique for identifying and understanding 

the submicroscopic defects and impurities present in RDX.  With more work, it may help 

fill a niche in determining the quality of RDX.   Future work will focus on trying to 

identify what defects or impurities are responsible for the various anomalous absorption 

features and try to relate these features to material sensitivity.  
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Abstract  The effect of the Pb(II) ,Cu(II) and Sr(II) salts of tetrazales on the combustion 
properties of RDX-CMDB propellant was investigated. It is found that the Pb(II) salts of 
5-methylene bistetrazale and 5-phenyltetrazale possess better catalytic effects for the propellant. 
When the Pb(II) or Cu(II) salt of tetrazale is used together with other organic Pb(II) or Cu(II) salts, 
the burning rate of the propellant will be increased, and a low pressure exponent zone is obtained, 
showing that the metallic salts of tetrazales as energetic catalysts in the catalytic combustion of the 
propellant have good application prospect . 
Key words  solid propellant  Pb(II)  Cu(II) and Sr(II) salts of tetrazales  RDX-CMDB 
propellant  combustion catalysts. 

 
The adjustment of combustion properties is one of the techniques in the modern solid 

propellant research field, in which, realizing the catalytic combustion is the focal point and 
nucleus of adjusting the combustion properties of solid propellant. Since the discovery of plateau 
combustion effect of double base propellant caused by small quantity of lead sterate[1], the 
combustion catalysts of various propellants have been investigated. Recently, one has special 
attention to the investigation of the energetic catalyst with high catalytic efficiency. The 
combustion properties of the hundreds of energetic catalysts have been reported in the flame 
database established by Mendeleev University of Chemical Technology [2]. Nair et al synthesized 
several kinds of energetic polynitrobenzene catalysts, such as lead, copper, iron, nickel and cobalt 
salt of 4-(2,4,6-trinitroanilino) benzoic acid[3,4], and lead salt of 2,4-N-trinitroanilinoethanoic acid 
and studied their physico-chemical properties and application in the catalytic combustion of 
propellant. In China , lead and copper salts of NTO are synthesized and a good application in 
propellant is obtained.[5,6]. 

Klapotke et al[7] reported metallic salts of azide as the combustion catalysts . However, these 
catalysts have a higher mechanical sensitivity. The tetrazales as energetic catalysts have similar 
chemical properties of azides, but their mechanical sensitivity are low. Therefore, in this work we 
studied the effect of metallic salts of tetrazales as catalysts on the combustion properties of 
minimum smoke composite modified double base propellant containing RDX (RDX-CMDB). 
1 Experimental  
1.1  preparation of sample  

The control formulation used in this experiment was composed of 66% DB binder, 26% RDX, 
2% centralite Ⅱ and 6% other auxiliary additive. The strand sample composed of 500g 
ingredients and 2% catalyst or 2.5% two-component catalyst was prepared by a solventless 
extrusion technique, including slurry mixing, rolling and extruding. 
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1.2  catalyst 
In order to explore the catalysis of single catalyst and the composite catalytic effect of 

two-component catalyst on the combustion of the control propellant, the Pb(II),Cu(II) and Sr(II) 
salts of 5-methylene bistetrazale (TMT) and 5-phenyltetrazale (PHT), PbTMT, CuTMT, SrTMT, 
PbPHT, CuPHT and SrPHT prepared by Shanghai Institute of Organic Chemistry and lead 
beta-resorcylate (β-Pb) and cupric phthalate (Φ-Cu) prepared by Xi’an Modern Chemistry 
Research Institute were used in this work. 
1.3 Determination of burning rate and experimental results  

The burning rate was measured in a strand burner filled with nitrogen. The strand cut into 
small cylinder as Φ5×150mm was coated by polyvinyl formal. The conditions of burning rate 
measurement were as follows: test temperature, 20℃; pressure range, 2MPa～18MPa. The results 
of burning rate measurement were shown in table 1, where r is the burning rate of propellant , n 
the pressure exponent of burning rate, which is obtained by the linear regression of the following 
equation r =apn, and R is the linear correlation coefficient. The low n zone is defined as the low 
pressure exponent range in the measured pressure range for the burning rate measurement of 
propellant. 
 
2 Discussion  
2.1 The catalytic efficiency of single catalyst             

Generally speaking , a single lead salt or copper salt can enhance the burning rate and lower 
the pressure exponent of the propellant with nitramine. In order to lower the pressure exponent of 
the propellant further, a composite system composed of different catalysts is used in the propellant. 
For exploring the catalytic efficiency of different catalyst, the single catalyst is investigated still in 
this work. From table 1, it can be seen that: 

(1) In the metallic salts of TMT, PbTMT has the best catalytic effect and makes the burning 
rate of the propellant increase higher than that of the control propellant in the measured pressure 
range. CuTMT enables the burning rate of the propellant to increase higher than that of the control 
propellant at no more than 12MPa , while the burning rate of the propellant is lower than that of 
the control propellant at over 12MPa . The burning rate of the propellant with SrTMT enhances at 
less than 6MPa, while the burning rate of the propellant decreases at over 6MPa . The pressure 
exponent is 0.95 at 4MPa～18MPa for the control propellant, 0.533 at 6MPa～10MPa for the 
propellant with SrTMT, 0.620 at 8MPa～14MPa for the propellant with CuTMT and 0.568 at 
10MPa～14MPa for the propellant with PbTMT, indicating that lower pressure exponent is in low 
pressure zone for the propellant with SrTMT and in the range of greater than 10MPa for the 
propellant with PbTMT. The catalytic effect of Pb(II), Cu(II) and Sr(II) salt of TMT decreases in 
the order PbTMT>CuTMT>SrTMT. 

(2) In the metallic salts of PHT, PbPHT has the best catalytic effect . SrPHT can enhance the 
burning rate at low pressure, decrease the burning rate at high pressure and reduce the pressure 
exponent for the catalyzed propellant compared with the control propellant. CuPHT makes the 
burning rate of the propellant catalyzed by CuPHT  in the range of 8MPa～18MPa be less than 
that of the control propellant. The catalytic effect of Pb (II), Sr (II) and Cu (II) salts of PHT 
decreases in the order PbPHT>SrPHT>CuPHt. 

(3) In comparison with the metallic salts of PHT, the metallic salts of TMT has better 
catalytic effect for the control propellant. The burning rate of the propellant with CuTMT is higher 



 3

than that of the control propellant, while the burning rate of the propellant with CuPHT at over 
8MPa is less than that of the control propellant.  
2.2 The catalytic efficiency of composite catalyst 

The M(TMT)/β-Pb or M(PHT)/φ-Pb (M=Pb (II),Cu (II) and Sr (II)) mixture enables the 
burning rate of the control propellant to increase obviously. Setting r0 and rct as the burning rate of 
the control propellant and the propellant with catalyst, respectively, Z as the catalytic efficiency,  
and defining Z as Z=rct/r0 , the values of Z may be obtained from the data in Table 1 by 
above-mentioned equation . The value of Z at 4MPa is greater than 2 for the propellant with the 
CuTMT/β-Pb mixture, and 1.7 for the propellant with the CuPHT/β-Pb mixture. The former 
occurs the mesa effect and the negative of n at 8～12 MPa and the value of n of the latter at 8～
14MPa is 0.399, indicating that the mixture of 0.5%β-Pb with 2.0% CuTMT or 2.0% CuPHT can 
enhance the burning rate and reduce the pressure exponent of the control propellant. 

In comparison with the propellant with 0.5%β-Pb and 2.0% CuTMT or CuPHT, the burning 
rate of the propellant with 2.0%β-Pb and 0.5%CuPHT or CuPHT increases further. The average 
burning rate of the propellant with the mixture ofβ-Pb and CuTMT in low n zone is 18.63mm·s-1. 
Its value of r increases 25% compared with the value of r of the control propellant in the same 
pressure range , showing that the propellant with the mixture ofβ-Pb ant CuPHT has a higher 
burning rate and much lower pressure exponent. 

There is a better cooperative effect on the combustion of the propellant when 2% PbTMT  
or PbPHT and 0.5% CuPHT catalyst were used together in propellant. This kind of catalyst makes 
the burning rate in the range of low pressure enhance and the burning rate in the range of high 
pressure maintain basically for the catalyzed propellant, leading to the catalyzed propellant having 
a low pressure exponent zone. 

From summarizing the composition of main catalysts composed of Pb(II)and Cu(II) salts of 
tatrazales , it can be seen that in comparison with the metallic salts of PHT, the metallic salts of 
TMT have a better catalytic effect on the combustion of the control propellant, which is in 
agreement with the catalytic effect of single metallic salt on the combustion of the control 
propellant. 
2.3 Analysis of the different catalytic effect of two kinds of metal salts of tetrazales    

As we all know that Pb and PbO are two active components of catalyzing the double-base 
propellant, Pb and PbO in the combustion surface of propellant form the active center to catalyze 
the reaction between NO2 and CH2O and take part in the exothermic reaction of some components 
in propellant. Thus, the lead intensity is an important aspect affecting the burning rate of 
propellant. Of course, the lead intensity is related to the content of lead in propellant. It can be 
seen from the structures of PbTMT and PbPHT that the content of Pb for PbTMT is 58% higher 
than that of Pb of 41.7% for Pb PHT. The difference between the contents of Pb for PbTMT and 
PbPHT is 16.3% and leads to PbPHT having less active component catalyzing the combustion of 
propellant. CuTMT and CuPHT are similar to PbTMT and PbPHT for the comparison of active 
component quantity. This is one reason why the catalytic effect of metallic salts of TMT is better 
than that of metallic salts of PHT.  
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Fig.1 Structures of Pb TMT and Pb PHT 

 
3 Conclusions 

(1) PbTMT and PbPHT emerge a better catalytic effect for the combustion of RDX-CMDB 
propellant. The catalytic effect of metallic salts of 5-methylene bistetrezale to the control 
propellant decreases in the order Pb TMT >Cu TMT >Sr TMT. The catalytic effect of metallic 
salts of 5-phenyltetrazale to the control propellant decreases in the order PbPHT>SrPHT>CuPHT. 

(2) The composite catalysts composed of Pb (II) or Cu (II) salt of  tetrazale and other 
organic Pb(II) or Cu(II) salt can enhance the burning rate of the propellant and obtain a low 
pressure exponent zone, showing that the metallic salts of tetrazale as energetic catalysts in the 
combustion of propellant have a good application prospect.    

(3) The catalytic effect for Pb (II) or Cu (II) salt of 5-methylene bistetrazale is better than that 
for the same quantity of Pb (II) or Cu (II) salt of 5-phenyltetrazale. This is related to the higher 
content of Pb (II) or Cu (II) in the former.    

(4) PbPHT and Pb PHT/Φ-Cu have low pressure exponent at higher pressure. This trend 
deserves further investigation.   
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Table.1  Effect of combustion catalysts on combustion properties of RDX-CMDB propellant   

r (/mm·s-1) FormUlation 

No 
catalyst 

content 

(％) 4MPa 6MPa 8MPa 10MPa 12MPa 14MPa 16MPa 18MPa 

Low n zone 

(MPa) 
n R 

E0100 No 0 4.94 6.94 9.43 11.68 14.25 16.03 18.08 20.20    

E0101 CuTMT 2 5.61 8.05 11.21 12.59 14.25 15.92 17.39 19.08 8～14 0.620 0.997 

E0102 PbTMT 2 7.05 9.35 12.02 13.93 15.46 16.86 18.66 20.45 10～14 0.568 1.000 

E0103 SrTMT 2 5.95 7.74 9.25 10.14 12.94 14.86 17.15 19.08 6～10 0.533 0.994 

E0104 CuPHT 2 5.18 7.06 9.07 10.75 12.53 14.64 16.75 19.19 8～12 0.796 1.000 

E0105 PbPHT 2 5.84 8.23 10.70 12.76 14.68 16.56 18.32 20.58 8～16 0.776 1.000 

E0106 SrPHT 2 6.25 8.01 9.68 11.42 12.92 15.38 16.95 19.57 6～12 0.694 1.000 

CuTMT 2 10.24 12.64 13.89 13.83 13.72 15.15 17.09 18.42 8～12 -0.03 -0.974 
E0107 

β-Pb 0.5            

CuPHT 2 8.13 10.99 12.87 13.95 14.95 16.13 17.70 21.88 8～14 0.399 0.998 
E0108 

β-Pb 0.5            

PbTMT 2 8.61 11.43 13.42 14.88 15.97 16.69 18.45 20.28 8～14 0.416 0.999 
E0109 

Ф-Cu 0.5            

PbPHT 2 7.05 9.98 12.94 14.64 16.16 17.12 18.42 20.00 12～16 0.447 0.998 
E0110 

Ф-Cu 0.5            

β-Pb 2 11.6 14.20 15.87 16.86 18.10 19.23 20.37 21.32 8～18 0.372 0.997 
E0111 

CuTMT 0.5            

β-Pb 2 12.67 14.95 16.64 18.18 18.98 19.92 20.75 21.60 10～18 0.295 0.998 
E0112 

CuPHT 0.5            

 





Stabilized HMX 

-for safer high performing munitions 
 
Since the 1970: ies new compositions and new energetic 
molecules have been developed and invented and put into 
service with a significant reduction of vulnerability for the 
munitions.   
 
However, this is only the case for explosive formulations with 
relatively low performance comparable to TNT or at the most 
with Comp B. For applications where high detonation pressure 
is a key for the lethality for the munitions there are less or 
none composition that has reduced sensitivity compared to 
conventional explosives. The reason is that new insensitive 
formulations with no exception have lower detonation 
pressures. Therefore are there no useful insensitive 
alternatives where the high performing explosive HMX is the 
main ingredient.   
 
EURENCO Bofors have found a process to stabilize HMX resulting 
in a significant reduction of the sensitivity for HMX keeping 
every other property intact including detonation pressure, 
velocity, density, purity. This also includes the 
affordability. 
 
The insensitivity has been established by tests performed by 
Governmental laboratories in Germany, France and US. 
 
The water Gap pressure for compositions containing 85 and 90% 
HMX was tested at WIWEB.  The test showed that the threshold 
energy for detonation increased from 28 Kbar to approximately 
40 Kbar when stabilized HMX was used keeping everything else 
constant.12 
 
A similar study was made by NSWS, IH Division where the GAP 
value changed from 30 to 40 KBar when stabilized HMX was used 
in PBXN-110.3 

                                                           
1 WIWEB Report 04/48629/0001 ‘Requalifikation von KS 33 der Firma TDW mit Oktogen der Firma Eurenco 
Bofors’ 
2 WIWEB Report 01/18611/50001 ’ Requalifikation von KS 32 der Firma TDW mit Oktogen der Firma 
Eurenco Bofors’ 
3 Caulder S.M., Buess M.L., Garroway A.N. and Miller P.J.  ’NQR Line Broadening Due To Crystal Lattice 
Imperfections and Its Relationship To Shock Sensitivity’  in Shock compression of Condensed 
Matter 2003, edited by M.D. FURNISH, Y.M. GUPTA and J.W. FORBES, 2004 
American Institute of Physics 0-7354-0181-0/04, page 929. 
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The transience and locality are the tactic peculiarities of possible terrorist attacks using both 
chemical and bio-warfare agents (CA and BWA). In this connection, it becomes increasingly urgent 
to develop high-precision means for remote detection and identification of the contamination 
sources. The most effective solution of this problem can be the use of lidar technologies that have 
demonstrated their high efficiency in ecological monitoring and in the atmospheric optics. 
However, as known from literature[1], the lidar systems intended for CA detection (CO2-laser-
based differential absorption and scattering (DAS) lidar) cannot, in principle, provide high range 
resolution, though having quite high sensitivity. Use of such systems can be efficient in remote 
surveillance of battlefields, whereas in the case of local terrorist attacks the size of a contaminated 
zone can actually be equal or smaller than the scale of spatial averaging of a DAS lidar. In this 
connection, the lidar methods that use the effects of re-emission of sounding radiation become more 
practical. Among such effects there are Raman scattering and fluorescence. In this case, the range 
resolution is practically limited by the pulse length and thus it can be reduced to about 1m. It is 
important that in this technology the presence of signals in pre-selected spectral channels is already 
indicative of the presence of chemical agents in the atmosphere. Among the drawbacks of these 
methods the main one is the extreme weakness of the effects employed what causes very low 
intensity of the lidar returns. It is especially difficult to make use of these methods for 
measurements during daytime because of the intense sky background, as the spectral density of 
scattered solar light can compare with or even exceed that of the lidar returns. 
 

In this connection it is interesting to analyze the possibility of building up a lidar possessing 
high range resolution that employs the fluorescence and Raman effect for remotely detecting CA 
and BWA in the atmosphere. To improve the lidar sensitivity and immunity to optical interference 
we propose to use, as a sounding radiation, the fourth harmonic of a Nd:YAG laser radiation. The 
matter is that the frequency shifted lidar responses of the species to be detected will be within the 
so-called solar-blind spectral region. The spectral density of the sky background at the Earth’s 
surface, in this region, is negligible because of the strong absorption by the stratospheric ozone 
layer. High efficiency of the UV radiation interaction with the CA and BWA gives a chance to 
essentially reduce the time needed for detecting the species of interest. It is planned to use in the 
lidar a high-efficiency spectrometer that will be equipped with a 16 by 16 matrix of PMTs that is 
capable of simultaneously recording 256 lidar returns. 

The estimates of the potentialities of the system proposed made by numerical simulations are 
the primary subject of this paper. 

At present, the list of chemical agents includes tens of substances. Each of these substances is 
highly toxic and is capable of causing heavy damage to health or even the lethal effect on a person 
who happened to be in the contaminated zone without a protective means. At the same time the 
chemical agents differ by their physicochemical properties and toxicity. Table 1 gives the most 
important data on the four most toxic chemical agents. This data are useful in estimating the 
minimum detectable concentrations of the CA in air during a terrorist attack, as well as for 
assessing their phase state. The most important characteristic of a CA is its toxicity index. The 
lower the toxicity index the lower the concentration of the corresponding CA is sufficient to cause 



 
 

Table 1. Selected Chemical Warfare Agent Characteristics 
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5.63 
 

1.073 
at 
25°C 
 

-5   
 

240 0.037@ 
20°C 

610 @ 
25°C 

79.56 150 78°C Stable in 
steel at 
normal 
temperat
ures 
 

15,000 by 
skin 
(vapor) 
or 1500 
(liquid); 
70 
inhaled 

<50 inhaled 
 

Very high 
 

Very 
Rapid 
 

Cessation of 
breath -- 
death 
may follow 
 

Slight, but 
definite 
 

Soman; GD 
CH3PO(F)OCH
(CH3)C 
(CH3)3 
 

182.17 
 

Colorles
s 
liquid 
 

Fruity; 
camphor 
when 
impure 
 

6.33 
 

1.0222 
at 
25°C 
 

-42  
 

198 0.4 @ 
25°C  
 

3,900 
@ 
25°C 

72.4 130 High 
enough 
not to 
interfer
e w/ 
military 
use 

Less 
stable 
than 
GA or GB 
 

2,500 by 
skin 
(vapor) 
or 350 
(liquid); 
35 
inhaled 

25 inhaled 
 
 

Very high Very 
rapid 

Cessation of 
breath – 
death 
may follow 
 

Cessation of 
breath – 
death 
may follow 
 

VX 
(C2H5O)(CH3
O)P(O)S 
(C2H4)N[C2H2
(CH3)2]2 
 

267.38 
 

Colorles
s to 
amber 
liquid 
 

None 
 

9.2 
 

1.0083 
at 
20°C 
 

below 
-51 
 

298 
 

0.0007 
@ 
20°C 
 

10.5 @ 
25°C 
 

78.2 @ 
25°C 
 

Half-life of 
36 hr 
at 150 
 

159°C 
 

Relatively 
stable 
at room 
temperat
ure 
 

150 by 
skin 
(vapor) or 
5 (liquid); 
15 
inhaled 

150 by skin 
(vapor) or 
5 (liquid); 15 
inhaled 
 

Very high  
 

Very 
rapid 

Produces 
casualties 
when 
inhaled or 
absorbed 
 

low, 
essentially 
cumulative 
 

Distilled 
Mustard; HD 
(ClCH2CH2)2S 
 

159.08 
 

Colorles
s to 
pale 
yellow 
liquid 

Garlic or 
horseradis
h 

5.4 
 

1.268 
@ 
25°C; 
1.27 
@ 
20°C 

14.45 
 

217 
 

0.072 @ 
20°C 
 

610 @ 
20°C 
 

94 
 

149 – 177 
 

105°C; 
ignited 
by 
large 
explosi
ve 
charge
s 

Stable in 
steel or 
aluminum 
 

900 
(inhaled); 
5,000 
by skin 
(vapor) or 
1,400 
(liquid) 

500 (skin); 
100 
(inhaled); 25 
(eyes or 
nose) 
 

Eyes very 
susceptible
; 
skin less so 
 

Delayed: 
hours to 
days 
 

Blisters; 
destroys 
tissue; 
injures blood 
cells 
 

Very low – 
cumulative 

 
 
 
 



 
the damage. It is just the CAs with low toxicity index that are most difficult to detect with remote 
detection means. In estimating the sensitivity of a lidar detector one has to have knowledge about 
the limiting level of a CA content in air, at which the decision is made on the contamination hazard. 
In this connection it is practical to use as such a criterion the concentration level that provides for 
the median lethal dose, LD50, at a 1-minute exposure. These data are also given in Table 1 [2]. It is 
important to note that here the concentration of a CA near the contamination source is meant where 
it can be orders of magnitude higher than the average over the contaminated zone.  

Table 2 gives the values of the toxicity index, LCτ50, corresponding to the median lethal dose of 
the most typical chemical agents [3]. Using these values of the toxicity index we have calculated the 
limiting concentrations of the CAs in the atmosphere that yield the median lethal dose at a 1-minute 
exposure (near the contamination source). Thus calculated concentrations of each of the CA listed 
we take as the threshold ones for the sensitivity of a lidar detector. 

 
Table 2 
Substance Toxicity index 

LCτ50, 
mg*min./liter 
[3] 

Concentration of 
a CA in the 
atmosphere 
yielding the LD50 
at a 1-minute 
exposure (mg/m3)

Molecular 
weight,  
gram-mole 

Relative content 
ppmV 

Nerve     
Tabun; GA 0.4 400 162.3 55.2 
Sarin; GB 0.075 75 140.1 11.9 
Soman; GD 0.035 35 182.17 4.3 
VX 0.1 100 267.38 8.3 
Blisters     
Distilled mustard; 
HD 

1.5 1500 159.08 211.3 

Lewsite; L 1.3 1300 207.35 140.5 
HN-1 1.5 1500 170.8 196.8 
HN-2 3 3000 156.07 430.8 
HN-3 1.5 1500 204.54 164.3 
Blood     
AC 2 2000 27.02 1.6e3 
CK 11 11000 61.48 4.010e3 
SA 1.8 1800 77.93 517.7 
Choking     
Phosgene; CG 3.2 3200 98.92 725.0 
Diphosgene; DP 3.4 3400 197.85 385.1 
Incapacitating     
BZ 110 110000 337.4 7.3e3 
 
The remote technique of detecting chemical substances in the atmosphere by use of Raman 
scattering of light is based on the lidar principle of determination of the coordinates of a scattering 
volume in combination with the spectral analysis of the backscattered light. Briefly, the Raman 
scattering effect can be presented as an inelastic scattering of photons by molecular species of a 
medium. As a result the molecule changes its energy state while the scattered photon has the energy 
(or frequency) that is different than that of the incident photon. The frequency shift of the scattered 



radiation depends on the molecular species. As a consequence the spectrum of scattered radiation 
comprises the lines and bands characteristic of the molecular species active in the process of Raman 
scattering. Raman spectra of a molecule are a unique combination of allowed transitions between 
various vibrational-rotational energy levels of the molecule.  

To reliably detect chemical agents in the atmosphere one has to distinguish their Raman 
spectra. Figures 1 to 4 show Raman spectra of the four most toxic chemical agents (Soman – GD, 
VX, Tabun – GA, and Iprit – HD)[4]. The spectra are shown on the frequency scale measured in 
wave numbers (cm-1). As seen from the figures all spectra have some common features while, at the 
same time, there are quite many distinctions in the spectra that allow one to reliably distinguish 
them and identify the corresponding species. A more detailed interpretation of these spectra is out 
of the scope of this study and can be done in a separate study if necessary. However, even at this 
stage of the study the view of these spectra makes it possible to acquire some data that are needed 
for a proper choice of the spectral resolution and number of spectral channels of the lidar 
spectrometer sufficient for achieving the task of detection and identification of the above-mentioned 
chemical agents. 
 

    
                      Fig.1                                                                Fig.2 
 

     
                      Fig.3                                                                Fig.4 

 
It is the primary advantage of the Raman spectroscopy in application to remote diagnostics of the 

environment that it provides, in principle, for simultaneous recording of spectra of all the molecular 
components of a mixture in a wide range of the Raman frequency shifts. This enables one to acquire 
general pattern of the spectral response of the atmosphere and to identify the molecular species 
active in the Raman scattering process. At the same time, it is a known drawback of the approach 
discussed that the efficiency of Raman scattering is low and, as consequence, the Raman-lidar 
returns have low intensity, as compared, for instance, with return signals due to frequency unshifted 
elastic scattering. However, these difficulties are not of a principle importance and the 
corresponding limitations of the method can be lifted with the progress in optical instrumentation 
technologies as well as in the technology of photodetectors. Use of high-power laser sources of 
sounding radiation in the UV region and highly sensitive pphotodetectors promises that the lidar 
systems based on Raman effect and intended for detecting chemical agents will show high 
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sensitivity of the detection. It is worth noting that the noise of the modern photodetectors is 
negligibly low. In this situation the primary factor that limits the operation of and sensitivity of the 
optical systems operated in the atmosphere is the sky background due to scattered solar radiation. 
More over for Raman-lidar systems this factor imposes the strongest limitation on their operation 
during daytime. It is for this reason that Raman-lidar systems are most commonly used during 
nighttimes. There is only one way to preserve the advantages of the Raman-lidar approach and, 
simultaneously to provide for its daytime operation. To do this one has to move in the so-called 
solar-blind region of the spectrum. 

The spectral range between 200 and 300-nm wavelengths is called solar-blind because there is 
practically no any essential background of scattered solar radiation because of the screening effect 
of the stratospheric ozone. The ozone layer almost entirely absorbs solar radiation at these 
wavelengths that lie within the Hartley absorption band of the ozone molecule. Though the total 
content of ozone is relatively low the radiation is attenuated by many orders of magnitude due to 
extremely high intensity of the Hartley absorption band. In Figure 5 one can see the UV portion of 
the spectrum of sky background due to scattered solar radiation for the case of a turbid atmosphere 
(visual range of 10km). The background intensity has been calculated in photon flux rate (Hz) or in 
number of photons per second. The calculations have been made using the lidar specifications 
presented in Table 3. As seen from Fig.5 the background photon flux rate at 290nm wavelength is 
about 0.0035Hz, while, for a comparison, the detector noise of most advanced UV pphotodetectors 
is at the level of 1Hz. At shorter wavelengths the background falls off exponentially and it can be 
neglected, as compared with the photodetector noise, at the wavelengths shorter than 290nm. 
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Fig.5 The UV portion of the spectrum of sky background due to scattered solar radiation for the 
case of a turbid atmosphere (visual range of 10km) 

 
In the case of Raman spectra excitation by the fourth harmonic of a Nd:YAG laser radiation 

(266nm) the Raman-shifted spectral bands of the main molecular species of interest will be within 
the solar-blind region, including those with the largest frequency shift, corresponding to vibrations 
of the hydrogen bond. 



Thus, in developing the instrumentation complex for detection of the chemical agents and 
estimating its performance characteristics we shall assume the absence of external noise. The 
absence of the external noise essentially lifts some technical and design limitations while giving us 
a freedom in choosing the source of exciting radiation. 

Table 3 gives the assessed performance parameters of a Raman-lidar detector of chemical 
agents. 

 
Table 3. The calculated performance parameters of a Raman-lidar detector of chemical agents. 

Receiving optical system:  
Matrix of 6 parabolic mirrors with Ø=200mm  
Diameter of the equivalent mirror 490mm 
Laser:  
Fourth harmonic of a DPSS Nd:YAG laser  
Wavelength, nm 266 
Energy per pulse, mJ 2 
Pulse repetition frequency, kHz 6 
Mean power, W 12 
Pulse duration, ns 100 
Spectrum analyser  
Diffraction grating spectrometer  
Spectral resolution, nm 0.25 
Number of spectral channels 128 
Photodetector  
256-anode Hamamatsu PMT  
Mode of signal detection Photon counting 

 
In order to pass to estimation of the lidar detector of chemical agents it is necessary to formulate 

the detection criterion. In other words one has to write the condition that, if fulfilled, would enable 
operator to make a decision on the presence of a source of contamination. In the particular case of a 
lidar return signal recorded in the form of time dependent flux of photons one has to define the 
threshold number of photocounts above which the signal is indicative of the presence of a chemical 
agent. Normally, in defining such a threshold the terms of the probability of missing the target and 
the false alarm probability are employed, which determine the reliability of the detection. In the 
case of lidar returns recorded in the photon counting mode the detection threshold can be found 
from the following equation. 

 
      1)(2 =− mm NN σ ,    (1) 

where Nm is the mean measurement time over number of photocounts; σ(Nm) is the rms deviation of 
the number of photocounts from the mean value. Expression (1) determines the condition when the 
difference between the doubled rms deviation and the mean value of photocounts amounts to 1 
photocount. This means that at the mean intensity of the return signal of Nm at least one signal 
photon will be detected with the probability of 0.95. As known, the statistics of photocounts obeys 
the Poison law. That means that in this case the equality mm NN =)(σ  is valid. By substituting the 
expression for σ(Nm) to the equation (1) and solving it relative to Nm we obtain that the detection 
threshold by the number of photocounts equals to Nth =6.16. 

Thus, we have all data necessary for estimating the potentiality of a Raman-lidar detector of 
chemical agents. In calculations we have used lidar equation that includes the performance 
parameters of the lidar, Raman scattering cross-sections of the corresponding chemical agents, the 
concentration of the agents, and optical characteristics of the atmosphere in the solar-blind spectral 



region [5]. Based on the detection criterion we have calculated the time needed to detect a chemical 
agent as a function of range. The calculations have been made for four most toxic chemical agents. 
The calculated results are shown in Fig. 6. 
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Fig.6. Detection time as a function of range for four most toxic chemical agents. 

 
We would like to remind here that calculations have been made for the median lethal dose 

(when inhaled) during 1-minute exposure time. Spatial resolution of lidar measurements was taken 
to be 15m. As seen from the figure the most toxic chemical agents are most difficult for detection, 
as it should be expected. Thus, it takes about 3 seconds to detect, for instance, Soman (GD) at a 
distance of 600m. Necessity of detecting Soman at longer distances will cause a nonlinear rise in 
the detection time thus to the loss of operation rate of the detector. Table 4 gives calculated 
detection range for four most toxic chemical agents at different measurement times. 

 
Table 4. Calculated detection ranges for some agents at different detection times 

Detection time, s td=1sec td=10sec td=100sec 
Detection range for GD, m 440 760 1050 
Detection range for GB, m 530 850 1120 
Detection range for VX, m 790 1080 1320 
Detection range for HD, m 960 1220 1450 

 
As seen from Table 4 the increase of the measurement time yields only insignificant growth of 

the detection range. This is explained by the atmospheric attenuation of the lidar return signals due 
to absorption by ozone. It is obvious that in the solar-blind region it is not pertinent to use the 
Raman-lidar detector at large distances of detection. Nevertheless, the promises of increasing the 
power of a laser sounding radiation could enable decreasing the detection time down to 1 or 2 
seconds for detecting the chemical agents at a distance up to 1km. 

In conclusion, it should be noted that it is worth supplementing a Raman-lidar detector with a 
lidar channel capable of recording the elastic scattering return. This channel would allow one to 
operatively detect aerosol formations in the atmosphere, including those caused by an outburst of a 



chemical agent. This in turn would enable one to narrow the search zone for the Raman-lidar 
detector. 
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ABSTRACT
1,3,3-Trinitroazetidine (TNAZ), a high performance melt-castable explosive, has been synthesized on a
laboratory scale. Burning rate measurements have been performed in a constant-pressure bomb in the
pressure range of 0.4-12 MPa. Temperature profiles in the TNAZ combustion wave were measured using thin
tungsten-rhenium thermocouples. Thermocouple-aided measurements allowed the temperature dependence of
TNAZ vapor pressure in a wide temperature interval, its boiling point at atmospheric pressure and heat of
evaporation.

INTRODUCTION

1,3,3-Trinitroazetidine (TNAZ) is a “new generation” explosive which is attractive as a near-term
candidate component for explosives/propellants with low sensitivity, good stability and enhanced
performance over existing military formulations [1-4]. TNAZ is a melt-castable explosive, so it may
find use as a recoverable, recyclable, and reusable energetic material. Nowadays, however, an
interest in TNAZ has been lost because of some drawbacks such as high cost of the product and high
volatility. At the same time practically nothing is known about burning behavior of TNAZ, which
may be useful in opening new fields of potential applications permitting the above drawbacks. In
this connection, the main goal of the present work was to study peculiarities and mechanism of
TNAZ monopropellant combustion, as well as combustion of model compositions with binder. 

EXPERIMENTAL

Materials and instrumental analyses

Chemical reagents for the synthesis of TNAZ were obtained from the Aldrich Chemical Company
and used as received. Diethylazodicarboxylate (DEAD) for the Mitsunobu reaction was distilled
prior to use. Butanone (MEK) was previously dried over molecular sieves. 

NMR spectra were obtained with a Brucker AC 200 and Unity INOVA-400 spectrophotometers.
Melting points were run at 3°C/min on a Boatius heating microtable. Infrared spectra were obtained
on a Thermo Nicolet 360 FT IR spectrophotometer using KBr disks. 

Synthesis

3-Tert-butyl-5-hydroxymethyl-5-nitrotetrahydro-1,3-oxazine (I)

To a solution of paraformaldehyde (393.2 g, 13.11 mol) and 12.9 (3.1 mol) NaOH in 1400 ml of
water at 20°C was slowly added nitromethane (157 ml, 2.91 mol). The solution was heated to 60°C,
was kept for 1 hour and tert-butylamine (308.5 ml, 2.94 mol) added dropwise over 1 hour. The
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mixture was then stirred for 1 hour, cooled to ambient temperature. The precipitate was collected via
vacuum filtration and dried to constant mass to give I (583.8 g, 92%) as a yellow powder, mp 135-
139°C. Recrystallization from chloroform gives I (541.2 g, 85%) as a white powder, mp 137-140°C.
1H NMR (DMSO-d6) δ 1.0 (s, 9H), 2.64 (d, 1H), 3.62 (m, 4H), 3.86 (d, 2H), 4.49 (dd, 2H), 4.54 (s,
1H); 13C NMR (DMSO-d6) δ 26.4, 48.8, 52.4, 64.1, 68.1, 80.8, 89.4; IR (KBr): 3336, 2975, 1545,
1369, 1093 cm-1.

2-Tert-butylaminomethyl-2-nitro-1,3-propanediol hydrochloride (II)

To an aqueous solution of conc. HCl (26.6 ml, 0.22 mol) in water (160 ml) was added I (35.2 g,
0.1615 mol) and the mixture heated to 50°C to effect dissolution. Aqueous H2O2 solution (30%, 35
ml) was added and the mixture was stirred at 60°C for 8 hour. The solvent was removed in vacuo,
the residue dried azeotropically with abs. ethanol, filtered and dried to give II as a white powder
(57.5 g, 74%), mp 173-175°C. 1H NMR (D2O) δ 1.45 (s, 9H), 3.85 (s, 2H), 3.97 (asy.d, 2H), 4.21
(asy.d, 2H), 4.78 (s, 4H); 13C NMR (D2O) δ 23.8, 43.0, 58.7, 62.1, 91.7; IR (KBr): 3320, 3155,
2976, 1550, 1403, 1354, 1020 cm-1.

1-Tert-butyl-3-hydroxymethyl-3-nitroazetidine hydrochloride (III)

To a vigorously stirred mixture of diol II (20.0 g, 82.5 mmol) and diethylazodicarboxylate (16 g, 92
mmol) in butanone (32 ml) at 50°C was added dropwise a solution of triphenylphosphine (TPP, 23.6
g, 90 mmol) in 70 ml butanone over 1 hour maintaining a solution temperature of 50-55°C. The
mixture was stirred at 50°C for 3 hours, filtered, washed with cold butanone (2x20 ml) and dried to
give III (14.6 g, 79%) as a white solid, mp 171-173°C. 1H NMR (D2O) δ 1.07 (bs, 9H), 3.97 (bs,
2H), 4.50 (bs, 6H); 13C NMR (D2O) δ 22.0, 53.0, 60.7, 61.9, 80.9; IR (KBr): 3275, 2975, 2597,
1554, 1407, 1353, 1078 cm-1.

1-Tert-butyl-3,3-dinitroazetidine (IV)

To a solution of III (16 g, 71.2 mmol) in water (40 ml) was added aqueous NaOH (14.3 g, 356.5
mmol) in 50 ml of water and the resulting light yellow solution was stirred at ambient temperature
for 1 hour. The reaction was cooled to 0-5°C and a chilled solution of sodium nitrite (24.6 g, 356.5
mmol) in 50 ml of water and potassium ferricyanide (117.4 g, 356.5 mmol) in water (400 ml) were
slowly added. The mixture was kept for 1.5 hour and extracted with dichloromethane (4 x 50 ml).
The organic phase was dried (MgSO4) and reduced in vacuo to give IV (10.52 g, 75%) as a yellow
oil which solidified on standing, mp 19-21°C. 1H NMR (CDCl3) δ 1.0 (s, 9H), 4.1 (s, 4H); 13C NMR
(CDCl3) δ 23.6, 52.5, 55.0; IR (KBr): 2969, 1574, 1369, 1335, 1238 cm-1.

1,3,3-Trinitroazetidine (TNAZ)

To a vigorously stirred solution of IV (8.5 g, 41.9 mmol) in acetic anhydride (35.7 ml, 379 mmol)
was added NH4NO3 (5.03 g, 62.5 mmol) over a 5 minute period. The suspension was heated to 75°C
to complete dissolution, stirred for 3 hours, cooled (ambient temperature) and poured into 50 ml of
water. The resulting mixture was then vacuum filtered to give TNAZ (6.65 g, 83%) as white
needles, mp 98.5-100°C, and 100-101°C after crystallization from hexane-diethyl ether mixture. 1H
NMR (acetone-d6) δ 5.49 (s, 4H); 13C NMR (acetone-d6) δ 64.68, 104.2; IR (KBr): 3031, 1601,
1538, 1334, 1280 cm-1.

Combustion Study 
Burning rates of TNAZ were measured in a window constant-pressure bomb of 1.5-liter volume in
the 0.1-20 MPa pressure interval. Samples to test were prepared as pressed cylinders of 0.95 TMD



confined in transparent acrylic tubes of 4 mm i.d. Prior to pressing, the material was thoroughly
comminuted in order to produce samples with a minimum possible pore size, thus minimizing the
possibility of flame propagation between particles.

Temperature profiles in the combustion wave were measured using fine thermocouples. The
thermocouples were welded from 80%W + 20%Re and 95%W + 5%Re wires 25 µm thick followed
by rolling in bands 5-7 µm thick. The thermocouple was embedded into the center of the sample.
The thermocouple signal was recorded with a Pico ADC 216 digital oscilloscope.

Thermodynamic calculations were performed with the use of the “REAL” computer simulation of
chemical equilibrium code [5].

RESULTS AND DISSCUSSION 

Synthesis and characterization
TNAZ was synthesized in 34% overall yield using a five-step synthetic route by nitration of 1-
tertbutyl-3,3-dinitroazetidine, which had been synthesized via a known scheme consisting of
Mitsunobu cyclization of 2-tertbutylaminomethyl-2-nitro-1,3-propanediol and oxidizing nitration of
1-tertbutyl-3-hydroxymethyl-3-nitroazetidine hydrochloride. TNAZ was prepared as small white
crystals of 100 to 300-micron size. It had a melting point of 100-101°C after crystallization from
hexane-diethyl ether mixture.
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TNAZ has been characterized by IR, 1H and 13C NMR spectral analysis.

Burning behavior and flame structure of TNAZ 

TNAZ in the form of pressed strands of 4 mm diameter starts burning at 0.4 MPa with the rate of
0.7 mm/s. Burning proceeds with a bright luminous flame, with no appreciable amount of soot and
other condensed products released during combustion. The burning rate of TNAZ at 10 MPa was
measured to be 17.5 mm/s, which is close to the burning rates of HMX and RDX. 

In the interval of 0.4-12 MPa, the burning rate law for TNAZ is expressed as r = 1.757 p
0.99

 (in
mm/s) (Fig. 1). The pressure exponent is almost equal to unity and, in combination with high
volatility of TNAZ, it may be an evidence of the leading role of the gas-phase chemistry in
combustion.



It is noteworthy that the burning rate of TNAZ at the limit of self-sustained combustion, 0.7 mm/s, is
significantly higher than the critical burning rates of cyclic nitramines HMX and RDX, 0.3 – 0.4
mm/s. Perhaps this is due to instability of the TNAZ gaseous flame at low pressures, leading to early
extinction of the sample.

To assess the TNAZ effect on the ballistic parameters of composite propellants several model binary
compositions consisting of TNAZ of fine particle size with nitroglycerine (NG)-polyurethane active
binder (20/80) were prepared and tested (Fig. 2). For comparison purposes here is also shown the
burning rate vs. pressure dependence for a similar mixture with 25% of fine particle of HMX.

The mixture with 20% of TNAZ burns slower than the active binder itself. It comes as no surprise
because the burning rate of TNAZ is generally less than that of the binder. Therefore, an addition of
slow-burning filler, while possessing high energy, leads to decreasing burning rates. A similar
behavior is observed with addition of HMX too (Fig. 2). 
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Fig. 1. Comparison of burning rates of TNAZ
and HMX. 

Fig. 2. Comparison of burning rates of TNAZ,
active binder and binary mixtures of active
binder with TNAZ (1) and HMX (2).

Temperature profiles in the TNAZ combustion wave were obtained at pressures of 0.4, 0.5, 0.7, 1.0,
1.1, 2.1, and 4.2 MPa. At all pressures studied the profiles demonstrated one-stage flame structure.
Typical temperature profiles taken during TNAZ combustion at 4.2 MPa are shown in Fig. 3.

The maximum flame temperature measured at 0.4 MPa was 2275°С (2548 K). If the radiation heat
losses are taken into account it would grow up to about ~2900°C (~3173 K). The measured flame
temperature increased up to 2500°C (2773 K) with pressure growing to 4.2 MPa (Fig. 3), which was
in a good agreement with the theoretical adiabatic value (3432 K at 4 MPa) if the radiation heat
losses taken into account (~3100°C or ~3373 K).

The surface temperature in the pressure interval of 0.4-4.2 MPa varied from 340 to 500°C, that is
considerably less than the corresponding temperatures of RDX and HMX. In the low-pressure range
(0.4-1.1 MPa), there is a large molten layer at the TNAZ burning surface. Adhering of the liquid to
the thermocouple horizontal section followed by a sharp springing out of the thermo-junction to the



high-temperature gas zone leads to the apparent broadening of the molten layer and overstated
values of the temperature gradient above the surface. In this connection, data on the temperature
gradient at these pressures should not be considered.

Based on one-dimensional conductive heat transfer analysis the thermal diffusivity of molten TNAZ
may be evaluated from the temperature distribution in the condensed phase. A plot of ln(T-To)
versus distance yields a straight with the slope rb/χ. At temperature below 350 K, the thermal
diffusivity of molten TNAZ is equal to (1.4±0.7)·10-3 cm2·s-1.
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Fig. 3. Temperature profiles for TNAZ recorded at 4.2 MPa. 

The temperature-dependent vapor pressure above the liquid TNAZ has been reported by Behrens
(cited in Ref. [6]) and Korsunskii, et al. [7]. The data of Ref. [7] are located somewhat higher than
data of Ref. [6], which may be explained by the presence of some impurities in the sample under
investigation (Fig. 4). Using experimental data on the surface temperature in the interval of 0.4-4.2
MPa and data on the vapor pressure of liquid TNAZ obtained by Behrens [6] at the low
temperatures, one can easily calculate the vapor pressure of TNAZ in the widened temperature
interval (100-500°C):

lnP = -7743/Ts +14.13 (P in atmospheres)

The above dependence affords TNAZ boiling point at atmospheric pressure as 275°C and heat of
evaporation as 15.4 kcal/mole. The heats of evaporation of TNAZ derived from temperature
dependencies of vapor pressure are somewhat less (12 kcal/mole [7] and 13.3 kcal/mole [6]), but
those from DSC data are in a good agreement (17.7±2.4 [8] and 15.7 kcal/mole [9]).

Using decomposition kinetics of liquid TNAZ (lgA = 16.65, Ea = 44.8 kcal/mole) [10], experimental
data on the surface temperature, burning rate, and thermal diffusivity, a fraction of TNAZ
decomposed in the condensed phase has been calculated. At pressures below 2 MPa this fraction has
been found to be rather low (not more than 10-15 %). These data suggest that the combustion of
TNAZ can be described by a gas-phase combustion model with the leading reaction in the flame.
However, as pressure grows the calculated fraction of TNAZ decomposed in the condensed phase
increases considerably. This is also supported by heat balance calculations, showing that the heat



transferred back from the gas phase to the surface at 4.2 MPa becomes less than it is required for
heating the substance up to the surface temperature and evaporating it.
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Fig. 4. The temperature-dependent vapor
pressure for TNAZ according to thermocouple
data (1) in comparison with vapor pressures of
molten TNAZ (2, Ref. [6] and 3, Ref. [7]), and
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Fig. 5. Decomposition kinetics of liquid
nitroglycerine (1) and TNAZ (2, Ref.12 and 3,
Ref.10). 

The thermocouple-aided measurements have shown that the heat flux from the gas to the condensed
phase during TNAZ combustion at least is not less than the heat flux during combustion of the
nitroglycerine-polyurethane active binder. However, addition of TNAZ to the binder has been found
to result in decreasing the burning rate of the latter. The reason for such a combustion behavior of
the mixture is likely to consist in different thermal stability and different volatility of TNAZ and
nitroglycerine, the main component of the binder. As seen in Fig. 4 and Fig. 5, NG is more volatile
and less stable than TNAZ. Therefore droplets of molten TNAZ are likely to be formed at the
surface and carried into the gas phase. The following decomposition of NG in the gas forms the heat
generation zone which controls the burning rate of the mixture. In this zone, more stable TNAZ can
play a role of an inert diluent only, resulting in decreasing the burning rate. A similar situation was
observed on addition of another high-energy stable nitramine, CL-20, to a NG-based binder [13]. 

CONCLUSIONS

1,3,3-Trinitroazetidine (TNAZ), a high performance melt-castable explosive, has been prepared at a
laboratory scale. Combustion of TNAZ have been investigated in a wide pressure interval (0.4-12
MPa). TNAZ started burning at 0.4 MPa with luminous flame, its burning rate at 10 MPa was
measured to be 17.5 mm/s. The burning rate law for TNAZ is expressed as r = 1.757 p

0.99
 (in mm/s).

Temperature profiles in the TNAZ combustion wave have been measured using thin tungsten-
rhenium thermocouples embedded in the strands. These profiles indicated one-stage flame structure
of TNAZ and significant temperature gradient above the surface at low pressures, suggesting a



dominant role of the gas-phase reactions in the flame. As pressure increased above 2 MPa, a role of
condensed-phase reactions became considerable.

Using experimental data on the surface temperature and data on vapor pressure of liquid TNAZ
obtained previously, the temperature-dependent vapor pressure of TNAZ in a wide temperature
interval (100-500°C) was obtained. This dependence afforded TNAZ boiling point at atmospheric
pressure as 275°C and heat of evaporation as 15.4 kcal/mole.

Combustion of a binary mixture of TNAZ with nitroglycerine (NG)-polyurethane active binder has
been studied.  Addition of 20% of TNAZ with fine particle size to the active binder was found to
result in decreasing the burning rate.
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Study on water gel explosive with waste powder 
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Abstract: That waste powder is added to water gel explosive as supplementary 

sensitizer to take place of part amount of MMAN. The ingredients and properties of 

water gel explosive are also studied to get better ingredients in this paper. The 

experiments prove that this is a good way to make full use of waste resources as well 

as to protect environment. 

Keyword: water gel explosive; waste powder; sensitizer; ingredient   

1 Introduction 

Water gel explosive breaks through the traditional conception that it cannot contain water, 

and opens up a bright future for the manufacturing of industrial explosives. It can date back to 

1936, when Woodbury-Wrightsmann obtained the patent right(USP206572) for the solid explosive 

by cooling after mixing at high temperature ammonium nitrate with water. In 1943 Cook explored 

the explosives containing water(slurried explosive). Many years of exploration later appeared the 

water gel explosives containing methylamine nitrate. This research center started to experiment 

various water gel explosives from 1970 on, of which SHJ-K water gel explosive has been 

manufactured in many plants. As assistant sensitizer , the waste powder in powder plants can be 

added to water gel explosives to substitute part of methylamine nitrate, which not only save 

resources ,but save the trouble of waste powder disposal as well as protecting the environment. 

The acquired water gel explosive containing waste powder can be used in heading blasting and 

open face blasting. 

2 Ingredient and Technology 

2.1 Ingredient 

The ingredient is obtained after careful design and computing as well as selective 

experiments. Based on the published ingredient of the water gel explosive for heading blasting 



(table 1), 10~25% of the waste powder can be added owing to the differences between different 

waste powders to keep the detonation rate between 3600~3800m·s -1. 

Table 1 Ingredients and properties of water gel explosive 

 1 2 3 4 5 6 
MMAN 29 25 29 35 40 5.6 
Powder 30.8 30.8 30.8 30.8 30.8 30.8 
Water 9.3 10.2 10.2 9.3 9.3 10.8 
Ammonium nitrate 41 45 40 41 32 40 
Sodium nitrate 15 13 15 12 17 10.2 
Sulfur 3 3 3 1 0 0 
Aluminum 1 2 1 1 0 0 
Tian Jing  0.7 0.8 0.8 0.7 0.7 0.8 
Blowing agent 0.05 0.05 0.05 0.05 0.05 0.05 
Cross linker 0.1 0.1 0.1 0.1 0.1 0.1 
Density/g·ml -1 1.06~1.08 1.19 1.17~1.19 1.23~1.30 1.08 1.10 
Detonation rate/ m·s -1 3800~3900 3900 3600~3700 4000 4500 3800 
2.2 Technology 
Technological process is shown in the following figure 1. 
   
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 1  The technological process of water gel explosive 
 

3 Discussion and Conclusion 
3.1 Discussion  

1) Powder is inflammable and easy to explode, which makes it hard to safely process, 

Waste powder  Ammonium nitrate +1/2Tian Jing 

Methylamine nitrate + Water Sodium nitrate +1/2 Tian Jing 

Gelatinizing Cross linker Blowing agent 

Blowing and gelatinizing 

Finished product 

Packing 



transport and use. Thus the waste powder is generally burned, which not only pollutes 

the environment, but also wastes resources. When the waste powder is added to the 

explosives containing water, the problem of safety in processing and using is solved. 

2) Moisture is an important factor for water gel explosives. Too few amount of water 

makes the shelf life short of water gel explosives, while too much water will affect the 

detonation rate. Water amount is generally between 8~10%. 

3) Ammonium nitrate is a major component for water gel explosives. Too much 

ammonium nitrate can lower the detonation rate and heat of explosion. Sodium nitrate 

is generally added to lower the amount of crystalline elements. Generally the amount 

of ammonium nitrate is below 40%, and sodium nitrate can be used to adjust oxygen 

balance. 

4) Methylamine nitrate is the major sensitizer for water gel explosives. The more 

amount of methylamine nitrate, the easier to explode, and its heat of explosion and 

detonation rate can also be increased, while the production cost is also raised. The use 

of powder can lower the content of methylamine nitrate. On the basis of certain 

amount of methylamine nitrate, increasing the amount of powder can increase heat of 

explosion and detonation rate. It is appropriate to control the detonation rate of water 

gel explosives for heading blasting between 3500~3700 m·s -1 . 

5) Gelatinizer and cross linker are two essential components for water gel explosives. Generally 

speaking, gelatinizer is usually between 0.7~1.1%, and cross linker is about 0.1%. 

3.2 Conclusion 

The water gel explosive containing waste powder can be used in heading blasting and open 

face blasting in place of general explosive. 

4 References 

[1] Colin.Dunglinson and William M.Lyerly. USP 3431155 

[2] Harry R.Fee and Hopatcong. USP 3653992 

 





MECHANICAL SENSITIVITY  
OF METALLIZED EXPLOSIVE NANOCOMPOSITES 

 

V.A. Teselkin 

Semenov Institute of Chemical Physics RAS 

Kosygin Str., 4, 119991, Moscow, Russia 

 

Mechanical sensitivity of HE/Al mixtures depending оп granulometric com-
position, component mass ratio and production techniques was studied. Effect 
of reactivity of Al nano-sized particles, their coating by polymers on sensitivity of 
binary compositions was also investigated. It was shown, that RDX and HMX 
sensitivity does not depend on the size of HE particles. Al addition to HMX in-
creases sensitivity of mixtures. Explosives containing nano-sized particles of Al 
are characterized by higher sensitivity in contrast with those based on commer-
cial Al. Encapsulation of aluminum particles by polymeric materials does not re-
sult in decrease of metallized explosives sensitivity. It was found that the high-
est sensitivity posses the composites containing freshly prepared nano-sized 
particles of Al. On sensitivity they are at the level of such primary explosive as 
lead azide. Physical interpretation of the obtained results is given in the paper. 

 

INTRODUCTION 
The modern tendency at creation of perspective composite explosives and 

solid propellants (SP) is in use of ultra disperse high energetic components 

(powdered metals, HE, oxidizers), capable to provide a much of a heat evalua-

tion in burning and explosion processes. Extended studies of additives influence 

and, in particular, of nano-sized aluminum on acceleration ability, heat of explo-

sive decomposition, detonation velocity and other characteristic of metallized 

explosives are being conducted [1-3]. In studies of solid propellants the possibil-

ity of their burning velocity increase, reduction of two-phase losses and accord-

ingly growth of a specific impulse due to incorporation of nano-sized powdered 

components into the propellant formulation is analyzed [4, 5]. Of great impor-

tance are the investigations on creation of metallized explosive nanocomposites 

[6]. These systems are characterized by homogeneous distribution of nano-

sized metal in HE matrix and can be used for regulation of operational charac-

teristics both composite explosives and SP. 



For the safe handling with nano-sized explosives it is necessary to have a 

solid data about their sensitivity to the external actions, including the mechani-

cal one. As it is follows from the literature analysis, the number of publications 

on this problem is not enough, and the mechanism of explosion initiation for 

such systems was not discussed yet in general. Mechanical sensitivity for 

HMX/Al compositions depending on particles size, component mass ratio and 

production techniques was examined in the paper. Effect of ageing and encap-

sulation of nano-sized metal particles on conditions of explosion initiation for bi-

nary compositions was also tested. This paper is a continuation of the re-

searches [7], in which the fact of sensitivity increase for some HE and oxidizers 

at addition to them of small quantities (15 % weight) of nano-sized Al was 

found. 

 

RESULTS 
The tests on mechanical sensitivity were performed according to “Disinte-

grative tube” technique, described in [8]. An essence of the method is in the fol-

lowing. A sample of tested explosive is filled into a thin-walled Plexiglas cylindri-

cal tube and then is loaded by hydraulic press through steel punches which di-

ameter measures 5 mm. At the initial stage of a loading there is a pressing of a 

sample, and then at achievement of some pressure a sample - tube system is 

destroyed. A fracture of the charge in this case is initiated by destruction of a 

tube. A loading pressure one can change by varying weight of HE sample 

and/or thickness of the Plexiglas tube wall. The sensitivity of the explosives is 

judged from the critical pressure value of explosion initiation – Pcr. This parame-

ter is determined as the pressure corresponding to a boundary of transition from 

mechanical destruction of the samples without an explosion to destruction, ac-

companied by an explosion. It is assumed that the less is Pcr for a given HE the 

higher is its sensitivity to mechanical actions. 

There were investigated the HE/Al compositions prepared by mechanical 

mixing and explosive nanocomposites produced by atomization drying tech-

nique (ADT). In their formulations were used nano-sized aluminum particles: < d 

> ∼ 0.03 µm – Al (0.03) and < d > ∼ 0.1 µm- Al (0.1). The average size of ultra-



fine HMX were measured ~ 1.4 µm and ~ 1.0 µm for RDX. For comparison 

there were performed experiments on explosion initiation of the mixtures pre-

pared with use of commercial aluminum of trade mark ASD-4 (< d > ∼ 7 µm) – 

Al (7) and HE (HMX of trade mark “B”, RDX) the particles size of those was < d 

> ~ (10-30) µm. Nano-sized particles of Al, ultra-fine HE and appropriate explo-

sive nanocomposites were produced in INEPCP RAS (chef of laboratory I.O. 

Leipunsky). 

The data on mechanical sensitivity of HE, obtained in the frame of this 

work are given in Table 1. Values of Pcr are also included for some solid HE.  

 
Table 1. Critical pressures of explosion initiation of HE  

 
No HE Pcr, GPa Notes 

1 Lead azide 0.38 ± 0.03 [8] 

2 BTNEN* 0.79 ± 0.02 [7] 

3 HMX (“B”) 0.99 ± 0.03 Commercial, d ∼(10 – 30) µm 

4 HMX (u-f) 1.01 ± 0.03 Ultra-fine, d ~ 1,4 µm 

5 RDX 1.10 ± 0.03 Commercial, d ∼(10 – 30) µm 

6 RDX (u-f) 1.08 ± 0.03 Ultra-fine, d ~ 1,0 µm 
* BTNEN – bis (2,2,2-trinitroethyl)nitramine, 
 
As is followed from the Table 1 HMX and RDX sensitivity doesn’t depend 

on size of HE in tested region of their variation. Critical pressures of explosion 

initiation were found to be quite similar (~ 1.0 GPa and ~ 1.1 GPa for HMX and 

RDX respectively) for both HE powders produced by atomization drying tech-

nique and commercial one. 

However Al addition to HMX increases sensitivity of HE. Relationship be-

tween Pcr and Al mass content for the mixtures of HMX (com) with Al are given 

in Fig. 1. As is seen from the Figure, the least sensitive are the compositions 

containing Al (7). Explosion initiation of these mixtures in a wide range of com-

ponents ratio takes place at pressures, which are less than Pcr of HMX about on 

(0.10 – 0.15) GPa. Sensitivity growth of HE, when abrasive material with high 

melting point is added, is a well-known fact. Sensitizing effect of abrasive addi-

tives is explained, according Bowden [9], by heating-up of abrasive particles to 



the temperatures, which are high enough for HE ignition. Their friction with each 

other or with the charge casing causes a heating-up of abrasive particles. In this 

case, there is components’ interaction of physical nature, which results in physi-

cal sensitizing of HE. 
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Fig. 1. Pcr - curves versus Al mass fraction in composition based on HMX (“B”). 

Notations: ▲ – Al (7); ○ – Al (0.1); □ – Al (0.03). 
 

Sensitivity of mixtures drastically increases if they contain Al with the particle 

size of d ~ (0.1 µm or 0.03 µm). Decrease of particles size results in the growth 

of specific contact area, which determines high reactivity of mixtures and their 

high sensitivity respectively. Chemical interaction of Al with products of HE 

thermal decomposition in spots of mechanical heating up is the main process, 

which results in an explosion initiation. In this case, HE behaves as an oxidizer 

and Al - as a fuel. For the first time the possibility of HE chemical sensitization 

by adding materials of high caloricity was indicated in paper [10]. 

It was examined an influence of particle size of Al (d ∼0.1 µm and 0.03 

µm) on the conditions of explosion initiation in nano-scaled composites. There 

were used Al particles covered by oxide film Al (0,1), Al (0,1-0x), Al (0,03-0x) or 

encapsulated by polymer materials: by trimethylsiloxane – Al (0.1 enc-t), Al 

(0.03 enc-t) or by polyacrylate – Al (0.03 enc-a). 
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Fig. 2. Pcr - curves versus Al mass fraction in nano-scaled composites.  

Notations: ○ – Al (0,1), ● – Al (0.1 enc-t), ■ – Al (0.03 enc-t) ◊ - Al (0.03 enc-a) 
 

Results of experiments are given on Fig 2 and in Table 2. As is followed 

from these data a mechanical sensitivity of nano-scaled composites is practi-

cally independent on Al particle sizes in the region of their variation from 0.03 

µm to 0.1 µm. This conclusion holds true for both nanocomposites containing 

metal particles, covered by oxide film and those containing encapsulated Al. 

 
Table 2. Critical pressures of explosion initiation  

for HMX/Al nano-scaled composites  
 

N
o HE Рcr., GPa Z, % Notes 

1 HMX 1.00 ± 0,03 0 Ultra-fine 

2 HMX/Al (0.1-0x)-85/15 0.80 ± 0.03 25 

3 HMX/Al (0.03-0x)-85/15 0.75 ± 0.03 34 
Atomization drying 

technique 

 
In the Table there is given Z-parameter characterizing the effectiveness of 

sensitizing action of Al in HE/Al composition:  

HE
cr

comp
cr

HE
cr

P
PPZ −

= 100%, 

 



where HE
crP  и comp

crP  are the values of critical pressure of explosion initiation of 

HE and its mixtures with Al respectively. Using Z-parameter one can easily ana-

lyze experimental data, particularly comparing compositions based on different 

HE. 

Research of the components particles size effect and coating of nano-

sized Al on sensitivity was continued in the tests on explosion initiation of HMX/ 

Al mixtures. Results of the influence of HMX particle size on the sensitivity of its 

mixtures with nano-sized Al particles are given in Fig. 3. There were tested mix-

tures based on both HMX (“B”) and ADT-produced HMX (u-f).  

As is followed from the Figure, curves of Pcr versus Al content practically 

coincide; i.e. sensitivity of HMX mixtures with nano-sized Al (0.1) is independent 

on HMX particle sizes. The data on initiation of explosive nano-scaled compos-

ite containing Al (0.1) are given in the Figure for comparison, 
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Fig. 3. Dependence of Pcr on Al content for HMX based explosives with Al (0.1). 

Notations: ● – HMX (u-f), □ – HMX (“B”); ○ – nano-scaled composite. 
 

As is seen from the curves, an explosion initiation in nano-scaled compos-

ites occurs at higher Pcr values. Sensitizing action of Al is weaker in nanocom-

posites than in the mixtures. So, Pcr for nano-scaled composite is 0.81 GPa (Z = 

20%) at 25% Al added. For mixtures, based either on commercial or on ultra-

fine HMX, critical pressure is practically the same Pcr ~ 0.55 GPa (Z ~45%). 



Thus, it is followed an important conclusion that nano-scaled composites are 

characterized by lesser sensitivity in comparison with similar mechanically pro-

duced mixtures of similar composition. 

 
Table 3. Effect of Al particles encapsulation  

on Pcr of HMX/Al mixtures 
 

No HE Pcr, GPa Z, % Notes 

1 HMX 0.99 ± 0.03 0 Commercial  

2 HMX 1.01 ± 0.03 0 Ultra-fine  

Mixtures containing original Al (d ~ 0.1 µm) 

3 HMX/Al (0.1)-95/5 0.80 ± 0,02 19 

4 HMX/Al (0.1)-85/15 0.64 ± 0,03 35 

5 HMX/Al (0.1)-75/25 0.56 ± 0.02 43 

HMX commercial 

Mixtures containing encapsulated Al  
(d ~ 0.1 µm, covered by trimethylsiloxane) 

6 HMX/Al (0.1 enc-t)-95/5 0.66 ± 0.01 33 

7 HMX/Al (0.1 enc-t)-85/15 0.49 ± 0.01 50 

8 HMX/Al (0.1 enc-t)-75/25 0.46 ± 0.02 54 

HMX commercial 

Mixtures containing original Al (d ~ 0.1 µm) 

9 HMX/Al (0.1)-95/5 0.83 ± 0.03 18 

10 HMX/Al (0.1)-85/15 0.65 ± 0.02 36 

11 HMX/Al (0.1)-75/25 0.53 ± 0.02 47 

HMX ultra-fine 

Mixtures containing encapsulated Al 
(d ~ 0.1 µm, covered by trimethylsiloxane) 

12 HMX/Al (0.1)-95/5 0.90 ± 0.03 11 

13 HMX/Al (0.1)-85/15 0.64 ± 0,02 37 

14 HMX/Al (0.1)-75/25 0.54 ± 0.03 46 

HMX ultra-fine 

 

It was examined an influence of polymeric covering of Al particles on con-

dition of explosion initiation in HMX/Al mixtures based on commercial HMX as 

well as on ultra-fine one. The obtained data are given in the table 3. As is seen 



from the table (lines 3-8), mixtures of commercial HMX with encapsulated Al are 

characterized by higher sensitivity in comparison with similar ones containing 

particles of Al (0.1). For compared mixtures, values of Pcr differ approximately 

on (0.10÷0.15) GPa in a tested region of Al content. However, such difference is 

not observed at the initiation of mixtures based on ultra-fine HMX. Behavior of 

the mixtures based on both Al (0.1) and Al (0.1 enc-t) are described by practi-

cally coincide values of Pcr (see lines 9-14). 

Initiation of the mixtures based on HMX with nano-sized Al as well as 

some nanocomposites is followed by powerful explosions, which can result in 

destruction of test-device elements. Photo of the centering ring destroyed under 

explosion of the charge in the tests with mixtures HMX (“B”)/Al (0.1) – (75/25) is 

shown in Fig. 4. Mass of the charge measured 40 mg. The ring was preliminary 

hardened. Accelerated by explosion products, it experienced a brittle destruc-

tion under impact on a barrier, the result of which is clearly seen in the photo. 
 

 
 

Fig.4. Photo of destroyed ring of the test-device 
 

The observed explosions can serve as an additional evidence of the lead-

ing role of components chemical interaction at explosion initiation in mixtures 

containing nano-sized Al. Pure HMX explodes with lesser sound effect and lu-

minosity under the same condition. Powerful explosion and intensive radiation 

took place due to ignition of a part of the substance scattered into the surround-



ing atmosphere from a zone of compression. Products of explosive decomposi-

tion of the mixture being injected into the aerosuspension from the zone of de-

struction play the role of initiators of volume explosion. 
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Fig. 5. Dependence of Pcr on age of nanocomposite HMX/Al-75/25,  
containing the coated ultra-fine Al (d ~ 0.1 µm, polyacrylic coating) 

 

It was found that sensitivity of nano-sized explosives, all other things being 

equal, strongly depends on the age (i.e. the time passed from the synthesis) of 

the Al nano-sized particles or nano-scaled composites. Critical pressure of ex-

plosion initiation dependence on age of nanocomposite, containing particles of 

Al (0.1 enc-a) is presented in Fig. 5. As is seen from the Figure, Pcr changes 

strongly between third and seventh days of storage (from 0.39 GPa to 0.58 GPa 

respectively). Three-days-stored nano-scaled composite possesses the highest 

sensitivity among tested ones. It nears to lead azide on sensitivity. The main 

cause of nano-scaled-composite high sensitivity is in high chemical activity of Al 

contained. The Al age (four days of storage after powder synthesis) is much 

less than the time required for stabilization of chemical properties of “junior” Al 

(it needs 10 days or more for stabilization [11]). 

The obtained results on the influence of Al “age” on the sensitivity of me-

chanical mixtures and nano-scaled composites are of great practical impor-

tance. These results allowed to define necessary times for “junior” Al and nano-

scaled composites to be stored in order to diminish fire-and-explosive hazard at 



doing different operation with nano-scaled composites such as component in-

termixing, charge pressing and so on. Only Al stored not less than 10-15 days 

after production should be used for mechanical mixtures or nano-scaled 

composites preparation. It is intolerable to use nano-sized Al of lesser storage 

for practical use. 

 

CONCLUSIONS 
1. Sensitivity of HMX/Al mixtures grows with decrease of metal particle size. 

Mixtures of commercial HMX with nano-sized Al (d ∼ 0.03 µm, 0.1 µm) 

posses the highest sensitivity in comparison with mixtures containing mi-

cron-size Al (7). 

2. HMX-based nano-scaled composites containing passivated in an open 

air nano-sized Al are characterized by lesser sensitivity in comparison 

with similar mechanical mixtures of the same component mass ratio. 

3. Replacement of passivated in an open air nano-sized Al by encapsulated 

one in nano-scaled composites and similar mechanically prepared mix-

tures does not decrease their sensitivity.  

4. HMX particle size does not influence on sensitivity of the mixtures with 

passivated in an open air nano-sized Al (0.1). Sensitivity of mechanically 

prepared mixtures containing encapsulated Al does depend on HMX par-

ticle size. Compositions based on commercial HMX are more sensitive in 

comparison with those containing ultra-fine HE. 

5. Nano-scaled composites sensitivity as well as that of mechanically pre-

pared mixtures drastically grows with decrease of Al “age”. Metallized HE 

containing “junior” Al possesses the highest sensitivity. For these com-

positions, critical pressure of explosion initiation coincides with Pcr of pri-

mary explosives (lead azide). For safe handling, there were given rec-

ommendations on choosing of proper times of storage of “junior” Al and 

nano-scaled composites  
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ABSTRACT 
Combustion of the nanoAl – water slurry gives an example of ecology friendly source 

of energy for propulsion with relatively high energetic parameters. With stoichiometric 

ratio of slurry components theoretical specific impulse may reach value of about 300s 

which is of interest for practical applications.  The paper deals with several types of 

nanoAl powder, which have different coatings and sizes. The coatings make powders 

having either hydrophobic or liophilic properties. The problems of preparing the slurry 

samples and thermal degradation of slurry at room temperature are discussed. To 

prepare slurry, distilled water was mixed first with 0.1% mass of Polyacrylamide to 

form water gel and then was loaded with given content of Al powder. Radiative 

ignition and the combustion of cylindrical samples of slurry with nanoAl loading up to 

45% mass have been studied at atmospheric pressure. The burning law has been 

determined for the pressure range 40-80 atm for slurry samples containing 45% of 

nanoAl particles.  

 

INTRODUCTION 
Bulk aluminum is known to be a metal with highly protective oxide film [1]. 

However, nanoparticles of Al can be oxidized much more easily due to thinner oxide 

film and higher specific surface. As is shown in [2, 3], the fast oxidation of nano Al in 

air starts at the temperature ~5000C, which is below the metal melting point. It can be 

supposed that nano Al may readily react with H2O providing rather good propulsion 

characteristics. Indeed, preliminary calculations [4] reported reasonably high 

magnitude of specific impulse for stoichiometric mixture Al/H2O (vacuum impulse 



about 300s). This gave a basis for considering the Al/H2O slurry as a potential 

candidate for replacement of toxic hydrazine in small thrust engines and even for use 

in normal motors. Some results of specific impulse calculations performed by thermo 

dynamical code “Astra” [5] are presented below in Table 1.  

 

Table 1. Specific impulse data for Pchamb = 70 atm (Al/H2O 50/50 mixture) 

and different pressures at the nozzle exit Pa. 

Pa, atm  1 0.1 0.01 0.001 

Isp, s 234 283 317.5 342.4 

Isp, (vacuum) 258 301 330 352 

 

 It has to be noted that the data on combustion of Al/H2O slurry are very 

restricted. It was reported in previous works on principal possibilities to ignite and 

combust such mixtures [6,7] but detailed knowledge about these processes is not 

available. Note that typical slightly oxidized (without coating) Al nanoparticles rather 

easily react with water that prevents storage of Al/H2O slurry at room and moderate 

temperatures. The coated particles [8], recently obtained in different places, could be 

more applicable for making water based slurries.  

 The goal of the present work was to investigate thermal decomposition and 

combustion behavior of Al/H2O slurries based on Al nanoparticles of different 

sources, i.e. made by different production methods and coated with different 

substances. 

  

EXPERIMENTAL 
 The tests were conducted with 2 types of nanoparticles of Al: produced by the 

electro explosion (Alex type) and by the vapor condensation (GM type) methods. The 

last method has been suggested in 1980th by Russian researches Gen and Miller [9]. 

Both methods allow coating the nanoparticles surface via deposition of vaporized 

materials or by treatment of nanoparticles in dry gaseous environment. The 

properties of the powders used are presented in Table 2.  

 

  

 

 



 

Table 2. Physical properties of studied Al nanoparticles. 

Title Dmean, 

nm 

Bulk density,

g/cm3 

Hydrophobic (+) 

Liophilic (-) 

Passivation 

method 

N2 –Alex 80 0.14 - N2 

L –Alex 80 0.26 + Paraffin 

TM –GM 140 0.14 + Trimethyl 

syloxane 

O2 – GM 140 0.16 - O2 

 

 The content of pure Al in coated Al nanoparticles has been determined by 

using specially elaborated cerimetric method. The results of chemical analysis are 

presented in Table 3. The difference in active Al content can be owed to the variation 

of the properties of original material (samples for analyses did not belong to the same 

batches) as well as to the use of different determination methods.  

 

Table 3. Active metal content (% mass) in samples of Al nanoparticles 

determined by the cerimetric and gas volumetry methods. 

Sample Total Al Active Al 

(Cerimetric) 

Active Al 

(Gas volumetry) 

L-Alex 87.6 ± 0.2 78.5 ± 0.5 ≈ 86.0 

TM - GM 96.0 ± 0.1 89.1 ± 0.4 86.7 ± 0.5 

 

To manufacture Al/H2O slurry, the gelled water was first prepared by thorough 

mixing of small amount of Polyacrylamide with distilled water. Acceptable viscosity 

water gel allowing slurry loading with Al nanoparticles up to 50% mass was prepared 

by adding 0.1% of Polyacrylamide into water. The problem upon Al powder loading 

arose when working with hydrophobic Al nanoparticles (#2, #3). The slurries 

containing hydrophobic powders were prepared with additional use of small amount 

of surface active substance (≈ 0.1%).  

 Preliminary ignitability tests were performed with small drops of slurry placed 

on the metal (steel) hot plate. In addition, the ignition delay time has been measured 

under action of 18 cal/cm2s radiant flux produced by 5 kW Xe-lamp. The burning 



rates at atmospheric pressure were measured with the slurry samples ignited by the 

Xe-lamp (Fig.1). The burning rates at elevated (up to 80 atm) were measured in a 

strand burner with ignition being made by a hot wire. In all listed tests the cylindrical 

samples of slurry placed into Plexiglas or quartz tubes have been employed (10mm 

length, d=10mm). 

                     

               

EXPERIMENTAL RESULTS 
1. Ignition on the hot plate (T=650K).  

All tested slurries contained 45% mass nanoparticles of Al and 55% mass of 

water gel (0.1% Polyacrylamide). The drop of slurry with mass of 0.3 g was placed on 

the flat metal heater and heating process was visualized. All drops were gradually 

becoming red colored and then converted into bright white glowing. The highest 

activity has been demonstrated by L-Alex slurry. The drop with L-Alex started 

vigorously reacting after 30s from the beginning of heating. The drops with N2-Alex 

started fast reacting after 45s, TM-GM after 60s, and O2-GM after 70s from the 

beginning of heating, correspondingly.  

2. Ignition by 18 cal/cm2s radiant heat flux and combustion under atmospheric 

pressure. 

The ignition delay time for the N2-Alex, L-Alex and O2-GM slurry samples was 

equal to ≈5s. The ignition was accompanied by self-sustaining combustion after cut 

off the radiant heating. In the case of TM-GM slurry the sample started reacting ≈ 3s 

after the irradiation beginning but its combustion was ceased just after removal of the 

external heating source. In the case of permanent irradiation the sample of TM-GM 

slurry ejected from the reacting surface rather coarse flakes of partially decomposed 



material. The burning rates of self-sustaining combustion were equal to ≈ 2mm/s for 

N2-Alex and L-Alex and ≈ 1mm/s for O2 –GM slurry samples, correspondingly. 

     3.    Combustion at elevated pressures. 

To generate self-sustaining combustion with hot wire ignition became difficult 

technical task for studied slurries. Usually, significant amount of the slag filling the 

entire volume of the sample holder (tube) was observed after the combustion test. 

Reasonably good (reproducible) results were obtained with N2-Alex samples 

combusted at pressures 40-60-80 atm. The burning rate for this type of slurry was 

equal to 6±0.5 mm/s, 7±0.5 mm/s and 8±0.5 mm/s for the listed pressures, 

correspondingly. The burning law in this pressure range is rb = cP0.41, where c = 

1.327 mm/atm0.41 (P in atm).  

      

DISCUSSION 
 As is mentioned above, preparing the good quality slurries met with technical 

difficulties due to high dispersity of Al nanoparticles. The smaller particles size, the 

higher the slurry viscosity and the harder mixing procedure. Another problem is 

hydrophobicity of the Al coated powders that makes more difficult mixing with water 

gel and takes in some cases introduction of surface-active agent. 

 The passivation of the particles surface has to prevent their oxidation in the 

water. It was recognized that most of tested nano Al powders reacted with water with 

the rate depending on the temperature. In particular, N2-Alex slurry can survive at the 

room temperature during 10-20 hours. Then it reacts in the water surplus with the 

gas evolution rate about 10 cm3/hour per gram of Al. If the temperature increases up 

to 650C, the survivability time decreases up to 5-10 min. However, when the storage 

temperature has been decreased up to -50C, the survivability time exceeded 60 days. 

 The combustion behavior of the slurries samples depends on the sort of Al 

nanoparticles and can be classified into three regimes. 

1. Self-sustaining combustion is not realized. Irradiated by 18 cm2/s flux the 

reacting surface generates burning Al agglomerates moving with relatively small 

velocity. Example of such behavior is shown in Fig. 2 (TM-GM sample). 

2. Combustion is continued after removal of radiant flux but the dispersion of the 

condensed combustion products is very weak. The sample holder contains after 

burning the dense slag filling entire sample holder volume.  



3. The combustion proceeds in self-sustaining mode with intense dispersion of 

burning Al agglomerates after the radiant flux cut off. This behavior type is 

demonstrated in Fig. 3 (N2-Alex sample). The sample holder contains after burning 

the slag partially filling the holder volume.  

 

 
Fig. 2. Radiation assisted combustion of TM – GM slurry at atmospheric pressure. 

 

 
Fig. 3. Self-sustaining combustion of N2-Alex slurry at atmospheric pressure. 

 

The combustion regimes described give several possibilities for designing the 

propulsion system. One of the options is to pyrolyze the slurry material by performing 

periodical external heating (regime 1). Another option is similar to classical solid 

propellant burning (regime 3). However, special efforts have to be undertaken in this 

case for getting fine combustion products and avoiding formation of large size 

agglomerates. This can be investigated further by examining combustion of slurries 

including small additives of gas producing substances or containing Al nanoparticles  



coated with specially synthesized compounds.  

Relatively high cost of nano Al powder and difficulties of preparing slurries 

stipulate for testing the mixture formulations with partially replaced nanoparticles. The 

preliminary tests showed that the Al/H2O (45/55) slurry containing 30% mass of Alex 

and 15 % mass of commercial Al powder (5 micron mean size) can be successfully 

fired at atmospheric pressure. 

 

CONCLUSIONS 
Preliminary experiments showed principal feasibility of preparing, storage and 

combustion of the slurry samples containing 45-50 % mass of Al nanoparticles and 

55-50% mass of gelled water. Survivability of the slurries depends drastically on the 

sort of Al nanoparticles used. The storage time can be essentially extended by 

decreasing the environment temperature. 

Combustion regimes – with formation of entire carcass or with partial or full 

dispersion – can be varied in a wide range depending on the Al nanoparticles type. 

To increase the dispersion degree it is necessary to change properly the nature of 

the coated layer and/or vary the slurry formulation by adding small amount of easily 

gasified components. Partial replacement of Al nanoparticles by commercial Al 

powder decreases the cost of slurry and leads to improved mixing and enhanced 

metal loading.  

To better understand the phenomenon of the Al/H2O slurries combustion the 

investigations have to be continued directed at the analysis of the condensed 

combustion products and the measurement of the temperature profiles and the 

burning rates under varied combustion conditions.  
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ABSTRACT. ε-Hexanitro-hexaazaisowurtzitane (CL-20) was synthesized by various sources using 
different intermediate precursors (TAIW, TADF and TADA). The nuclear quadrupole resonance (NQR) 
line widths of the samples were measured to assess their crystal quality and the line widths are compared 
and correlated with sample purity and density as measured by HPLC and air pycnometry, respectively. The 
results are discussed and used to predict the shock sensitivity of CL-20 based explosives. 
 

Introduction 
 

Hexanitrohexaaazaisowurtzitane (CL-20) is of great interest to the energetic-
materials community because of its high chemical energy, high crystal density and higher 
oxygen balance than either RDX or HMX. It has four polymorphs (α, β, γ and ε) that are 
stable at room temperature and the structures and densities of each have been established 
by X-ray crystallography [1]. The ε polymorph has the highest density and thermal 
stability. Because of its superior properties, ε-CL-20 based formulations are being 
developed and evaluated for use in explosives, rocket and gun propellants as well as 
slapper detonators. The main obstacle to its use, other than its high cost, is the variability 
of crystal qualities and particle size distributions of batch-to-batch production lots. 

A number of studies have been conducted to determine the impact, friction and 
shock sensitivity of CL-20 relative to HMX and to identify the parameters that affect CL-
20 sensitivity [2,3]. Several papers recently published [4,5] show that the crystal quality 
of nitramine compounds such as RDX and HMX will affect the shock sensitivity of the 
formulated explosive [6-8]. The quality of a crystal is determined by its morphology 
(sharp versus rounded edges or smooth versus rough surfaces) as well the type and 
quantity of defects it contains. 

Nuclear quadrupole resonance (NQR) is a sensitive tool for probing the electronic 
environment of a quadrupolar nucleus. Crystal imperfections such as dislocations, voids, 
stresses and impurities may affect the electric field gradient at enough quadrupolar nuclei 
to broaden the NQR line in comparison to its width in a more perfect crystal. The various 
types and amounts of defects found in crystals are a direct result of the manufacturing 
process used to synthesize and re-crystallize the material. High performance liquid 
chromatography (HPLC) can identify impurities but cannot distinguish impurities that are 
embedded in the lattice from those that are not. Only co-crystallized impurities will affect 
the NQR line width. Optical microscopy can be used to identify and characterize 
crystalline defects on the microscopic scale. The density of a crystalline material is 
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generally lower if it contains defects and is often used as a measure of the relative defect 
concentration. But optical microscopy, HPLC and density measurements are performed 
on milligram sample amounts and several samples must be examined to obtain an 
accurate representation of the bulk material. Crystal imperfections also affect thermal and 
mechanical properties and are of great interest to those who manufacture and use 
energetic materials. The NQR line width is inherently a bulk property and has been used 
to explain the thermal decomposition of RDX [9]. We are exploring the use of NQR to 
predict a material’s sensitivity to shock and strain. 

As part of the Navy CL-20 MANTECH Program, an effort was undertaken to 
determine whether the sensitivity of neat ε-CL-20 to impact and friction stimuli might be 
affected by changes in precursor type, crystallization method and impurity level. CL-20 
samples were prepared by precipitation, evaporization or polymer gel crystallization 
techniques. Tetraacetyldiamino hexaazaisowurzitane (TADA), tetraacetyldiformyl 
hexaazaisowurzitane (TADF) or dibenzyltetraacetyl hexaazaisowurzitane (TAIW) was 
used as a precursor in the preparation of the CL-20 samples. NQR spectroscopy was used 
to determine the crystal quality of the resultant CL-20 products. 
 

Experimental 
 

Three NQR lines are associated with each crystallographic 14N site and the 
resonance frequencies are conventionally labeled υ+, υ- and υ0 = υ+ - υ-. The nitro 
nitrogen NQR frequencies of CL-20 have not been reported but are expected to lie below 
1000 kHz. The tuning range of our NQR probe was 1000 kHz to 6000 kHz and this 
precluded a study of the nitro nitrogen NQR line widths. The amine nitrogen frequencies 
of CL-20 have been reported elsewhere [10] and are in the regions 5000 kHz – 5500 kHz 
(υ+), 3300 kHz – 4000 kHz (υ-) and 1400 kHz – 1800 kHz (υ0). The signal-to-noise ratio 
is roughly proportional to υ3/2 and this favors the υ+ amine lines for highest sensitivity. 
The NQR line at 5242 kHz was chosen for line width comparisons because it was the 
narrowest υ+ line that was not part of a doublet and was also free from RF interference. 

All NQR measurements were performed at room temperature at the Naval Surface 
Warfare Center Indian Head Division (NSWC-IH) with a pulse spectrometer that was 
designed and constructed at the Naval Research Laboratory (NRL). The radio frequency 
field in the 20 ml sample coil was such that the free induction decay (FID) signal from a 
single pulse applied at thermal equilibrium was largest when the pulse width was 70 µs. 
The NQR line widths of CL-20 were measured with a spin-locked spin-echo (SLSE) 
pulse sequence [11] in which the pulse interval in the pulse train was 1.0 ms. Scans were 
repeated 64 – 512 times at intervals of 1 s or 2 s, which proved adequate for detecting the 
CL-20 lines. (The spin-lattice relaxation times for the ν+ and ν- lines of CL-20 were 
measured and range from 2 s to 8 s.) The decay times of the SLSE echo envelope under 
these conditions are longer than 1 s in CL-20 and coherent echo addition is quite effective 
at improving the detectability of the CL-20 NQR lines. 

Sample amounts ranged from 1g to 10 g and the samples were stored in the 
laboratory for several hours prior to the NQR measurements to ensure thermal 
equilibration. Each line width measurement lasted from 1 minute to 10 minutes and the 
temperature indicated by a digital thermometer placed near the probe was generally stable 
to within less than ±0.2oC during each measurement. Our peak-fitting program reported 
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errors ranging from 0.5% to 3% for individual line width measurements but repeated 
measurements for a given CL-20 sample yielded values that varied by ±10% due to 
temperature fluctuations. We assign the larger uncertainty of ±10% to all of our line 
width values. 

A Millennium base Waters HPLC system coupled with a Waters 490E 
programmable multi-wavelength UV detector was used for the chemical analysis of the 
nitramine compounds. 4.6 mm × 250 mm Waters Symmetry C-18 (5 µm) or Phenomenon 
Luna C-18 (5 µm) analytical columns were used for those measurements. Densities were 
obtained with a Micrometrics AccuPyc 1330 Helium gas displacement pycnometer. 
 

Results and Discussion 
 

Ten CL-20 samples were obtained from five domestic sources and one foreign 
source and data for those samples are given in Table 1. The major difference between 
each of the samples was in the method of synthesis and re-crystallization of CL-20. 
Samples #1 and #8 were manufactured on a production scale while the other eight were 
made in small-scale pilot plants. The crystal quality of the second (more recent) 
production lot is superior to that of the first as shown by their NQR spectra at 5207.5 kHz 
in Figure 1. The doublet at that frequency is barely resolvable in sample #1. Samples #6 
and #7 have a median particle size of 25 µm – 30 µm. The remaining eight samples have 
a median particle size of approximately 150 µm. The NQR line at 5242 kHz was chosen 
for line width comparisons because it was the narrowest υ+ line that was not part of a 
doublet and was also free from RF interference. No explosive compositions were 
available for NQR measurement. 

 
Table 1. 14N NQR line widths at 5242 kHz for CL-20 from different sources. Sample 
numbers for production lots are marked with an asterisk. 

Sample 
No. 

Density 
(g/cc) 

Impur. 
(%) 

Line 
Width 
(kHz) 

Precursor 
Type 

Crystallization 
Method Solvent System 

1* 2.0355 3 2.21 TADF Crash precip. EtOAc / Heptane 

2 2.0226 4 1.95 TADF Crash precip. EtOAc / 
Isopropanol 

3 2.0280 2.4 1.71 TADF Crash precip. EtOAc / Heptane 
4 2.0359 0.5 0.82 TADF Crash precip. EtOAc / Heptane 

5 2.0191 5 2.45 TADF 
Thermo-

reversible gel 
recryst. 

Acrylate gel / 
EtOAc / 

Dichloromethane 

6 2.0394 3 3.5 TADF 
Proprietary 
(from alpha 

hydrate) 
Single solvent 

7 2.0430 1 1.18 Not given Proprietary 
(evaporative)  

Solvent / non-
solvent 

8* 2.0356 0.5 0.69 TADA Crash precip. EtOAc / Heptane 
9 2.0310 1 1.21 TADA Crash precip. EtOAc / Heptane 

10 2.0364 1 0.97 TAIW Proprietary Single solvent 
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Figure 1. NQR doublet at 5207 kHz for CL-20 production lot samples #1 (dashed curve) and #8 
(solid curve) from Table 1. 

Figure 2 shows the dependence of the NQR line width at 5242 kHz on the total 
impurity level. The rather good linear fit indicates that most of the (unidentified) 
impurities are in the CL-20 lattice. The deviation of the line width for sample #6 from the 
fit is probably due to its small particle size. Figure 3 shows that there is also a correlation 
between sample density and NQR line width and it should be noted that extrapolation of 
the linear least square fit leads to the CL-20 theoretical density (2.045 g/cc) for a line 
width of 0 Hz. The early production lot sample #1 is an outlier and that could be due to 
its poor crystal quality. The deviations of samples #6 and #7 from that fit are most likely 
due to their small particle sizes. In previous NQR studies on ground and un-ground RDX 
and HMX samples it was found that grinding large particles to median particle sizes 
below approximately 15 microns caused an increase in the NQR line width. That 
indicates that the smaller particles have more strain and other imperfections in their 
crystal structure. However, shock sensitivity data indicate that these additional 
imperfections have no affect on the shock sensitivity. The exact nature of these 
imperfections and at what particle sizes they start to manifest themselves in line 
broadening is the subject of an ongoing study. 
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Figure 2. CL-20 NQR line width at 5242 kHz versus impurity concentration from Table 1. Also 
shown is the linear least squares fit of the solid data points. 
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Figure 3. CL-20 NQR line width at 5242 kHz versus impurity concentration from Table 1. Also 
shown is the linear least squares fit of the solid data points. 

 
Conclusions 

 
NQR spectroscopy has proven to be a valuable technique for determining the 

relative defect densities of energetic compounds. Many factors influence the NQR line 
width and even knowing the manufacturing process used to synthesize a product it may 
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be difficult to predict which factor will dominate. Impurities within the crystal and crystal 
particle size have been shown to affect the NQR line widths of CL-20. A correlation was 
found between the density of large CL-20 particles and their NQR line widths. This 
should allow us to predict on the basis of NQR line widths which explosive compositions 
containing CL-20 manufactured by various sources will be the least sensitive to a shock 
stimulus. We are currently determining the NQR line widths of CL-20 formulations for 
which shock sensitivities will be measured and any correlations will be reported. 
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Abstract.  During fleet operations and routine in service ballistic performance testing of a dual 
configured JATO rocket motor, several of the rocket motors exhibited unusually long ignition 
delay times.  The resulting engineering investigation including a forensic analysis of the fired 
rocket motors, traced the problem to the MTV pyrotechnic component, the rocket motor’s 
primary ignition charge.  Subsequent ballistic testing, laser ignition studies and chemical analysis 
of the MTV pellets manufactured in 1995, 2003 and 2004 showed that the root cause of the MTV 
pellet’s ignition delay was the initial oxidation of the magnesium powder prior to the manufacture 
of the MTV pellets and at least partially due to progressive oxidation early in the MTV life-cycle.  
The factors affecting the aging and ballistic properties of the MTV will be discussed. 
 

Introduction 
 

In June of 2004, investigative work began to determine the cause for ignition 
delays in the JATO rocket motors.  This particular JATO rocket motor is used in tandem 
for zero-length launching of a target drone.  To better illustrate this configuration and one 
of its limitations, Figure 1 shows that inconsistent thrust between the two rocket motors 
could induce non-favorable vehicle yaw during launch.  In fact, analysis shows that 
differences of 60 milliseconds or greater between the two rocket motor ignitions will 
result in a launch failure.  During an eight-month span, there were four ignition delay 
failures of this type.  As a result, a comprehensive investigation was undertaken to 
examine each component and parameter of the JATO launch system.  While this broad 
investigation is beyond the scope of this paper, the corresponding forensic study initiated 
to examine the age-induced degradation of Magnesium-Teflon-Viton (MTV) will be 
discussed.  To better understand the consequences of “hard to ignite” MTV as they relate 
to JATO system function, the following is a theoretical synopsis of a rocket motor 
ignition delay.  First, the filtered initiator receives the specified electrical current igniting 
its BKNO3/ZPP charge and exhausting into the igniter.  Normally, most of the MTV 
pellets in the igniter body would begin to react prior to being blown out, but in this case, 
an atypical component hinders ignition allowing some portion of the pellets to be ejected 
from the igniter body before ignition.  As a consequence of this, the total energetic 
potential of the MTV exhaust gases is significantly decreased and rocket motor propellant 
ignition is either delayed to some degree or inhibited completely.      



 
 
 
 
 
 
 
 

Figure 1. Dual JATO Rocket Motor Launch Configuration 
 

Experimental 
 

The igniter contains 24 grams of MTV.  This charge is the primary ignition 
material for this particular JATO rocket motor.  To support the system’s specified Lot 
Acceptance Test (LAT) criteria, a random sample from each lot of igniters is subjected to 
closed-bomb static test firings.  The term “closed-bomb” describes a sealed testing 
chamber employed by the test facility to simulate the rocket motor chamber free volume.  
Normal LAT procedure consists of firing the igniter into the closed-bomb while 
measuring pressure vs. time.  Although this test is considered adequate to verify igniter 
acceptance criteria, there is a fundamental difference that separates how the igniter 
functions in this set-up from how it functions in the actual rocket motor configuration.  
When fired into the closed-bomb, the MTV charge will be trapped, eventually reacting 
completely.  If MTV pellet ignition is initially inhibited, the closed-bomb scenario will 
mask this as the inhibited MTV is ejected into the closed volume and eventually ignites.  
In the rocket motor configuration, the igniter exhaust chamber (rocket motor case) is not 
a sealed volume and any un-ignited MTV pellets may be ejected out of the motor never 
contributing to rocket motor propellant ignition.  In an effort to better simulate system 
level igniter function, a different static igniter test was developed to support the 
engineering investigation.  To eliminate pressure contribution from the MTV that has 
ignited after being ejected from the igniter, the LAT configuration was modified to allow 
open-air firing.  A pressure tap was fabricated into each igniter body.  The test units were 
held secure in a vice-grip and initiated into open air.  Pressure vs. time was recorded and 
only represented the ignition and burning of MTV inside the igniter body. 
 

During the engineering investigation, extruded MTV pellets representing suspect 
and newly manufactured MTV lots were subjected to CO2 Laser Ignitability tests.  Laser 
ignitability testing of energetic materials by the Naval Surface Warfare Center, Indian 
Head MD is performed with a CO2 laser operating at 10.6µm wavelength.  Most materials 
readily absorb at this wavelength, so that the input energy is generally regarded as 
thermal in nature.  The ignitability experiments are carried out by exposing small samples 
of the material to a laser beam 0.10-inches in diameter, which is centered on the sample 
surface.  This beam is created by masking the 1.0-centimeter Gaussian beam, generated 
by the laser, with an aluminum disk with 0.10-inch hole in the center.  Utilizing the more 
uniform center of the beam, lateral energy gradients in the input beam are minimized. 

The experiments are normally conducted at fixed laser power levels and changing 
the duration of the laser pulse varies the total energy absorbed by the sample.  The event 



is monitored with a visible/near IR photodiode to determine the ignition delay, which is 
defined as the time to first light relative to the onset of the laser pulse.  To determine the 
ignition energy of the material at fixed laser power, multiple samples are tested at varying 
laser pulse lengths using the Neyer sensitivity analysis technique.  This procedure 
determines the 50% ignition threshold and standard deviation, from which the ignition 
energy at any desired reliability and confidence level can then be calculated with standard 
statistical methods.  Usually, the tests are carried out at four laser power levels ranging 
from approximately 10 to 40 watts total laser beam power, and the results are plotted 
versus laser power.  This range has been selected because it represents the typical thermal 
flux (w/cm2) range of rocket motor igniters. 

 
Results and Discussion 

 
Fifteen igniters were open-air static fired in support of the engineering 

investigation.  Three different MTV production lots were used to produce the igniters 
including lot 03C402-001, a suspect lot involved in one of the failure events.  Table 1 
lists the open-air test data for each igniter test subject.   
 

Table 1.  Igniter Open-Air Static Firing (70° F) 
 

MTV Lot No. S/N
Max 

Pressure 
(psig) 

Rise 
Time 

(msec) 

Pressure Time 
Interval 

sec)( mpsig  
1A 180.11 15.41 2023.01 
1B 179.10 16.31 1784 
1C 138.06 N/A* 1883.66 03C402-001 

1D 160.83 16.21 2234.83 
2A 242.02 5.00 2467.75 
2B 216.85 7.06 1960.78 
2C 215.44 5.20 2217.34 
2D 235.48 5.10 2501.31 
2E 312.71 6.25 2425.14 

03K402-003 
 

2F 243.72 4.92 2233.44 
3A 253.29 6.53 2449.92 
3B 226.36 7.52 2512.27 
3C 214.78 6.90 2633.21 
3D 211.45 7.46 2234.96 

04A402-001 

3E 209.78 7.91 2421.16 
* S/N 1C never reached the 140-psi parameter used for Rise Time 

 
As evident in and in correlation with the laser ignition tests to be discussed later, 

lot 03C40-001 produced the greatest irregularities relative to max pressure and pressure 
rise time (using closed-bomb designation from current application until 140psi is 
reached).  Based on the laser ignition data and supported by the open-air static firing data, 
MTV lot 03C402-001 is considered to be “hard” to ignite.  In comparison, the test 
subjects using MTV lot 03K402-001 produced a peak pressure average of 243 psi.  This 



is approximately 50% greater than the average for lot 03C402-001.  The average rise time 
was nearly three times lower for the 03K402-001 lot.  Figure 2 shows an overlay of two 
open-air firing pressure vs. time traces.  Each pressure trace delineates the MTV lot that 
produced it.  Pressure trace 03C indicates a clear hindrance to MTV ignition evidenced in 
its severe pressure drop after initiator exhausting.  The igniter’s BKNO3 initiator 
produces the initial pressure spike.  MTV ignition appears to be excessively slow when 
compared to the 04A trace.  The 04A trace shows a significantly quicker transition from 
initiator to MTV combustion.  This data, in conjunction with high-speed film analysis, 
supports the scenario where MTV is ejected from the igniter chamber prior to ignition. 
 

 

   
Figure 2. Igniter Open-Air Pressure vs. Time Trace 

 
 
The laser ignitability testing performed on MTV pellet samples from various lots 

including lot 03C402-001 and 03K402-001 showed distinct variation between lots 
produced with magnesium procured in 1992 and those produced with magnesium 
procured in 2003.  As shown in Table 2, MTV lots 95B, 97K, 99F and 03E exhibited a 
comparably long 50% threshold ignition level, but the data’s consistency may 
demonstrate a “leveling off” of the oxidation progression.  MTV lot 03C seems to be an 
outlier possibly subjected to extreme performance degrading factors during production.  
Both MTV lots produced using 2003 magnesium (03K and 04A) demonstrated a 
comparably shorter 50% threshold ignition level.  Variations in the laser ignition data 
preclude it from being conclusive. 

 
 
 
 
 
 



Table 2.  MTV Pellet Laser Ignitability Test Results 
 

  
 
Infrared (IR) spectroscopic analysis was performed on raw magnesium samples 

taken from a lot procured in 1992 and from one procured in 2003.  The 1992 lot was used 
to produce all MTV lots associated with the corresponding rocket motor ignition delays.  
Figure 3 shows the IR spectra for samples from the 1992 and 2003 lots.  The 2003 
magnesium trace is designated Mg 1 and the 1992 trace is designated Mg 5.  As can be 
seen from the IR spectra the 1992 magnesium powder trace exhibits a sharp peak at 
3700cm-1 due to the O-H stretching vibration.  The 2003 magnesium powder trace 
exhibits very little fluctuation at this range. These results are consistent with the laser 
ignition and open-air firing data.    
 

 
Figure 3. Infrared (IR) Spectrometry Test Results for Magnesium Lots Produced in 

2003 and 1992 
 
 
 
 

MTV Lot Number 50% Threshold Level (msec) Time to First Light (msec) 
95B402-001 508.4 ± 19.3 11.0 ± 3.3 
97K402-001 595.6 ± 18.6 18.7 ± 11.2 
99F402-001 560.5 ± 19.0 15.7 ± 8.3 
03C402-001 830.7 ± 141.9 18.3 ± 4.2 
03E402-002 591.0 ± 11.3 12.6 ± 3.7 
03K402-003 58.7 ± 41.0 9.3 ± 2.3 
04A402-001 268.0 ± 21.8 14.7 ± 7.6 



Conclusions 
 

The analysis completed in support of the engineering investigation showed that the most 
probable cause for the rocket motor ignition delay failures was the “hard to ignite” MTV 
ignition charge in the igniter.  The environmental aging of the magnesium powder prior 
to manufacturing of the MTV crumb was deemed the major contributor to the degraded 
performance of the MTV ignition charge.  On the basis of these findings, more stringent 
purchasing, storage and handling of the magnesium powder has been implemented.  In 
addition to these quality assurance measures, more comprehensive lot acceptance criteria 
have been developed.  This will help to ensure that future MTV production will not be 
compromised.        
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Abstract 

Confinement strength plays an important role in the mode of reaction propagation 
and violence during a thermal reaction of secondary high-explosives. However, a 

comprehensive and quantified understanding as to how confinement affects reaction 

violence does not yet exist. Thermal initiation of a weakly confined charge generally 
results in a non-violent deflagration and strong confinement generally produces similarly 

violent reaction that may even transit to detonation. Thus, these limiting cases largely 
define the current understanding of the effect of confinement on reaction violence. In this 

experiment, a charge was loaded into a gun assembly having variable mechanical and 

inertial confinement and subjected to a heating profile. The exploding charge breached 
the confinement and pushed a projectile down the gun barrel. A microwave 

interferometer recorded the position/time history of the projectile, and a pressure 
transducer recorded the system pressure. A first-law analysis was used to obtain enthalpy 

and power from the raw data, which were then used to quantify reaction violence. Below 

20 MPa, violence was found to decline precipitously with decreasing confinement, while 
the violence for the heaviest confinement experiments was found to be relatively 

constant. Finally, qualitative models for the effect of confinement on enthalpy, power and 
violence are presented. 



Introduction 
The confining structure of a high explosive (HE) charge can strongly affect the 

violence of a thermally initiated explosion. We have previously shown that in the limit of 

strong confinement, where a significant fraction of charge energy is required to breach 

the confinement (>10%), violent reaction occurs.1 In the limit of no confinement, thermal 

initiation of small charges leads to non-violent reaction. Large unconfined charges may 

violently explode due to self or inertial confinement. A thorough understanding is 

required to enhance the safety of high explosive systems in the field. 

Several researchers have observed confinement effects on reaction violence,2,3,4,5,6 

and a brief summary of their observations can be found in our previous work.1 Two of the 

research groups in particular have shown a transition from violent to non-violent reaction 

as a function of confinement. Collignon et al. found 8.3 MPa (1200 psi) was the 

minimum pressure at which LX-14 (95.5% HMX, 4.5% estane) would violently react.5 

Berghout et al.6 showed that slow burning transitioned to violent reaction at a critical 

pressure. They report a critical pressure of 1.4 MPa for a mechanically damaged sample 

and a critical pressure of 9 MPa for a thermally damaged sample. The literature thus 

suggests the existence of some pressure dependent critical condition where a transition 

from slow burning to violent reaction occurs.  

In the present work, we further our understanding of the effect of confinement on 

thermally induced reaction violence by systematically reducing confinement strength 

from the limit of strong confinement until non-violent reaction was observed. In order to 

examine the effects of reduced confinement, we have subjected plastic bonded explosive 

9501 (PBX: 95% octahydrotetranitrotetrazine (HMX), 2.5% estane, 2.5% nitroplastisizer 

(BDNPA)) explosive samples to rapid heating until the samples auto-ignited. This was 

done in a gun-type apparatus where a small explosive sample was loaded into a chamber 

sealed with a rupture disk or foil to provide mechanical confinement. After reaction starts 

and the partition ruptures, the expanding gas accelerates a projectile. The projectile 

provided for inertial confinement, which may play as significant role as the mechanical 

confinement strength in influencing the reaction violence. 



By measuring the state variables pressure and volume of expanding gas, we 

provide here quantitative measurement of enthalpy change, energy release rates and 

violence of the explosive reaction using the techniques and concepts detailed previously.1  

 

Experimental 

 Samples of PBX 9501 were radially confined in a cylindrical stainless-steel 

breech (1/4 in. diameter). One end of the breech was sealed either by a machined burst 

disk (Continental Disc Corp.) or layers of copper foil (0.02mm/0.14mm thickness).  A 

piezoelectric pressure sensor (PCB Piezotronics, #119A11) sealed the other end of the 

breech. Figure 1 shows a schematic of the experimental setup. Figure 2 shows examples 

of the burst disks, foils and projectiles used.  

   
 

 

The burst disk/foil separated the explosive sample from a one meter-long barrel 

and a stainless-steel projectile (1/4 in. diameter, 1/2 in. length). The heaviest confinement 

experiments used a 69 MPa (10 kpsi) calibrated burst disk and a standard projectile 

having a mass of 3.1 g. The light confinement experiments used one sheet of the 0.02 mm 

foil and the projectile was machined to a dumbbell shape or had a hole drilled into the 

front to reduce the mass.  

The entire apparatus was then heated rapidly at approximately 5ºC/min by 

imbedded heating rods (Watlow Firerods, #E4J30) until the sample ignited. A Watlow 

Temperature Controller (#96A1) and associated software (Watlow, version 1.5.81) 

controlled the temperature ramp. A Tektronix Oscilloscope (TDS 754D) recorded the 

Figure 1. Schematic of experimental setup 
Figure 2. Picture of burst disk, foil and projectile. 
The 2 sides of the burst disk are on the left, on the 
top right is the copper foil, and beneath that is the 
projectile. 
 



interferometer and transducer data. Once the internal pressure exceeded the strength of 

the foil or rupture disk, the expanding gas accelerated the projectile. The projectile 

position was measured by a microwave interferometer.7 The data were then entered into a 

data reduction package written in Mathematica (Wolfram Research, Inc.).8 

 

Data Reduction 

Reaction Energy and Power. Typical pressure and projectile position data are shown in 

Figure 3. Violent reactions typically produced pressure wave ringing evident in the signal 

shown. In these cases, we generated a pressure model, also shown in the figure. This 

idealization provided an envelope of the true 

pressure behavior and provided a consistent 

method to compare shots under different 

conditions. Less violent shots produced smooth 

pressure signals, and the model employed 

closely reproduced the true pressure signal. 

The energy released by the reaction was 

determined through the First Law analysis 

provided in our previous work.1 The 

analysis provides reaction energy (RE), as a function of our observable quantities: 

pressure and projectile position, and was found to be: 

RE t( ) = !a t( )"Hrxn =
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Where me and mp are the masses of the HE and projectile respectively. P(t) is the pressure 

as a function of time, measured from the piezoelectric pressure sensor. V(t) is the volume 

that the gas fills, which is directly related to the projectile’s position. γ is the ratio of the 

constant pressure specific heat to the constant volume specific heat, which we assumed to 

be 1.4. The term AthΔT represents the heat lost to the surroundings. A is the surface area 

in contact with the hot gasses, t is time, ΔT is the difference in temperature between the 

gasses and the surroundings, and h is the heat loss coefficient, which is constant for 

constant materials and geometries. Since we were unable to measure ΔT or h, we 
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estimated the value of their product by requiring the reaction energy to increase 

monotonically with time. The hΔT term was varied until the final reaction energy did not 

decrease at late times; the effect of this adjustment has been shown previously.1 It should 

be noted that this correction does not significantly affect the early time behavior, which is 

of most interest. We include the heat loss for completeness and to improve the overall 

accuracy of the analysis. Finally, average maximum power was calculated by fitting a 

line to the steepest section of the reaction energy trajectory. The slope of the line was 

interpreted as average power over the course of the explosive reaction.  

  

Violence. We have previously suggested that violence could be characterized by the 

product of total energy relative to a reference case, and average power relative to a 

reference case.1 Symbolically, these are: 

!E =
E

Eref

      (2) 

 

! p =

!E t( )
avg

!Eref

      (3) 

where E is the reaction energy, and the dot over the E represents the time derivative 

(power). As our reference case, we used the values of a detonating 0.25” diameter 

cylinder of TNT (5.4 MJ/kg and 1.9 GW). Violence is then defined as the product of the 

equations (2) and (3): 

Violence = !p  * !E       (4) 

This method assigns both rate and total energy components to the explosive reaction. 

Typically, the mass and energy density (blast scaling laws) or pressure time 

characteristics (P2τ) provide the required information to determine blast effects9 or the 

likelihood of shock initiating nearby explosives.10 However, those methods assume a 

high rate of energy release, and do not account for energy release rates that fall below a 

critical value. Equation 6 provides a systematic way to compare the explosive reactions 

without invoking an implied critical rate criterion. 

 

 



Results/Discussion 

 Fifteen experiments were performed in this series. Mechanical confinement 

strength was varied from ca. 3 MPa to ca. 140 MPa. We also examined the results in 

terms of the enthalpy increase in the breech before confinement failure compared to the 

total theoretical enthalpy change for combustion of the entire mass of the explosive, as 

shown on the top axis of the plots. Figure 4 shows typical reduced data, where the 

evolution of enthalpy, work and stored energy were 

calculated. Point 1 indicates the beginning of 

violent explosive reaction, and point 2 shows the 

cessation of violent reaction. 
Figures 5 - 8 show the trends in enthalpy, 

power, violence and peak pressure with increasing 

mechanical confinement strength. Each metric 

appears to increase and approach a final value as the mechanical confinement strength 
was increased. Data were acquired in two sets, one where the breech temperature was 

raised at 5°C/min until explosion occurred (represented by solid circles) and another 

where the explosive was thermally damaged by soaking at 190°C for one hour, then 

ignited by again ramping the breech temperature at 5°C/min (represented by solid 

triangles).1 The dashed lines on the plots are exponential fits to the data for the 

undamaged samples and are intended as an aid to demonstrate the trend towards a 
limiting value. The damaged data helps establish the existence of a limiting value, as no 

significant variation was observed over a wide range of mechanical confinement that was 
previously characterized as the regime of strong confinement.1 We do, however, observe 

that power, violence and peak pressure for the damaged case appears to measurably 

exceed those values for the undamaged explosive. The same difference was not observed 
for the reaction enthalpy. We expect these differences from other evidence showing 

increased porosity and altered morphology in thermally damaged explosives. This likely 
leads to faster convective energy propagation by reduced transport resistance and 
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Figure 4.  Typical Enthalpy, Work and Stored Energy Plot. 
Point 1 represents failure in mechanical confinement; Point 2 
represents the end of violent reaction 
 



increased burning surface area generally causing more violent reaction.11,12 However, the 
similarity of reaction enthalpy between the damaged and the undamaged explosive was a 

new observation suggesting significant decomposition of the explosive does not occur at 
this level of thermal damage. The observed values for enthalpy change for both damaged 

and undamaged explosive under overall heavy confinement conditions were 
approximately ½ of the theoretical detonation enthalpy, most likely because the reaction 

does not produce the lowest energy combustion products as assumed in the detonation 

enthalpy calculations. We are currently studying the effect of thermal damage on 
violence in detail, and details are forthcoming. 

The significant observation stemming from these data was the precipitous decline 

in all metrics with decreasing mechanical confinement strength at pressures below ca. 20 

MPa. In addition, at the lowest level of confinement (a 0.02 mm copper foil) the foil 

ruptured non-violently for 4/8 shots and the projectile was pushed down the barrel by  

slow evolution of gas from the burning explosive. To explain this behavior, we draw on 

the work of several researchers.6 For violent reaction to occur, the pressure must exceed a 

critical value sufficient to collapse the flame standoff to a small dimension and force the 

hot reacting gas into pores and cracks, creating a cascading process of surface area 

generation by crack formation. Further, according to Berghout, et al., the critical pressure 

depends on characteristic crack size; a sample with characteristically larger cracks will 

have a lower critical pressure. If this critical pressure is not exceeded, non-violent 

burning occurs. Additionally, if the charge has large dimensions and confinement is 

maintained, the violent reaction can transit to a detonation. The process of pressure 

induced surface area generation and combustion continues and the rate increases until the 

reaction consumes the entire charge, or until the confinement fails.  In the experiment 

discussed here, after confinement failed the reaction began to work against the inertia 

provided by the projectile. A sufficiently massive projectile would not move appreciably 

before the reaction was complete, and the inertial confinement would temporarily store 

the charge energy in the form of compressed gas. A sufficiently light projectile would 

move a significant distance before the reaction is complete, increasing the reaction 

volume and decreasing the pressure, leading to a lower rate of surface area generation 

and combustion.  



The trends in shown in Figures 5 through 8 are thus explained by the interplay of 

pressure, confinement strength, surface area generation and combustion. At the very 

lowest confinement strengths it was likely that somewhat stochastic factors contributed to 

the go-no go behavior. These factors may include location of ignition (edge, internal, 

end), degree of mechanical damage induced by the volume change associated with the β -

δ  phase transition,13 and/or how closely the dimensions of the machined explosive 

matched the breech diameter (snugness of fit). These factors may affect the early stages 

of pressure rise and surface area generation and could cause widely varying early rate 

behavior, such that some shots did not reach the critical pressure before confinement 

failure. 

 At higher confinement strengths, early time ignition and propagation behavior 

plays a lesser role: regardless of the early behavior, the pressure will rise to the critical 

pressure before the confinement fails. Most importantly, the rate of violent explosive 

reaction will continue to increase due to pressure effects on the reaction kinetics and the 

continuing process of surface area generation.6,14 This observation is important as it sets 

an initial condition for energy release rate after mechanical confinement failure, as the 

gas began to work against the inertial confinement of the projectile. As mentioned above, 

for the highest levels of mechanical confinement, violent reaction occurs and a significant 

portion of the reaction is complete before mechanical confinement fails and/or the 

projectile moves significantly.   

When confinement was breached, the explosive continued to react violently with 

the rate of reaction depending on the level of inertial confinement and the rate at the time 

of mechanical confinement failure. Figure 4 shows a typical example of continued violent 

reaction after mechanical confinement failure, where confinement was breached at ca. 12 

MPa at 1.47 ms. Future work will further examine the effects of inertial confinement. 

Ideally, a slope break will be observed in the enthalpy versus time plots. This slope break 

indicates the time of confinement failure; the lesser slope reflecting the relatively lower 

reaction rate in the decreasing pressure, increasing volume environment.  
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Figure 5. Enthalpy versus Burst Pressure 
The solid circles represent experiments where the 
temperature was raised at 5°C/min, the solid triangles 
represent experiments where the sample was thermally 
damaged at 190°C for 1 hour before being ramped to 
ignition at 5°C/min. 
 

Figure 6. Power versus Burst Pressure 
The solid circles represent experiments where the 
temperature was raised at 5°C/min, the solid 
triangles represent experiments where the sample 
was thermally damaged at 190°C for 1 hour before 
being ramped to ignition at 5°C/min. 
 

Figure 7.  Violence versus Burst Pressure 
The solid circles represent experiments where the 
temperature was raised at 5°C/min, the solid triangles 
represent experiments where the sample was thermally 
damaged at 190°C for 1 hour before being ramped to 
ignition at 5°C/min. 
 

Figure 8. Peak Pressure versus Burst Pressure 
The solid circles represent experiments where the 
temperature was raised at 5°C/min, the solid triangles 
represent experiments where the sample was thermally 
damaged at 190°C for 1 hour before being ramped to 
ignition at 5°C/min. 
 



These observations are consistent with an intuitive limiting case analysis of inertial 

confinement behavior. In the limit of heavy inertial confinement, the projectile does not 

move during the explosive reaction. In this case, we expect the rate of reaction to increase 

until the explosive is consumed. In the limit of no inertial confinement (projectile or 

surrounding gas), we expect a rapid quench of the reaction. We therefore expect a 

reaction rate equal to or less than the rate attained at the time of mechanical confinement 

failure that decreases with decreasing inertia.  

 

Conclusion 

 Fifteen experiments were performed to 

study the effects of varying confinement strengths 

on the thermal reaction of PBX 9501. The reaction 

enthalpy, power and violence were examined and 

all appear to approach a single value for strong 

levels of confinement. Furthermore, as confinement 

was decreased, all three of the metrics appeared to 

decline rapidly at pressures below ca. 20 MPa. 

These two trends, as well as our 

intermediate confinement data, suggest 

a general form for the enthalpy, power and 

violence metrics that is shown in Figure 9. The 

values for strong confinement and weak 

confinement behave as expected, but there was 

significant scatter for intermediate confinement 

values. This implies that at those intermediate 

levels factors such as location of ignition, 

mechanical damage, or snugness of fit will 

have a somewhat random effect. Our 

current experimental setup does not allow 

us to investigate those factors.  
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Figure 9.  Qualitative plot of the Log of Enthalpy, Power, or 
Violence versus Time. A.U. stands for Arbitrary Units. 
 

Figure 10. Qualitative plots of Enthalpy versus Time for 
varying confinements 
Points I & II represent different mechanical confinements. 
Lines A – F represent varying inertial confinements. 
 



 Figure 10 is another qualitative graph that describes the evolution of enthalpy. 

Before mechanical confinement fails, the rate of energy release increased rapidly 

(accelerated). At the time of mechanical confinement failure, the reaction continued 

under conditions of increased volume and reduced peak pressure as dictated by inertial 

confinement. This behavior is reflected by the slope break shown at points I and II. Point 

I represents a lower burst pressure than point II. During the period of inertial 

confinement, the projectile inertia and energy release form a coupled system. In general, 

a reaction working against a lighter projectile was less violent. Eventually, the sample is 

exhausted and the energy plateaus. The letters A – F represent the curves for varying 

levels of inertial confinement, where F>E>D and C>B>A. In our future work, we will 

attempt to quantitatively show this type of relationship between enthalpy and 

confinement. 
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Introduction  
 

Dianminodinitroethylene (DADNE or FOX-7) is low sensitivity high explosive. Molecules of this 

substance as well as molecules of triaminotrinitrobenzene (ТАТB), have conjugated bonds between car-

bon atoms (С=С), closely located amino- and nitro-groups (-NO2 and - NH2) and well-developed system 

of inter- and intra-molecular hydrogen bonds. Crystals of DADNE like crystals of TATB have graphite-

like structure.  

At the same time this substance is interesting not only due to the common with TATB regularities, but 

also due to specific features of DADNE.  

First of all DADNE 

behavior at heating is of interest 

for many researchers [1, 2, 3].  

First, kinetic parameters of 

thermal decomposition are 

referred to these specific fea-

tures of studied substance. So, 

in temperature range 

~200÷250ºС activation energy 

values scatter in papers of 

different authors from ~50 to 

90 kCal/mole [1, 2].  

Second, curve of differ-

ential thermal analysis (DTA) 

of DADNE has two clearly 

seen exothermal peaks [4] (see Fig. 1), the starting points of which correspond to the temperatures ~ 

210ºС and ~ 275ºС. 
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In paper [4] we have demonstrated that after completion of exothermal processes at temperature 

~ 210ºС (see the first peak at DTA curve) DADNE looses ca. 30÷35% of its weight and transits in a new 

explosive (DADNE-T).  We have demonstrated that resulting product in its turn behaves as a typical indi-

vidual HE, and the temperature of the start of its vigorous decompositions is ~ 275ºС, that coincides with 

the starting point of the second exothermal peak in DADNE DTA curve. Only one stage of DADNE-T 

decomposition is observed in TGA curve. 

Using Fourier transformed IR-spectroscopy (FTIR) we have demonstrated [4] that the DADNE  

DADNE-T transition process is accompanied by transformation of some part of amino- and nitro-groups 

(presumably this process may run with formation of furoxane derivatives of DADNE). 

Assumption that DADNE exists in several polymorphous modifications is another hypothesis ex-

plaining peculiarities of the substance behavior.  

Validation of these assumptions has called for application of additional research techniques such 

as micro-video recording of crystals at heating. 

Besides that hypothesis about several polymorphous modifications of DADNE had to be experi-

mentally proven, for example by extraction of metastable (at normal conditions) modifications and re-

spective study of these. 

 

1. Polymorphism  
In DADNE DTA curve we have observed two endothermic peaks at temperatures ~105÷115ºС 

and ~175÷185ºС respectively. Running multi-stage differential analysis including heating up and cooling 

of the specimen has allowed exclusion of supposition about DADNE melting at these temperatures (see 

Fig. 2).  

 

  
 

 

 

           50          80          100        120         140         160         180             50          80          100        120         140        160        180        
                                                    Temperature, 0C                                                                                  Temperature, 0C 
                                                                                 
 Fig. 2   polymorphous transitions in DADNE (the second heating was performed a) immediately af-
ter cooling of the specimen, b) in 1 after cooling of the specimen) (1, 2, 3 – heating order) 
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Following this an assumption (coincid-

ing with that discussed in [5]) that DADNE 

has at least three polymorphous modifications 

(α, β, γ), transiting to each other at heating and 

cooling occur. If evaluate this hypothesis we 

may assume that one more polymorphous 

modification of DADNE (δ) does exist, and it 

is stable at high temperatures (> 215ºС). Pos-

sibly the fact that transition γ→ δ runs in par-

allel with exothermal decomposition of some 

part of γ–DADNE is a specific feature of this 

transition. Most probably dependence of rela-

tive intensity of two exothermal peaks in 

DADNE DTA curve versus heating rate from 2ºС/min to 6ºС/min may be attributed to this feature: when 

the heating rate goes up intensity of the first exothermal peak grows and at the same time the second exo-

thermal peak goes down (see Fig. 3). This trend at heating rate 20ºС/min is the same. Figure 4 illustrates 

the scheme of transitions between assumed polymorphous modifications of DADNE. 

 

 105ºС ÷115ºС 
 

175ºС ÷185ºС 
(150ºС -165ºС)*

210ºС ÷215ºС  

           α β γ δ      +∆Eδ 
      

               +∆Eγ   

Fig.4  Scheme of assumed polymorphous transitions in DADNE (*- crystallized FOX-7) 
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                                   Temperature, 0C 
Fig3. Dependence of DTA curve exothermal peaks 
intensity on heating rate: 1) 60С/min, 2) 2 0С/min
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2. Crystallization  
 
We have performed crystallization of DADNE from 

several solvents for extraction of different polymorphous modi-

fication of this substance. Single crystals were produced by 

slow cooling of DADNE solutions in formic acid, acetone, ethyl 

alcohol and water-acetone mixture.  

As a rule mixtures of crystals with different shape were 

produced as a result of crystallization. Micro-photos of some 

DADNE crystals are illustrated in Fig.5.  

DADNE samples produced by crystallization were 

studied using IR spectrometer “SYSTEM-2000” (Perk in 

Elmer) in wave number range 4000 – 370 cm-1. Samples were 

compacted as pellets with KBr (2:300). Typical FTIR spectra 

of DADNE specimens are illustrated in Fig. 6.  

Our results allow conclusion that no differences were 

found in molecular structure of DADNE crystals produced 

form different solutions using IR-Fourier spectroscopy.  

 

 

 

 

 

 

 

 

Fig.5 Single crystals of DADNE, produced by recrystallization 
from acetone (a) and water-acetone mixture(b, c). 

Fig. 6. FTIR of DADNE: a – raw samples, b – four-faceted prisms, c – rhombic crystals  
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As a result of differential thermal analysis of DADNE samples produced by crystallization form differ-

ent solvents (see Fig. 7), we have found the following regularities: 

• Two endothermic and two exothermal peaks were observed for all specimens of crystallized 

DADNE at heating rate 2ºС/min; 

• The first endothermic peak was observed at ~105÷115ºС for all samples; 

• The starting point and the shape of the second endothermic and of the first exothermal peaks 

depend on type of solvent used for crystallization. 

• Starting point of the second exothermal peak for all DADNE samples was observed at tempera-

tures ~270ºС÷280ºС. 

 

From the viewpoint of several polymorphous modifications DADNE we may assume the following ex-

planations to the results obtained. 

Solvent molecules may be captured between the layers in DADNE crystals due to their graphite-like 

structure [1]. Presence of solvent molecules cannot influence the low-temperature polymorphous α  β 

transition. Contribution of solvent molecules grows alongside with temperature growth and this is mani-

fested by change of kinetic parameters of β  γ and  γ  δ transition processes that lead to shift of cor-

responding peaks in DTA curve. If this hypothesis is correct, solvent molecules are still ‘captured’ be-

tween DADNE molecules in the temperature range 150ºС÷160ºС (the second endothermic peak tem-

perature). Absence of weight loss in crystallized DADNE samples at these temperatures (TGA data) 

supports this conclusion. 

2

1

3

6 

4

5 

80            100              120              140              160              180             200              220              240             260              280              300 

                                                                              Temperature, 0C 

Fig. 7 DTA curves of DADNE crystallized from different solvents: 1- raw DADNE, 2 - water-
acetone mixture, 3 - formic acid, 4 - water, 5 - acetone, 6 - ethyl alcohol 
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When DADNE-T was crystallized from water, acetone and ethyl alcohol, the FTIR spectra and DTA 

curve of the resulting crystals were similar to those of DADNE.  Comparison of DTA curve of DADNE-T 

after crystallization from acetone with DTA curves of DADNE before and after crystallization is illustrated 

in Fig. 8. 

 

 
 

 

 

3. Micro video records  
We have developed a technique for micro video recording of crystals using a video-microscope 

system Video Lens Trinocular (Edmund Scientific) for research of processes running in DADNE at heat-

ing. Block-diagram of experimental setup is illustrated in Fig. 9. 

 

 

 

 

 

 

 

 

 

 

 

Fig.9. Block-diagram of setup for micro video recording.  
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                                                                             Temperature, 0C     

Fig. 8. DTA curves of DADNE-T (1), crystallized DADNE (2) and DADNE-T(3) 
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DADNE specimen with the weight 1÷5 mg (1) was placed on a mica plate (2), sitting on a heater 

(3). Temperature of this plate and sample was monitored by Chromel-Copel thermocouple (4). The proc-

esses were recorded by video-microscope (5). Heating of sample and video recording were synchronized 

using a PC-based workstation (6). Mica plate was also placed on top of DADNE specimens in some ex-

periments and temperature of this plate was kept by ~ 15ºС lower than the sample temperature.   

Linear heating mode was applied during experiments; heating rate was ~ 10°С/min.  

No changes of DADNE crystals were visually observed at heating up to ~+105°С.  

Visually observed micro-cracks appeared inside the crystals at temperatures ~+105ºС ÷~+115ºС. 

No further changes were observed in the crystals up to the temperature ~+150ºС.  

Distinct changes are observed in video record at temperatures ~+150ºС ÷~+165 ºС, the crystals at 

this temperatures fail in cross direction as parallel plates. Thus the crystal fragments scattering on heated 

surface. At temperatures above +205ºС DADNE crystals became less transparent and got dull hue and 

changed color from yellow to light-dark.  

When the temperature of ‘hot’ mica plate was above +210ºС condensed products as drops or fine 

crystals were observed on the ‘cold’ plate. IR-Fourier spectra of condensed products testify that recorded 

process was not a mere sublimation of DADNE. Experimental estimates suggest that at the rate of 

DADNE decomposition ~ 35% the amount of condensed products was ~ 5%. The residue on the ‘hot’ 

plate was a substance that in paper [4] we called DADNE-T. 

 

Conclusions: 

The results of performed studies allow the following conclusions: 

- DADNE crystallizes (at crystallization from formic acid, water acetone and water-acetone mixture) as 

four-faceted prisms; no differences in molecular structure of different types of DADNE crystals were 

found by FTIR; 

- At heating above +210ºС DADNE decomposes and a new explosive (DADNE-T) appears; 

- It has been demonstrated by results of thermal analysis and video record that DADNE does not melt 

in the temperature range up to +280ºС and has several polymorphous modifications (α, β, γ), with re-

versible transitions between modifications; 

- Presumably DADNE–T is a polymorphous modification (δ) stable in a temperature range from 

~+20°С to ~+270°С. 
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ABSTRACT 
 
Ultra-fine metallic particles have demonstrated recently their potential in tailoring the 

performance of energetic materials.  As their size decreases to the nanometric range, the 

properties of the particles are modified.  For example, in the case of aluminium, the inert 

oxide layer that covers the particles becomes relatively important and the relative amount 

of energy available for the exothermic oxidation reaction decreases significantly.  In 

addition, small particles are very reactive and tend to cause interations with the 

surrounding media.  One example is the ageing of aluminium nanoparticles in the 

presence of humid air.  Ultra-fine particles age much faster than micron-size particles.  

The long-term stability of energetic material mixes containing ultra-fine particles will be 

affected by this reactivity.  Another example is the interaction of aluminium 

nanoparticles with nitramines that causes gasing.  These are justifications to research 

efficient coating methods for nano-particles, to try to reduce the importance of the oxide 

layer, and to protect the particles against oxidation.  RDDC Valcartier opted to use 

polymers to coat ultra-fine particles.  Three methods were explored: coating by 

thermoplastics using a Ziegler-Natta reaction, by thermosets through a polymerization 

reaction initiated at the surface of the particles, and in-situ coating of particles by on-line 

polymerization during the plasma production of powders.  To assess the performance of 

the coating methods, ageing tests were carried out on coated and uncoated nanoparticles.  

The ageing tests were performed using two methods: direct measurement of the metal 

content at regular intervals, and weight gain of the particles during ageing.  The results of 

ageing tests with those methods will be presented and compared.  It will be shown that 



the polymer coatings reduce significantly the loss of active metal content during 

accelerated ageing tests.  In addition, it will be shown that the simple gravimetric method 

worked well and, therefore, offered a very simple solution for ageing tests of coated 

aluminium nano-particles. 

 
 

INTRODUCTION 
 
Nanometric metallic powders are now seen as a new and useful potential ingredient for 

energetic materials.  It has been found in the past that aluminium nano-powders can 

improve burn rates in rocket and gun propellants [1-5].  They are also seen as an essential 

ingredient in metastable intermolecular composites, when mixed with nanometric 

metallic oxides.  However, the powders also suffer from serious drawbacks.  One 

example is that they age much faster under humid conditions [6].  They also react more 

readily with energetic components, such as RDX [7], and produce gases.  This minor 

incompatibility can cause problems in mixes kept in long-term storage.  Finally, their 

electrostatic discharge sensitivity (ESD), and that of mixes containing the powders, can 

be much higher than the ESD of micron-size powders [8]. 

 
One way to solve those problems is to coat the nano-particles with a protective layer of 

material.  Cliff et al. [6] demonstrated that a coating of palmitic acid on Alex® 

nanopowders seriously decreased the sensitivity of the aluminium powder to humid 

conditions and slowed down the ageing of the powders.  However, the acidic side of the 

coating produced incompatibilities in energetic material mixes.   

 
Defence Research and Development Canada Valcartier initiated a research project on the 

ultrathin coating of nanopowders with polymeric materials.  The objective of the research 

project was to coat the powders with very thin polymeric coatings, and to control that 

thickness.  It was hypothesized that this coating would then protect the powders against 

premature oxidation, would prevent incompatibilities with other energetic materials, and 

could even help to obtain nanoparticles with larger percentages of active aluminium, by 

coating non-passivated or under-passivated aluminium particles.  Three methods were 

selected for the coating.  The first method consisted in coating with thermoplastics using 



a direct Ziegler-Natta polymerization on the particles.  This method was presented 

elsewhere [9]. The second method was very similar and involved reactions on the 

particles by thermosetting polymers, such as HTPB.  Finally, the last method that was 

explored was the direct polymerization on the particles in a plasma process.  The 

objective of this paper is to present the ageing behaviour of coated and uncoated 

aluminium particles under humid conditions.  In the current study, only particles coated 

with the first method, using thermoplastics, will be presented.  Two procedures will be 

presented for the ageing study, one with regular titrations performed to determine the 

active Al content of powders, and the second one performed by simply weighting 

samples.  The second method presents many advantages and can be performed more 

rapidly with fewer resources. 

 
 

EXPERIMENTAL 
 
Materials 
 
The aluminium nanopowders powders were acquired from different sources: Technanogy 

in California for particle size 43 nm with a thick oxide layer coating, Tekna Plasma 

systems in Sherbrooke, Canada, for Al120, of particle size around 120 nm (measured by 

SEM), and Valimet for H-2 and H-15 powders, of nominal sizes 2 and 15 microns 

respectively.  Only two coated powders will be presented in this study: 43 nm coated with 

28% in mass of polyethylene, and Al120, coated with 18% polyethylene.  The polymer 

coating was considered successful, even if it was shown to be imperfect, with the coating 

of agglomerations and the creation of polymer filaments between particles.  Figure 1 

presents coated and uncoated particles.  

 
Methods 
 
The method used to determine the amount of active aluminium in the samples was a 

simple digestion.  The method was inspired by the one used by Cliff et al [6] for their 

ageing study.  It is a digestion of the aluminium using a NaOH solution.  The reaction 

produces hydrogen gas according to the reaction: 

 



2 Al + 2 NaOH    2 NaAlO2 + 3 H2(g) 
 
The volume of gas generated is measured to determine how much aluminium reacted.  

An excess of NaOH is used.  A picture of the test set-up is presented in Figure 2.  The 

reaction was carried out in a 500 ml flask, on which a pressure transducer was adapted.  

The pressure transducer was a Boc Edwards Barocell 622 capable of measuring 0-1000 

mm Hg.  The reaction was performed under a small vacuum such that the reaction would 

end at atmospheric pressure.  This was made to minimize any hydrogen leaks from the 

system.  The solution of NaOH was 2M.  The reaction was complete usually within one 

or two hours.  The reaction was performed in a fluid bath and a thermocouple was 

installed to monitor the temperature of the bath and of the reaction vessel to allow a 

precise conversion of gas pressure to the amount of hydrogen liberated.  A quantity of 

approximately 0.25 g of Al was used for each test. 

 

The second method was devised following the observation of Cliff et al. [6] that the 

reaction of aluminium in humid air produced bayerite (Al(OH)3) rather than alumina 

(Al2O3).  The ageing reaction is then: 

 
2 Al(s) + 6 H2O    2 Al(OH)3(s) + 3 H2(g) 
 
The method only requires to know the original percentage of active Al in a sample.  The 

material to test is then separated in small samples of about 0.25 g in small open 

containers and weighted accurately.  A sample is taken out of accelerated ageing at 

regular intervals, it is dried for a short period to get rid of any water present, and this 

sample is weighted again.  The weight increase is caused by the creation of bayerite.  

Simple calculations are then performed to find the amount of active aluminium that was 

lost in the reaction. 

 
The accelerated ageing tests were performed by placing the samples in a dessicator and 

by replacing the dessicant by water.  The dessicator was then placed in an oven at 60 ºC.  

This created conditions of almost 100% humidity at 60 ºC.  These were extreme 

conditions for ageing.  Nevertheless, they permitted to run and complete the ageing tests 

in a week.   



 

 
 

 
 

Figure 1: Aluminium powder Al120.  Top: uncoated; bottom: coated with polyethylene. 
(Pictures courtesy of the Canadian Explosive Research Laboratory) 

 
 



 
 

Figure 2: Experimental set-up for the measurement of the aluminium content 
 

 
RESULTS 

 
Aluminium Content 
 
The active aluminium content of the powders of various sizes was determined using the 

digestion method.  It is well known that very small aluminium particles contain less 

active aluminium than the larger ones because of the oxide layer that is of almost 

constant thickness of 3.5 nm.  This layer becomes important for particles smaller than 

100 nm.  The active aluminium content is then used as the time zero concentration in 

ageing tests.  The results are listed in Table 1. The results for Alex® are presented as a 

reference.   

 
The percentages correspond to what is expected for the particles sizes.  However, the 

43nm powder coated with 28% of polyethylene contains less active aluminium than the 



theoretical value.  The powders may have lost some of their power during the coating 

process, which was not the case for the 120nm. 

 
TABLE 1: Active aluminium content of the Al powders  

 
Al Powder Type Active Al content 

(%) 
H15 96.7 
H2 94.5 

43 nm 55.4 
43 nm with 28% PE 31.9 

120 nm 84.0 
120 nm with 18% PE 69.0 

Alex® 81.4 
 
 
Ageing Tests - Digestion Method 
 
Figure 3 presents the results for the non-coated Al powders.  It is clear from the graph 

that the ageing method is very severe.  Even the H-15 powder loses more than 30% of its 

power after 120 hours.  The nano-powders lose most of their active Al within 15 hours.  

They are clearly more sensitive to the test than the micron-sized powders.  The 2-micron 

powder is an intermediate case, in which a lot of the active Al content is lost in 15 hours 

and about 20% remains, as if a protective coating had been created over the remaining 

20% to prevent it from reacting (Ref. 6).   

 
Figure 4 shows the effect of the polyethylene coatings on the ageing of the aluminium 

powders.  The coating on the powders obviously protects the nano-powders in this harsh 

environment. The 18% PE coating on the 120nm powders delays the complete loss of 

active aluminium to more than 120 hours, multiplying their resistance by a factor of 8.  

For the 43nm powders coated with 28% PE, there remains a large fraction of the original 

active Al after 5 days.  However, this fraction represents only 18% of the total Al in the 

particles because the original percentage of active Al was small (31.9%, see Table 1).  

Nevertheless, it is obvious that the PE coating is efficient in protecting the powders.  

 
 
 
 



 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 3: Accelerated ageing (60 ºC and 100% humidity) of non-coated Al powders  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  
 
 
 
 
 
 
 
 

Figure 4: Comparison of the accelerated ageing of coated and non-coated Al nano-
particles 
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Ageing Tests - Gravimetric Method 
 
The second objective of the tests was to compare the titration method for the ageing tests 

with a very simple gravimetric method which required only one determination of the Al 

content.  The same ageing was performed using both methods at the same intervals.  The 

comparison of the results from both methods is presented in Table 2.  A graphical 

representation is also shown in Figure 5.  The results from the gravimetric method are in 

excellent agreement with those from the titration method.  It confirms the hypothesis that 

the reaction proceeds towards bayerite more than aluminium oxide.  It also offers an 

excellent alternative for the monitoring of the ageing of coated and non-coated Al nano-

powders.  The methods is much more simple and requires only one determination of the 

Al content (the initial determination), that is often provided by the powder manufacturer. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 5: Comparison of the methods to monitor the ageing of the Al powders 
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Table 2: Comparison of the results from ageing tests using two different methods. 
 

 Time 
(hr) 

Active Al (%) 
By titration 

method 

Active Al (%) 
By gravimetric 

method 
H-15 0 96.7 96.7 
 2 93.9 93.5 
 5 88.3 88.2 
 8 78.2 78.7 
 15 69.6 70.5 
 24 70.1 69.6 
 48 70.7 74.4 
 120 66.3 65.5 
    
H-2 0 94.5 94.5 
 2 86.7 90.9 
 4.75 69.6 74.5 
 7.75 57.1 57.9 
 15 21.0 25.8 
 24 23.2 24.2 
 30.5 20.5 24 
 144 22.2 20.8 
    
120nm 0 83.9 83.9 
 2 77.6 77.3 
 5 57.4 57 
 8 36.0 35.3 
 15 6.5 5.3 
 24 5.3 4.6 
 48 3.9 3 
    
120nm PE Coated 0 69.0 69.0 
 2 66.7 65.9 
 5 65.4 65.1 
 8 64.6 64.2 
 15 60.4 59.4 
 24 53.1 54.3 
 48 36.6 36.3 
 120 7.6 9.1 
    
43nm 0 55.4 55.4 
 2 51.3 50.6 
 5 42.5 41.1 
 8 27.4 25.7 
 15 1.1 -1.1 
 25 0.7 -2.8 
 48 0.7 -3 
    
43nm PE Coated 0 31.9 31.9 
 2 27.7 26.5 
 5 26.2 24.6 
 8 25.7 24 
 15 25.2 23.4 
 25 24.5 22.5 
 48 23.3 21.3 
 120 18.2 15.3 

   
 



CONCLUSION 
 
The polyethylene coating on the aluminium nano-particles helped to reduce significantly 

the ageing under accelerated ageing conditions (60 ºC and 100% humidity).  While the 

ordinary nano-powders lost all the active aluminium within less than 20 hours, the coated 

powders still had active aluminium after 120 hours.  The comparison was made between 

the method which consisted in doing a digestion of the samples at every time step during 

the accelerated ageing, and another simpler one in which the samples were only 

weighted.  This latter method was shown to give almost the same results, within a few 

percents.  It then provides a method that is faster, cleaner and requires less effort to 

perform accelerated ageing tests on coated Al nano-powders.  
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Abstract 
 
In the present work enthalpy of formation of the ammonium dinitramide (AND) is re-

ceived from experimental data on enthalpy of dissolution of this salt. In turn, neces-

sary for this purpose enthalpy of formation anion is determined from 4 groups of the 

independent data on burning and dissolution of salts nitric and ДН of acids with iden-

tical cations. By methods calorimetry of combustion and dissolution are determined 

enthalpy of formation and dissolution of salts of the hydrazinium, guanidinium, ami-

noguanidiniun and triaminoguanidinium of nitric and DN acids. Using enthalpy of 

formation of the nitrate-ion, enthalpies of formation indicated cations in the indefi-

nitely diluted water solution are calculated. The received data have allowed to de-

termine values enthalpy of formation of anion DN of the acid on enthalpies of forma-

tion and dissolution of salts of this acid with indicated cations.  

As a result of the executed researches the average weighted size enthalpy of forma-

tion of anion DN of the acid is received. Enthalpy of dissolution ADN is measured 

equal 8,71 ± 0,01 kcal ·mol-1. By the method of the combustion calorimetry the en-

ergy of combustion ADN for a sample with cleanliness above than 99.9 % is meas-

ured and is calculated its enthalpy of formation, which has made 32,20 ± 0,19 kcal 

·mol-1. We recommend average weighted value enthalpy of formation ADN, equal 

32,16 ± 0,11 kcal ·mol-1. 

 

 

 



Introduction 
 
One of significant achievement in chemistry of energetic materials can consider 

reception of ammonium salt dinitramide (ADN), NH4N(NO2)2. It represents the 

greatest practical interest as the oxidizer firm propellant. It is known [1, 2], that for 

the first time ADN was synthesized in Zelinsky Institute of Organic Chemistry 

Russian Academy of Sciences in 1971. Later, in 1989, this compound was 

independently synthesized in USA [3]. 

The works on study thermochemical properties of salts DN acid were begun in labo-

ratory of the thermochemistry of Semenov Institute of Chemical Physics Russian 

Academy of Sciences with occurrence of the first representatives of compounds of 

this class. Enthalpies of formation ADN received by the calorimetry method of the 

combustion, gave the underestated values because of the higroscopicity of this 

compound. As the oxidizer makes the most part of propellant, its reliable enthalpy of 

formation has paramount  importance for the estimation of the fuel impulse. On ac-

count of the decision was accepted by us to determine the enthalpy of formation 

ADN from experimental data on its enthalpy of dissolution and enthalpy of formation 

of the anion.  

 

Results and discussion 
 
The essence of the used method is, that the enthalpy of formation salt is connected 

to enthalpies of ions, included in this compound, by the following equation 

 
 
∆Ho

f [Kat⋅An]c  + ∆Ho
sol[Kat⋅An]c  = ∆Ho

f [Kat+]aq  + ∆Ho
f [An−]aq,                   (1) 

 
 
where ∆Ho

f [Kat⋅An]cr и ∆Ho
sol[Kat⋅An]cr – enthalpy of formation and dissolution of 

salts in the crystal condition; 

∆Ho
f [Kat+]aq и ∆Ho

f [An−]aq – enthalpy of formation of the cation and anion in the in-

definitely diluted water solution. 

For salt compounds of composition CaHbOcNd the enthalpy of formation can be de-

termined with the help of the calorimetry of the combustion according to the following 

equation: 



 
          ∆Ho

f(CaHbOcNd)c + ∆Ho
с(CaHbOcNd)c = a∆H0

f (CO2)g+  b/2∆H0
f (H2O)l            (2) 

 
 
Thus, if are known the enthalpies of formation and dissolution salt compound com-

position CaHbOcNd and the enthalpy of formation of one of ions, on the equation (1) it 

is possible to calculate the enthalpy of formation of the unknown ion. 

If there are some salts with the identical ion, the values of its enthalpy of formation 

received according to the equations (1) and (2), should coincide among themselves 

within the limits of the error of measurements. The analysis of reliability of thermo-

chemical data for salt compounds is established on it the principle - if values of en-

thalpies of formation and dissolution of several salts with the identical anion also is 

based (or cation) are determined correctly, the values of the enthalpy of formation of 

the unknown ion calculated for each salt, should coincide. 

In turn, if the enthalpies of formation of ions are known, then the enthalpy of forma-

tion of any salt with these ions it is possible to determine on the enthalpy of dissolu-

tion. The accumulation of data on enthalpies of formation of ions essentially expands 

borders of application of calorimetric methods. The enthalpy of formation of the ion 

the indefinitely diluted water solution is generalizing thermodynamic parameter for a 

lot of salts containing this ion. Its enthalpy of formation iѕ value constant and does 

not depend on the nature of other ions which are taking place in the solution. 

The measurements, executed in at present work, of enthalpies of dissolution con-

cern to concentration by a solution with m = 0,005 ÷ 0,0001, and the change of con-

centration in 5-6 times did not influence measurable value within the limits of the er-

ror of measurements (0,01 - 0,02 kcal ·mol-1). The correction on calculated on a 

method Debay-Hukkel also laid in these limits. Therefore enthalpies of dissolution of 

salts measured in at present work  can be attributed to infinite delution. Besides as 

the new ions expected with use of data on enthalpies of combustion, which errors 

make the tenth shares the kcal ·mol-1, in a result these errors and will determine er-

rors in enthalpies of formation of ions. 

For reception of enthalpies of formation C, H, N, O - containing cations one of the 

most convenient and accessible classes of salts are the nitrates - salt of the nitric 

acid. The enthalpies of formation of these salts can be measured with the help of the 

calorimetry of the combustion. Salts of nitrates - one of most investigated in the 

thermochemical relation a class of compounds. The enthalpy of formation of the ion 



of the nitrate now is accepted equal the -49,44 ± 0,10 kcal ·mol-1 [4]. As at determi-

nation of the enthalpy of formation of the ion of the DN acid from the enthalpy of dis-

solution the important role is played by reliability of data on enthalpies of formation of 

cations, we during the row of years carried out works on their specification [5-8]. In 

particular, the enthalpies of formation of nitrates of the hydrazine, guanidine, amino-

guanidine and triaminoguanidine were anew determined. The determinations of en-

ergies of combustion were carried out on modern calorimeters AKS-3 [9] and KLT-

3S [10] with the automated control system and measurement. The results of meas-

urements are given below. The cleanliness of substances was determined under the 

analysis on the nitrate - ion and made about 99,9 %. 

For increase of reliability the value of the enthalpy of formation of the anion of the 

DN acid was received from experimental data on the combustion and dissolution of 

four salts of this acid with the same cations, as from salts of nitrates. As the result of 

such approach the enthalpy of formation the anion of the DN acid was received from 

four groups of independent data on the combustion and dissolution of salts nitric and 

DN acids.  

The circuit of definition enthalpy of formation  the anion of the DN acid looks as fol-

lows. By the method of the combustion calorimetry determined enthalpy of formation 

of nitric and DN salts with identical cation (column 2, Table 1). For the same salts 

enthalpy of dissolution measured (column 3, Table 1). From given on enthalpies of 

formation and dissolution of salts nitrates with the account enthalpy of formation of 

the nitrate-ion determined enthalpy of formation cation (column 4, Table 1). Using 

the received values enthalpy of formation of the nitrate-ion and measured enthalpy 

of formation and dissolution of salt of the DN acid, enthalpy of formation the anion of 

the DN acid received (column 5, Table 1).   

The coincidence of values of enthalpies of formation the anion of the DN acid received 

from several groups of independent data reliability of the measured enthalpies of dis-

solution and energies of combustion both salts of the DN acid and salts of the nitric 

acid guarantees.  Using received by us the enthalpy of dissolution of the ADN equal 

8,71 ± 0,01 kcal ·mol-1 (Table 2) the values of the enthalpy of formation of this salt are 

calculated (last column) for each of the received values of the enthalpy of formation 

anion. The enthalpy of formation of the ion of the ammonium is accepted equal -31,85 

± 0,06 kcal ·mol-1 [4]. 



 
Table 1.   
Thermochemical properties of salts nitric and ADN acids 

      
∆Ho

f  
Compound 

        
∆Ho

f * 
 

∆Ho
sol    

 (Kat+)aq (N3O4
+)aq (NH4N3O4)c 

N2H5·NO3 
N2H5·N(NO2)2 

-58,86±0,23
  -3,21±0,23

   9,07±0.01
11,31±0.02

-0,35±0,25  
8,45±0,34 

-32,11±0,35 

 
 
 
 
 
 

 
-92,48±0,13

 
 

-37,75±0,15

 
9,80±0.02 

 
 

12,88±0.02

-33,24±0,17
 
 
 
 
8,37±0,23 

-32,19±0,24 

 
 
 
 
 
 

 
-66,62±0,16

 
 

10,44±0,16

 
11,71±0.01

 
 

13,50±0.01

-5,47±0,19
 
 
 
 
8,53±0,25 

-32,13±0,26 

 
 
 
 
 
 
 

 
-12,01±0,19

 
 

43,72±0,13

 
12,65±0.03

 
 

14,69±0.01

50,08±0,22
 
 
 
 
8,33±0,26 

-32,23±0,27 

                   
                      * - the average weighed meaning from several series of measurements 

 
 

Table 2.   
Enthalpy of dissolution in water ADN 

 
m - ∆R 

 
Q 
 

qv ∆Hsol C 

0,11774 0,02500 8,2953 0,0099 8,730 1:  5850 
0,18082 0,03826      12,6951 0,0103 8,700 1:  3800 
0,10921 0,02319 7,6947 0,0108 8,728 1:  6300 
0,12717 0,02695 8,9436 0,0095 8,715 1:  5400 
0,63780 0,01348 4,4728 0,0087 8,683 1:10800 
                                             

                                                                          Average ∆Hsol = 8,71± 0,01 kcal ·mol-1 
 

NH2
NH2
C
NH2

N3O4

NH2
C
NH2

NH2 NO3

NO3NH2
NH2
C
NHNH2

N3O4C
NH2

NH2

NHNH2

NHNH2
C NH2 NO3
NHNH2

NHNH2
C N3O4
NHNH2

NNH3



In Table 1 and subsequent tables the following designations are accepted: 

∆Ho
f – enthalpy of formation salt in the crystal condition or of the cation and anion in 

the indefinitely diluted water solution, kcal ·mol-1; 

∆Ho
sol – enthalpy of dissolution of salt in the crystal condition, kcal ·mol-1; 

m – mass of the hinge of researched substance given to vacuum, g; 

∆R – corrected rise of temperature of the calorimeter in experience, conditional      

        degree; 

Q – complete heat change in experience, cal; 

qv – the correction for water evaporation into the free volume of the ampoule, cal; 

qign – energy of the ignition, cal; 

qb – the correction for the thermal effect of combustion of auxiliary benzoic acid, cal; 

qt – energy of combustion of the therelene film, cal; 

qN – correction on formation of the nitric acid, cal; 

∆U'B – energy of combustion of substance in conditions of the bomb, cal⋅g-1; 

 

We also carry out work on measurement of the energy of combustion of the dried up 

sample the ADN having about cleanliness higher of 99, 9 %. Substance before the 

combustion dried up in vacuum at 80 oС. To avoid contact to an atmosphere the 

dried up sample transferred to dry boxing. Substance placed in the therelene cap-

sule, which is hermetic soldered. The determination of the energy of combustion of 

the ADN on this sample (Table 3) has given value -106,50 ± 0,19 kcal ·mol-1. On the 

basis of the received energy of combustion in view of the correction Woshborn and 

change of number of moles of gaseous substances during reaction of combustion 

the enthalpy of formation of the ADN has made -32,20 ± 0,19 kcal ·mol-1, that will 

well be coordinated to results of the Table 1. 

The statistical processing of all results, received in work, gives the average weighed 

value for the enthalpy of formation ADN equal 32,16 ± 0,11 kcal ·mol-1. Thus, the de-

termination of the enthalpy of formation of the ADN by several independent methods 

with application of the combustion and dissolution calorimetry gives the basis to rec-

ommend value 32,16 ± 0,11 kcal ·mol-1. The enthalpy of formation of the anion of the 

DN acid in this case will be equal 8,40 ± 0,13 kcal ·mol-1. 

 

 



Table 3.   
Definition of energy of combustion AND 

 
mO ∆R Q qign qb qt qN -∆U’B 

0,265790 89,21 698,17 1,01 340,51 111,67  17,02  857,67 
0,253418 87,28 683,06 1,01 334,03 114,82  15,94  857,32 
0,247953 91,08 712,80 1,01 362,05 121,00  15,23  861,09 
0,334423 94,47 739,33 1,01 322,43 108,71 20,67 856,73 
0,290641 95,10 744,26 1,01 364,63 110,27  19,14 857,45 
0,258430 89,37 699,42 1,01 354,89 113,22  16,89  860,62 

                                                      
                                                Average  −∆U’B = 858,48±1,52 kcal ·mol-1 

 

 

Table 4.   
 Recommended meanings the enthalpies of formation of salts ADN acid 

 
Compound ∆Ho 

sol ∆H0
f (Kat+)aq ∆Ho

f     
 (recommended) 

 NH4· N(NO2)2    8,71 ± 0.01     -31,85 ± 0,06 [4] -32,16 ± 0,11 
 N2H5· N(NO2)2  11,31 ± 0.02 - 0,35 ± 0,25 -  3,26 ± 0,28 
 
 
 

 
 12,88 ± 0,02 

 
-33,24 ± 0,17 

 
-37,72 ± 0,21 

 
 
 

 
 13,50 ± 0,01 

 
-  5,47 ± 0,19 

 
-10,57 ± 0,23 

 
 
 

 
 14,69 ± 0,01 

 
  50,08 ± 0,22 

 
43,79 ± 0,26 

 
 

The received reliable value of the enthalpy of formation the anion of the DN acid en-

ables to determine enthalpies of formation of salts of this acid proceeding from the 

enthalpy of dissolution, as the accuracy of determination of enthalpies of formation 

from enthalpies of dissolution is much higher, than from enthalpies of combustion. It 

is caused by that the enthalpies of dissolution have the same order of values, as en-

thalpy of formation. While at calculation from data on the combustion of the enthalpy 

of formation represent small on value the difference between two large values - en-

thalpy of formation of products of combustion and enthalpy of combustion. Thus the 

small relative errors in the experimentally found enthalpies of combustion or pres-

NH2
NH2
C
NH2

N3O4

N3O4C
NH2

NH2

NHNH2

NHNH2
C N3O4
NHNH2

NNH3



ence at the sample of insignificant quantity of the impurity frequently can cause con-

siderably large relative error in the designed enthalpy of formation in comparison 

with determination of this value by the method of dissolution.  

The enthalpies of formation of salts DN acid calculated from enthalpies of dissolution 

are given in Table 4.  

The established values of enthalpies of formation are key values in the thermochemis-

try of the new class of substances – derivative of the DN acid. They are recommended 

as basic values for calculations of efficiency of compositions on their basis, calcula-

tions of heats of reactions and other thermodynamic properties of processes with par-

ticipation of derivative of the DN acid. 

 
Conclusion 
 
As a result of complex using of the calorimetry of the combustion and dissolution on 

the basis of several independent cycles of thermochemical measurements of ener-

gies of combustion and enthalpies of dissolution of salts dinitramide and correspond-

ing salts nitric acid, and also independent direct measurements of the enthalpy of 

dissolution and energy of combustion of ADN a row of agreeed values of enthalpies 

of formation of the dinitramide acid anion and ADN is received. 

The data on enthalpies of formation of ADN and of the dinitramide acid anion are 

statistically treated and are recommended following the values: 

                ∆H0
f (NH4  N(NO2)2)c = − 32,16 ± 0,11 kcal ·mol-1       

                ∆H0
f (− N(NO2)2)c =  8,40 ± 0,13 kcal ·mol-1    

 

On the basis of the measured enthalpies of dissolution and received enthalpy of 

formation of the dinitramide acid anion the following values of the enthalpies of for-

mation of the salts of the dinitramide acid are recommended: 

hydrazinium (-3,26 ± 0,23 kcal ·mol-1); 

guanidinium (-37,72 ± 0,21 kcal ·mol-1); 

aminoguanidinium (-10,57 ± 0,23 kcal ·mol-1); 

triaminoguanidinium (43,79 ± 0,26 kcal ·mol-1). 
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ABSTRACT 

Complexes of nickel(II), cobalt(II) and zinc(II) perchlorates with 5-aminotetrazolyl-1-

acethydrazide (ATH-1) were prepared and characterized by the method of IR spec-

troscopy. The enthalpies of dissolution of ATH-1 and its complex salts in 0.1N 

solution of a hydrochloric acid were experimentally determined. That allows 

obtaining the enthalpies of formation of indicated complex salts. The enthalpy of 

formation of ATH-1 required for calculations is measured by the method of the 

combustion calorimetry. 

INTRODUCTION  

Metal-containing explosive compounds have been under study as potential primary 

explosives or igniters1,2,3,4 and many of them have found these specific applications. 

The coordination compounds of common formula of [MLn](X)m (where M is central 

metal atom, L is ligand, and X is anion of oxygen containing acid) are representa-

tives of this group. The principles of designing metal-containing explosive 

compounds have been discussed.5,6 To be capable of explosion and combustion the 

coordination compounds should contain such molecular fragments that, themselves 

or their destruction products, possess oxidizing properties. These fragments usually 

are ClO4
−, NO3

− and similar counter ions. The metal atom serves as a matrix, 

bonding together the fuel-ligand and the oxidizer. Ligand design can be viewed as 

the selection between the desired low content of C and H atoms in the ligand 



molecule and high enthalpy of formation, on the one hand, and necessary strong 

basicity of its donor groups, possibility of chelating, on the other hand.  

5-Aminotetrazolyl-1-acethydrazide (ATH-1) is interesting to that it unites endothermic 

polynitrogen heterocycle tetrazole and hydrazide fragment capable to form strong 

chelate structure with many metals. It has been shown previously by the example of 

tetrazolyl-1-acethydrazide,7 that such compound performs the function of the triden-

tate-bridging ligand bonding the adjacent metal atoms through the chelate hydrazide 

fragment and the nitrogen atom in position 4 of tetrazole, respectively.  

To estimate the performance of energetic materials it is necessary to know their 

enthalpies of formation. However, determination of enthalpies of formation of metal 

containing compounds from heats of combustion is hindered by uncertainty of combus-

tion product composition. Thereupon reaction calorimetry is using for determination of 

enthalpies of formation of metal containing compounds. The essence of the technique 

consists in finding the condition for a reaction of these compounds that would form 

end products whose enthalpies of formation either are known or can readily be 

measured using other reactions. Using of reaction calorimetry allows receiving not 

only enthalpies of formation, but also such thermochemical characteristics as 

enthalpies of dissolution in water and reaction enthalpies, as well as enthalpies of 

formation of new complex ions. 

The main goal of the present work was to study thermochemical characteristics of 

the complex perchlorate salts of transition metals with 5-aminotetrazolyl-1-acethy-

drazide as ligand. Two calorimetric methods were used for realization of this goal - 

combustion calorimetry for ligand and reaction calorimetry for coordination com-

pounds. In work a thermochemical cycle of reactions for definition standard 

enthalpies of formation of complex compounds is applied.  

EXPERIMENTAL  

Preparation. All chemical used were of analytical grade. Perchlorate was analyzed 

as its Nitron salt.8 5-Aminotetrazolyl-1-acetic ether (ATE) was prepared according to 

the method9 and was recrystallized from water. 

Preparation of 5-aminotetrazolyl-1-acethydrazide (ATH-1). A mixture of 9.0g (0.053 

mol) of ATE in 170 ml of isopropanol was heated to reflux and added 2.7 g (0.054 

mol) of hydrazine hydrate. Solution was refluxed 1 hour and was left standing 

overnight at room temperature. The colourless crystals formed which were 



recrystallized from water. Yield 7.4 g (90%), m.p.188-190°C. Anal.calcd. for 

C3H7N7O: C 22.93; H 4.49; N 62.40. Found: C 22.81; H 4.35; N 62.19. H1NMR data 

(δ, ppm): 6.59 (2H, s, NH2-C), 4.67 (2H, s, CH2), 4.22 (~2H, m, NH2). 

Preparation of bis(5-aminotetrazolyl-1-acethydrazide)cobalt(II) perchlorate. 1.83 g (5 

mmol) of Co(ClO4)2⋅6H2O was dissolved in 15 ml of water and was added of 0.78 g 

(5 mmol) of ATH-1. The mixture was slightly heated on a water bath until a clear 

solution is obtained. The mixture was left standing overnight at room temperature, 

the resultant pink-colored precipitate was collected, washed with alcohol and dried in 

vacuum. Yield  79%, ignition p. 287°C. Anal. calcd. for C6H14N14Cl2O10Co⋅4H2O: 

%ClO4, 30.88. Found: %ClO4, 31.05. 

Preparation of bis(5-aminotetrazolyl-1-acethydrazide)nickel(II) perchlorate. Mixture 

of 0.78 g (5 mmol) of ATH-1 and 1.83 g (5 mmol) of Ni(ClO4)2⋅6H2O in 10 ml of water 

was stirred until a clear solution is obtained (~ 20 minutes). The mixture was left 

standing over week to evaporate all water, the residue was treated by 5 ml of water, 

it was slightly heated on a water bath until a suspension is obtained. The resultant 

blue precipitate was collected, washed with alcohol and dried in vacuum. Yield 86%, 

ignition p.290°C. Anal. Calcd. C6H14N14Cl2O10Ni⋅3H2O: %ClO4, 31.78. Found: 

%ClO4, 31.77. 

Preparation of bis(5-aminotetrazolyl-1-acethydrazide)zinc(II) perchlorate. 0.54 g (3.4 

mmol) of ATH-1 and 0.64 g (7 mmol) of Zn(ClO4)2⋅6H2O was heated in 2 ml of water 

until a clear solution is obtained. The solution was left standing to reach room 

temperature, the white crystals were collected, washed with alcohol and dried in 

vacuum. Yield 86 %, m.p. 270°C. Anal.calcd. for C6H14N14Cl2O10Zn⋅3H2O: 

%ClO4, 32.36. Found: %ClO4, 32.16. 

Physical measurements. The IR spectra were recorded with UKC-24 

spectrophotometer as Nujol (1800-1500, 1300-400 cm-1) and hexachlorobutadiene 

(4000-1800, 1500-1300 cm-1) mulls. H1NMR spectra were recorded at 60MHz on a 

Tesla BS-467 spectrometer for solution in DMSO-d6 at 25°C with GMDS as internal 

standard. 

Thermochemical measurements. The enthalpy of formation of ligand is received 

from heat of combustion in the calorimetric bomb into abundance of oxygen. The 

measurements of heat of combustion carried out on the automatic hermetic com-

bustion calorimeter with the isothermal shell, magnetic stirrer and static calorimetric 



bomb designed specially (in ICP RAS)10 for the energetic material test. Calibration of 

the calorimeter carried out by the combustion of the reference benzoic acid. The 

device allows measuring the heat of combustion with accuracy 0.02-0.03 %.  

Table 1.  

Measurements of enthalpy of combustion of 5-aminotetrazolyl-1-acethydrazide 

N ∆m ∆R Q qaux qc qN −∆U’B 
 1    0.074791  7564.40    551.074 276.332 11.295 1.725  3492.37 
 2   0.074408  7977.93    579.299 306.437   9.463 2.415  3500.43 
 3   0.105404  9634.32    701.871 320.227 10.806 2.898  3485.78 
 4   0.099802  8842.65    642.089 280.298 10.216 2.484  3492.59 
 5   0.101649  9439.79    685.449 316.836 10.538 2.650  3491.44 

Average 3492.52  ±  2.34 cal⋅g−1 
 

At calculation of heat of combustion the following corrections were made: energy of 

ignition, thermal effect of formation of the nitric acid in the combustion products, 

work of expansion of gaseous combustion products, the energy of combustion of 

auxiliary substance and the cotton thread, exchange of the calorimetric vessel with 

an isothermal shell and Woshborn correction. The ignition energy was amounted to 

0.524 cal. The experimental data are presented in Table 1. For coordination 

compounds of nickel, cobalt and zinc perchlorates with 5-aminotetrazolyl-1-

acethydrazide as well as for free ligand the enthalpies of reaction (−∆H0
r) of 

compounds with 0.1N hydrochloric acid solution and enthalpy of dilution (-∆H0
sol) in 

water were experimentally measured. The measurements were carried out in a 

precision pendulous calorimetric bomb with the isothermal shell designed in 

Thermochemistry laboratory of Institute of Chemical Physics RAS.11 The 

experiments carried out in a fluoroplastic vessel. The detailed description of the 

procedure and technique of calorimetric measurements can be found elsewhere.12 It 

has been shown previously that the changes of amount and time of heat released 

within wide range (2-100 calories and 3-1200 sec, correspondingly) does not 

influence on accuracy of measurements (root-mean-square deviation 0.01 %). The 

experimental data are presented in  Table 2 and Table 3.  

The following designations are accepted in these tables: ∆m is the weight of the 

compound reduced to its weight in vacuum (g); ∆R is the corrected change in the 

calorimeter temperatures expressed in terms of changes in resistance of measuring 

circuit (ohm) or relative degrees; Q is the measured heat (cal); qaux is the correction 

for the thermal effect of combustion of auxiliary benzoic acid (cal); qN  is the 



correction for formation of the nitric acid (cal); qc is the correction for the thermal 

effect of combustion of cotton (cal); qv is the correction for water evaporation into the 

free volume of the ampoule (cal); ∆U’B is the enthalpy of combustion of compound in 

the bomb (cal⋅g−1); ∆H0
c is enthalpy of combustion (kcal⋅mol−1); ∆H0

sol is enthalpy of 

dilution; ∆H0
r is enthalpy of reaction of compounds studied with 0.1N hydrochloric 

acid solution; ∆H0
f is standard enthalpy of formation. 

Table 2.  

Enthalpies of reaction of ATH-1 and its complex compounds  

with 0.1N hydrochloric acid solution 

N ∆m ∆R Q qv ∆H0r, 
cal⋅g−1 

∆H0r, 
kcal⋅mol−1 

C3H7N7O 
1 0.023725 593.654 0.7558 0.0082      31.5111        4.95 
2 0.069320 929.778 1.2011 0.0081      32.1036        5.04 
3 0.061449 912.215 1.1784 0.0081      32.0294        5.03 
4 0.059103 753.864 0.9738 0.0082      31.7691        4.99 
                                                                                                               Average 5.00±0.04 

[Ni(ATH-1)2](ClO4)2 
1 0.018209 241.766 0.2862 0.0082      15.2672       8.73 
2 0.034769 461.638 0.5466 0.0081      15.4873       8.86 
3 0.040113 528.092 0.6253 0.0080      15.3881       8.80 
4 0.036475 479.197 0.5674 0.0079      15.3384       8.77 
5 0.040788 535.860 0.6345 0.0078      15.3638       8.79 
                                                                                                                Average 8.79±0.04 

[Co(ATH-1)2](ClO4)2 
1 0.043320 584.052 0.7028 0.0078      15.8002       9.04 
2 0.049905 674.583 0.8027 0.0077      15.9299       9.11 
3 0.042680 507.920 0.6841 0.0078      15.8450       9.07 
4 0.037246 445.205 0.5997 0.0079      15.8887       9.09 
                                                                                                                 Average 9.08±0.03 

[Zn(ATH-1)2](ClO4)2 
1 0.024571   297.898 0.3402 0.0072      13.551       7.84 
2 0.044678   538.967 0.6155 0.0078      13.602       7.87 
3 0.050403   601.918 0.6874 0.0070      13.449       7.81 
4 0.046181   560.070 0.6396 0.0074      13.689       7.92 
                                                                                                                Average 7.86±0.03 

 

 

 

Table 3.  



Enthalpies of dissolving of ATH-1 and its complex compounds in water 

N ∆m ∆R Q qv ∆H0
sol 

cal⋅g−1 
∆H0

sol 
kcal⋅mol−1 

C3H7N7O 
1 0.063106  2522.02 3.5661 0.0079      56.3845        8.86 
2 0.069320  2873.91 3.9076 0.0078      56.2579        8.84 
3 0.061449  2696.59 3.4864 0.0079      56.6084        8.90 
4 0.059103  2586.64 3.3443 0.0079      56.4500        8.87 

                                                                                                                 Average 8.87±0.03 
[Ni(ATH-1)2](ClO4)2 

1 0.042515 982.674 1.3575 0.0080      31.7423      18.15 
2 0.044901 1033.62 1.4312 0.0083      31.6886      18.12 
3 0.022609 523.284 0.7222 0.0082      31.5803      18.06 
4 0.038845 994.150 1.2318 0.0082      31.4995      18.01 
5 0.029345 755.414 0.9360 0.0082      31.6155      18.08 
                                                                                                              Average 18.08 ± 0.05 

[Co(ATH-1)2](ClO4)2 
1 0.021087 405.903 0.5616 0.0082      26.2467      15.02 
2 0.024855 478.495 0.6621 0.0082      26.3091      15.05 
3 0.021044 274.743 0.5608 0.0080      26.2677      15.03 
4 0.032763 709.636 0.8707 0.0077      26.3414      15.07 
                                                                                                              Average 15.04±0.03 

[Zn(ATH-1)2](ClO4)2 
1 0.028389   754.028 0.8611 0.0078      30.057      17.39 
2 0.039501 1049.912 1.1990 0.0076      30.161      17.45 
3 0.043237 1150.700 1.3141 0.0078      30.213      17.48 
4 0.024083   640.455 0.7314 0.0079      30.145      17.38 
5 0.034112   908.581 1.0376 0.0076      30.195      17.47 
                                                                                                             Average 17.43±0.04 

 

 

 

 

 

 

RESULTS AND DISCUSSION 

Synthesis and structure determination 

5-Aminotetrazolyl-1-acetic ether, which is precursor for ligand ATH-1, was prepared 

according to following scheme: 



 +  ClCH2COOEt

N
N

N
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N
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Separation of isomers is made by recrystallization from hexane since solubility of 2-

isomer is higher. Obtained crude product was recrystallized from water. ATH-1 

synthesized by hydrazinolysis of ether in the isopropyl alcohol: 

N
N

N
NCH2COOEt   +  N2H4 H2O

NH2

N
N

N
NCH2CONHNH2

NH2  

The interaction of ATH-1 with perchlorates of nickel(II), cobalt(II) and zinc(II) in water 

immediately results in colored complex compounds, which need special techniques 

to isolated in the solid state. Complex compounds of zinc and cadmium are 

precipitated in a crystal form at a reagent ratio 1:2, and at 1:1 ratio a crystal cobalt 

complex and amorphous nickel complex are formed. In all cases only compounds 

with two ATH-1 molecules was obtained. All received complexes contain crystal 

water, which can be removed by long drying in vacuum at 90°Ñ.  

It has been shown previously that analog of ATH-1, tetrazolyl-1-acethydrazide,7 

performs the function of the tridentate-bridging ligand bonding the adjacent metal 

atoms through the chelate hydrazide fragment and the nitrogen atom in position 4 of 

tetrazole, respectively. Ligand ATH-1 contains C-amino group in tetrazole cycle 

which may also forms coordination bond with metal atoms.  

The structure of the received complexes was investigated by IR spectroscopy. Data 

obtained for tetrazolyl-1-acethydrazide13 were used for attribution the vibrational 

bands of ligand. Position of high frequency band at 3400-3460 cm-1 in IR spectrum 

of ATH-1 complexes, which conditioned to asymmetric stretching vibration of NH2-

group, is evidence of lack of metal coordination with one of NH2-group of ligand. It is 

obvious that it is NH2-group of tetrazole ring, which has low basicity and is not 

tending to enter in coordination.  



Multiplet of bands in region 3500-3000 cm-1 did not allow an unambiguous 

conclusion about the participation of the hydrazine group in the coordination. 

Another criterion for judging about the coordination of the N-amino group is a high 

frequency shifting of the bands of the amino group wagging (ωNH2) and twisting 

(τNH2) vibration.14 In the spectrum of free ATH-1, the ωNH2 band of amino group of 

hydrazide is positioned at 1000 cm-1, in the spectra of complexes this band 

disappears due to its shift toward the region overlapped by strong absorption of the 

perchlorate ion. Disappearance ω NH2 band in the complex spectra and high 

frequency shifting (70-80 cm-1) of the τ NH2 band at 1080 cm-1 show that the 

N-amino group participates in the coordination.  

Absorption bands of stretching vibration of the C=O bonds ("amide-I" band) in the 

ATH-1 complex spectra at 1690-1550 ñì-1 overlap by strong absorption of the 

stretching vibration of tetrazole ring and deformation vibrations of the NH2-groups 

resulting in difficulties with band attribution. However, the participation of the O and 

N atoms of the hydrazide fragment in coordination is indicated by the absence of the 

"amide-II" band shifting. This band is basically due to the vibrations of the C-N bond 

positioned in the spectra of the compounds obtained in the region ~1550 cm-1 typical 

for the hydrazide bound in bidentate fashion in five-membered chelate ring. If one of 

the atoms does not participate in coordination, this band shifts towards high15 or low 

frequency.16 

The coordination chemistry of substituted tetrazole has been subject of many 

investigations, the IR spectroscopy being also employed as a method.17,18 The band 

of the stretching vibrations of the ring R2 and R3 (1491 and 1249  cm-1) in the spectra 

of compounds shift towards high frequency region as compared with free ATH-1 by 

4-30 cm-1
, which is typical for the tetrazole ring coordinated to the metal atom.18,7 

Deformation vibrations of the ring R4 are considerably less sensitive to coordination, 

though a shift of the bands at 1285 cm-1 towards a high frequency region takes place 

as well. 

Since the participation of both the hydrazide fragment and the tetrazole ring is 

established ligand ATH-1 in complexes compounds behaves as a bridging tridentate 

ligand. This coordination mode can result in steric strain in the ligand, which may 

affect the spectral characteristics. In fact, the band of rocking vibrations of the 



CH2-group (ρ CH2) situated in a free ligand at 814 cm-1 was found to shift towards 

the region of 818-821 cm-1 in the spectra of complexes. 

The perchlorate group in spectra of complex compounds with ATH-1 absorbs in the 

region of 1090 and 625 cm-1, which is typical for the ClO4
- ions.  

Thus, the spectral data obtained allowed a conclusion that ATH-1 performs the 

function of the tridentate-bridging ligand bonding the adjacent metal atoms through 

the chelate hydrazide fragment and the nitrogen atom of tetrazole, respectively. 

 

The molecular structure of cation [M(ATH-1)2]2+ 

Thermochemical Study 
The enthalpy of formation of ligand ATH-1 is measured by the method of the 

combustion calorimetry. The measured enthalpy of combustion (∆H0
c) is 547.26 ± 

0.37 kcal⋅mol−1. The enthalpy of formation of ligand ATH-1 calculated from equation:  

C3H7N7O(cr) + 4.25O2(g) → 3CO2(g) + 3.5 H2O(l) + 3.5N2(g) 

is equal ∆H0
f (cr) = 26.0 ± 0.4 kcal⋅mol−1. At calculation following enthalpies of 

formation of combustion products were used:19 ∆H0
f [CO2]g = − 94.051 kcal⋅mol−1 and 

∆H0
f [H2O]l = − 68.315 kcal⋅mol−1. It is obvious that positive enthalpy of formation of 

ATH-1 is due to presence of endothermic tetrazole ring.  

Reaction calorimetry was used for determination the enthalpies of formation of 

complex salts with ATH-1. Previously it was found that dissolving complex 

compounds in 0.1N HCl solution results in formation of definite end products. So, the 



following thermochemical cycle used for determination the enthalpies of formation of 

complex salts with ATH-1:  
 

[MLm]A2(cr)
0.1N HCl M2+

(0.1N HCl)  +  mL(0.1N HCl)   + 2A-
(0.1N HCl)    -  ∆H1 

(1) 

L(cr)
0.1N HCl L(0.1N HCl)   -  ∆H2  

(2) 

MA2(cr)
0.1N HCl M2+

(0.1N HCl)    + 2A-
(0.1N HCl)    -  ∆H3 

(3) 

MA2(cr) M2+
(aq)    + 2A-

(aq)    -  ∆H4
H2O

 
(4) 

 

Reactions (1), (2) and (3) are the dissolving of the complex salts, ligand and 

perchlorate salts, respectively, in 0.1N HCl solution; reaction (4) is the dissolving of 

perchlorate salts in water. The heat effects of reactions (1) - (4) for each complex 

salt measured in a series of 5 -7 runs. From Eqs.1-4 and measured enthalpies of 

these reactions (Table 2) the standard enthalpies of formation of complexes can be 

calculated from the equation:  

∆H0
f[MeLm]A2(cr) ⎯→ ∆H0

f[Me2+](aq) + m∆H0
f[L](cr) + 2∆H0

f[A−](aq) - 

− ∆H1 + m∆H2 + ∆H3 − ∆H4  

 
(5) 

 

The experimental measurements of enthalpies of dissolution of complex salts in 

water have allowed calculating standard enthalpies of formation of complex ions  

from the following equation: 

 

∆H0
f [MeLm] A2(êð) ⎯→ ∆H0

f [MeLm]n+
(aq) + n∆H0

f [ClO−
4] (aq) − ∆Hsol (6) 

 

Results thermochemical studies are presented in  

Table 4 and Table 5. 

 

Table 4.  

Thermochemical properties of coordination compounds of ATH-1 

Compound ∆H0
r,  

kcal⋅mol−1 
∆H0

sol,  
kcal⋅mol−1 

∆H0
f,  

kcal⋅mol−1 



ATH-1 5.60±0.04 8.87± 0.03 26.0±0.4 
[Co(ATH-1)2](ClO4)2 9.08±0.03 18.35±0.04 −21.9±0.9 
[Ni(ATH-1)2](ClO4)2 8.78±0.04 18.08±0.05 −20.6±1.0 
[Zn(ATH-1)2](ClO4)2 7.86±0.03 17.43±0.04 −43.8±0.8 

 

Table 5.  

Enthalpies of formation of complex ions 

 Complex ion ∆H0
f, kcal⋅mol−1 

 [Co(ATH-1)2]2+ 58.0 ± 0.9 
 [Ni(ATH-1)2]2+ 59.0 ± 1.0 
 [Zn(ATH-1)2]2+ 35.2 ± 0.9 

 

CONCLUSION 

Complexes of nickel(II), cobalt(II) and zinc(II) perchlorates with potentially 

polydentate ligand of 5-aminotetrazolyl-1-acethydrazide were prepared and 

characterized by the method of IR spectroscopy. The spectral data obtained allowed 

a conclusion that the complex compounds has a chain structure and ATH-1 

performs the function of the tridentate-bridging ligand bonding the adjacent metal 

atoms through the chelate hydrazide fragment and the nitrogen atom of tetrazole. 

The enthalpies of dissolution of ATH-1 and its complex salts in 0.1N solution of a 

hydrochloric acid were experimentally determined. That allows obtaining the 

enthalpies of formation of indicated complex salts. The enthalpy of formation of 

ATH-1 required for calculations is measured by the method of the combustion 

calorimetry. 
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Abstract 
On the basis of complex thermochemical researches, check experiments and 

literary data are chosen and the enthalpies of formation of the nitroderivatives of a 

methane in standard and gaseous condition are recommended. The established 

laws of interaction of nitrogroups in the specified compounds in aggregate with 

data on the kinetics of their thermal disintegration have allowed to recommend the 

most reliable values of energies of a dissociation of bonds C – NO2. The received 

values have enabled to receive the appropriate enthalpies of formation of the ni-

tromethyl  radicals and energy of a dissociation C – H of bonds. It shown, that the 

energies of a dissociation C – H of bonds practically do not depend on quantity of 

nitrogroups connected to atoms of carbon, as well as in the halogenderivatives of 

the methane. The enthalpies of formation of radicals CH2NO2
•, CH(NO2)2

•, 

C(NO2)3
•, CHNO2

••, C(NO2)2
•• and CNO2

••• are designed, and the energies of a 

dissociation NO2 of groups from radicals of the nitroderivative of a methane are 

designed. 

 

 

 
 
 
 
 



Introduction 
The enthalpies of formation of radicals and energy of a dissociation of bonds 

in molecules and radicals are the major power characteristics of the elementary 

acts of chemical reactions. They will determine stability of compounds, kinetics 

and mechanism of processes, including reactions of burning and explosion [1]. 

Mono-, bi- and threeradicals of the nitroderivatives of a methane are intermediate 

products of many elementary acts of synthesis or disintegration of energetic com-

pounds. The enthalpies of formation of such radicals are necessary for forecast-

ing the most probable ways of course of reactions with their participation. The 

values of energies of a dissociation of bonds and enthalpy of formation of radicals 

are connected among themselves by equation: 

D(R1 – R2) = ∆fHo(R1) + ∆fHo(R2) - ∆fHo(R1 R2)                                               (1) 

where D (R1 – R2) – energy of a dissociation on radicals, ∆fHo(R1), ∆fHo(R2) and 

∆fHo(R1R2) – enthalpy of formation of radicals and molecules in a gas phase. The 

equation (1) assumes, that the energy of a dissociation of bond is equal to an en-

ergy, which it is necessary to inform a molecule (radical) for break it on radicals 

R1 and R2. The basic source of data on energies of a dissociation of bonds are 

the kinetic data on energies of activation of monomolecular radical reactions 

thermodisintegration. It is supposed, that the enthalpy of return process of recep-

tion of a molecule from radicals is equal 0 [1]. However errors of data on the ki-

netics thermodisintegration, as well as for other reactions, can change over a 

wide range depending on conditions of realization of reactions and used methods 

of the analysis. In many cases the determination of parameters of the primary act 

of disintegration on radicals is complicated by secondary reactions or course of 

reactions on other mechanisms, that results in a divergence of data of the differ-

ent authors. In such cases a method of determination of the most reliable values 

is the equation (1), in which the experimental data on enthalpies of formation of 

compounds in a gas phase and tabulared values of enthalpies of formation of 

radicals are used. The greatest error, usually, have the enthalpies of formation of 

radicals (2 and more kcal/mol). The calculations on the equation (1) give reliable 

values of enthalpies of formation of radicals and energies of a dissociation of 

bonds only at presence of the appropriate kinetic and thermochemical help data.  

 



Results and discution  

 

In our researches the technique of determination of energies of a dissociation 

of bonds and calculation of enthalpies of formation of radicals is developed on the 

basis of determination of energetic properties of functional groups (enthalpies of 

replacement of atoms of hydrogen in a molecule on functional groups and  effec-

tive energies of interaction of functional groups) from precise experimental data 

(enthalpies of combustion, enthalpies of formation in a standard condition both 

gas phase and enthalpies of an atomization). The effective energy of interaction 

of functional groups is equal to a difference between an enthalpy of replacement 

of atom of hydrogen a molecule on functional group in the monoreplaced com-

pounds and enthalpy of replacement of hydrogen on functional group in the 

polyreplaced compounds. The laws of change of energetic properties of functional 

groups will be determined depending on a structure of molecules, quantity and 

arrangement of groups. On the basis of the received results the energies of a dis-

sociation of bonds will be determined and the enthalpies of formation of radicals 

will be calculated. The values, received from the thermochemical analysis, are 

compared to data of kinetic researches. In this work it is offered to carry out calcu-

lations of energies of a dissociation of bonds in molecules of the nitroderivatives 

of a methane on the basis of values of effective energies of interaction of func-

tional groups. The energies of interaction of functional groups are received from 

comparison of the contributions of nitrogroups  in  an enthalpy  of  an  atomization  

di-, three- or tetranitromethane with the contribution of a nitrogroup to an enthalpy 

of an atomization of a nitromethane.  The received results on an energy of a dis-

sociation of bonds are compared to available data on the kinetics reactions ther-

modisintegration of the nitroderivatives of a methane. The enthalpies of formation 

of radicals are determined from the equation (1). 

    The check experiments are executed and on the basis of the analysis of 

available data the average weighted values of enthalpies of formation of a nitro-

methane, dinitromethane, trinitromethane and tetranitromethane in a gas phase  –

17,8 ± 0,2; –9,2 ± 0,4; 5,7 ± 0,3 и 19,7 ± 0,5 kcal/mol are recommended, accord-

ingly. 



Energy of a dissociation of bond C – NO2 in a nitromethane designed on the 

equation (1), proceeding from enthalpies of formation of a radical CH3
• 34,9 ± 0,2  

kcal/mol [2], NO2  7,9 ± 0,1  kcal/mol [3] and nitromethane –17,8 ± 0,2 kcal/mol, 

makes 60,6 ± 0,3 kcal/mol. The energy of activation of thermal disintegration with 

a separation at the first stage NO2, on kinetic data of the different authors, makes 

54 ÷ 60 kcal/mol [4-5]. The exactest kinetic measurements will satisfactorily be 

coordinated to value received on the equation (1). 

     For a dinitromethane the enthalpy of formation in a standard (liquid) condition -

25,2 ± 0,3 kcal/mol and enthalpy of evaporation microcalorimetric 16,0 ± 0,2 

kcal/mol is determined. The substitution effect of atom of hydrogen on a nitro-

group will be calculated from the equation (2): 

              P0(1) = ∆atH(CH3NO2) – ∆atH(CH4)                                           (2) 

where P0(1) - substitution effect of atom of hydrogen on a nitrogroup in a meth-

ane, ∆atH(CH3NO2) and ∆atH(CH4) – enthalpy of an atomization of a nitromethane 

and methane. The enthalpies atomization are values by opposites to enthalpies of 

formation of compounds from atoms. For enthalpies of formation of elements in a 

gas phase C, H, N and O, the values 171,3, 52,1, 113,0 and 59,6 kcal/mol [6] are 

accepted, accordingly. Proceeding from these values and kcal/mol) and methane 

(-17,8 ± 0,1 kcal/mol [7]), the effect of replacement of atom of hydrogen on a ni-

trogroup in a nitromethane has made 180,0 kcal/mol. In a dinitromethane the 

substitution effect of two atoms of hydrogen on nitrogroups, P0(2), has made, 

concerning a methane, on the equation such as (2), 351,4 kcal/mol. This value on 

8,6 kcal/mol is less, than 2P0(1). We assume, that this difference in substitution 

effects is caused by interaction (pushing away) nitrogroups both change of all 

bonds and interactions of atoms in a molecule of a dinitromethane in comparison 

with a molecule of a nitromethane. It is supposed, that the change of a substitu-

tion effect is connected, basically, to pushing away of electronegative nitrogroups 

weakening their bond with methyl by atom of carbon. In this case separation of 

one nitrogroup from a molecule of a dinitromethane should occur to an energy on 

8,6 kcal/mol smaller, than separation of a nitrogroup from a molecule of a nitro-

methane. Proceeding from the specified assumption, the energy of a dissociation 

of bond C – NO2 in a dinitromethane can be estimated in 52,0 kcal/mol. This value 

will satisfactorily be coordinated to the top limit of kinetic data 52,8 kcal/mol [4,5]. 



The value of an energy of a dissociation of bond C – NO2 52,0 kcal/mol enables to 

calculate on the equation (1) an enthalpy of formation of a radical CH2NO2
• 34,9 

kcal/mol. This value allows, on the equation (1), to calculate an energy of a disso-

ciation of bond C – H in a nitromethane 104,8 kcal/mol, conterminous with an en-

ergy of a dissociation of bond C – H in a methane (104,8 kcal/mol). 

    The enthalpy of formation, recommended us, of a trinitromethane in a stan-

dard crystal condition makes –10,8 ± 0,2 kcal/mol, the enthalpy of sublimation 

measured on a microcalorimeter, is received equal 16,5 ± 0,2 kcal/mol and the 

enthalpy of formation is equal a gas phase 5,7 ± 0,3 kcal/mol. The enthalpy of an 

atomization of a trinitromethane is equal 914,0 kcal/mol. The enthalpy of re-

placement of three atoms of hydrogen in a methane on nitrogroups, P0(3), is re-

ceived equal 516,5 kcal/mol. The effective energy of interaction in a trinitro-

methane equal 3P0(1) – P0(3), has made 23,5 kcal/mol. It is supposed, that this 

energy is necessary on three pair interactions of nitrogroups in a trinitromethane, 

then on interaction of one nitrogroup with two neighboring nitrogroups it is neces-

sary 2/3 these values or 15,7 kcal/mol. On this value the energy of a dissociation 

of bond C – NO2 in a trinitromethane is less, than in a nitromethane. Thus, the 

energy of a dissociation of bond C – NO2 in a trinitromethane is received equal 

44,9 kcal/mol, that will satisfactorily be coordinated to kinetic data on an energy of 

activation thermodisintegration of a trinitromethane 42,3 kcal/mol [4,5]. On the 

basis of value of an energy of a dissociation of bond C – NO2 in a trinitromethane, 

44,9 kcal/mol, on the equation (1), the enthalpy of formation of a radical 

CH(NO2)2
• 42,7 kcal/mol is designed, and the energy of a dissociation of bond C 

– H in a dinitromethane 104,0 kcal/mol, which will well be coordinated to energies 

of a dissociation of bond  

C – H in a nitromethane and methane (104,8 kcal/mol). 

For a tetranitromethane the recommended enthalpy of formation in a gas 

phase has made 19,7 ± 0,5 kcal/mol, and the enthalpy of an atomization, P0(4), is 

equal 682,4 kcal/mol, that on 37,6 kcal/mol it is less, than 4P0(1) (720 kcal/mol). 

The value 37,6 kcal/mol concerns on 6 pairs interactions NO2 – C – NO2 in a 

tetranitromethane. Each nitrogroup cooperates with three neighboring groups with 

an energy 18,8 kcal/mol, therefore energy of a dissociation of bond C – NO2 in a 

tetranitromethane will be on this value less, than in a nitromethane, and will make 



41,8 kcal/mol. The data on an energy of activation thermodisintegration of a 

tetranitromethane lay in an interval 38,2 ÷ 40,9 kcal/mol [4,5], that will satisfacto-

rily be coordinated to value 41,8 kcal/mol. The enthalpy of formation of a radical 

C(NO2)3
•, on the equation (1), will make 53,6 kcal/mol, and energy of a dissocia-

tion of bond C – H in a trinitromethane 100,0 kcal/mol. 

The analysis of energies of a dissociation of bonds C – H in mono–, di– and 

threedepute halogenmethanes, and also bonds C – H in mono– and biradicals 

halogenmethanes (on data of work [2]), has shown, that in a case mono– and 

didepute, as molecules, both mono– and biradicals, the energies of a dissociation 

of bonds C – H remain close to an energy of a dissociation of bonds C – H  in 

methane and its radicals (within the limits of an error of data). The data, received 

in this work, have shown, that the energies of a dissociation of bonds C – H in 

mono–  and dinitroderivatives of a methane, as well as in halogenmethanes coin-

cide with an energy of a dissociation of bond C – H in a methane. It is supposed, 

that the energy of a dissociation of bonds C – H in mono– both dinitroderivatives 

methyl mono–  and biradicals also is equal to an energy of a dissociation of bonds 

C – H in methyl mono– and biradicals. The energies of a dissociation of bonds C 

– H in radicals CH3
•, CH2

•• and CH••• are equal 110,5, 100,8 and 81,4 kcal/mol 

[2], accordingly. These values for nitromethyl mono–  and biradicals are used. 

The enthalpies of formation of radicals CHNO2
••, C(NO2)2

•• and CNO2
••• compo-

nents 93,3, 101,1 and 142,0 kcal/mol are determined, and the energies of a dis-

sociation of bonds C – NO2 in radicals CH(NO2)2
•, C(NO2)3

•, C(NO2)2
•• and 

CNO2
••• are equal 58,5, 55,4, 48,8 and 37,2 kcal/mol, accordingly. 
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Abstract 
 

In the present work the class of withouthydrogen HE is investigated. The experimen-

tal thermochemical research of a row of withouthydrogen heterocyclic compounds of 

a furoxane row is carried out. The comparison of experimental detonation parameters 

of withouthydrogen HE and calculated by the method thermodynamic TDS code is 

carried out. The satisfactory consent of experimental and calculated data is shown. 

Parameters of the detonation (speed, temperature and pressure) 8 investigated 

compounds are calculated by indicated method. The calculations show, that for the 

investigated withouthydrogen HE of the furoxane row of speed of the detonation ex-

ceed 10000 м·с-1. The results of the given work allow to make the conclusion about 

the perspective of the tendency of development of powerful individual withouthydro-

gen HE. 

 
 
 
 
 
 
 
 
 



Introduction 
Despite of intensive development of modern methods of synthesis of new powerful 

HE, till now will be not possible to receive the HE superior in a complex of service 

properties (power, sensitivity, thermostability, etc.) HDX. Important the question - in 

what direction of classes of chemical compounds the synthesis of new HE should 

develop with the purpose of reception of HE with an acceptable complex of opera-

tional properties. One of such directions can be research of the class of withouthy-

drogen HE.  

The purpose of the present work is the experimental determination of energies of 

combustion and reception on their basis of enthalpies of formation of withouthydro-

gen HE. In work the thermochemical properties 8 heterocyclic derivative furoxane 

rows are investigated.  

 

Ressults and discussion 
On the basis of the received enthalpies of formation, chemical composition and den-

sity of the HE the thermodynamic calculation of their parameters of the detonation 

(speed, temperature and pressure of the detonation) is carried out. In the Table 1 the 

experimental data on enthalpies of combustion and enthalpies of formation of the in-

vestigated compounds are given. 

Pay on itself attention high endothermic value of the enthalpies of formation of the 

investigated compounds. High endothermic values of enthalpies  of  formation  of  the  

withouthydrogen HE are caused by increased energetic load of individual com-

pounds. It is connected to easing of chemical bonds and, hence, with increase of 

sensitivity and reduction of the thermostability. 

Before to carry out calculations of parameters of the detonation of new withouthydro-

gen HE, researched in the given work, we shall show reliability thermodynamic TDS 

code [1]. Let's carry out thermodynamic calculations of speed of the detonation for 

some experimentally investigated withouthydrogen HE and is comparable calculated 

speeds of the detonation with measured.  

The speeds of the detonations calculated for withouthydrogen HE at different density 

will well be coordinated to experimental data (Table 2), the deviation does not exceed 



Table 1. 
Experimental data on enthalpies of combustion and formation of  

withouthydrogen compounds 
 

∆Ho
c ∆Ho

f ∆Ho
c ∆Ho

f Compounds 
kcal⋅mol-1 

Compounds 
kcal⋅mol-1 

I      C4N6O5 526.0 ± 0.9 149.8 V      C6N10O6   839.6 ± 2.1  275.3 
II     C4N6O6 527.9 ± 0.6 151.7 VI     C6N12O9   825.5 ± 1.5 261.3 
III    C4N6O7 449.3 ± 0.4 73.1 VII    C8N12O12 1626.2 ± 2.0 273.8 
IV   C4N8O8 536.0 ± 1.4 160.2 VIII   C8N14O12 1067.0 ± 1.8 314.6 

 
 
 
 

Table 2. 
Comparison of experimental and settlement speeds of the detonation 

wthouthydrogen HE 

 
Dexp   Dcalc ∆D  

№№ 

 

Compounds 

Ρ, 
 g·cm-3 

∆Ho
f, 

  kcal⋅mol-1 m⋅s-1 

1.      CN4O8     1.64        8.8 [3]   6400 [6] 6400         0 

2.  C2N6O6     1.86       20.0 [4]   7580 [6] 7538       42 

3. C6N6O6     1.806     138.8 [5] 8490 8657      167 

4. C6N6O6     1.852     138.8 8490 8625      135 

5. C6N6O6     1.859     138.8 8485 8653      168 

6. C6N6O6     1.901     138.8  8620 8824      204 

7. C6N6O12     2.00        47.5 9400 9631      231 

8. C6N12O6     1.74      270.4 8580 8630        50 

9. C3N12     1.15      218.6 [6] 5600 5652        52 

10. C4N8O8     1.77      159.6 9060 8975        85 

11. C4N8O8     1.88      159.6 9450 9494        44 

12. C4N8O8     1.94      159.6 9700 9787        87 
 
 
 
 



THE STRUCTURAL FORMULAS of the INVESTIGATED COMPOUNDS 
 
I.  C4N6O5                                                            II.  C4N6O6

 

 
 
 
 
 
 
 
 
III.  C4N6O7                                                          IV.  C4N6O7 
     
 
 
 
 
V.  C4N10O6                                               
 
 
 
 
 
 
VI.  C6N12O9 
 
 
 
 
 
VII.  C8N12O12 
 
 
 
 
 
VIII.  C8N14O12 
 
 
 

 

 

O

O
N

N

N

ON

N

N
C

C

C
C

O
 

O

OO

O

 
O

N

N
C

C

C
C

N O

N

N

N
O

CC
N

O
N

CC
N

O
N

OO2N NO2 NO2O2N CC
N

O
N

CC
N

O
N

N N

O O

O2N NO2

O

NNCC
N

O
N

NN

O

CC
N

O
N

CC
N

O
N

NO2NCC
N

O
N

CC
N

O
N

N

O O OO

CC
N

O
N

CC
N

O
N

O2N

OO

NN CC
N

O
N

CC
N

O
N

N N

O O

CC
N

O
N

CC
N

O
N

NO2O2N

OO

NN CC
N

O
N

CC
N

O
N

N CNNNC

O O



0.5 %. The good consent of the calculated speeds of the detonation of withouthydro-

gen HE with the appropriate experimental values confirms high reliability of calcula-

tions.  

For substance C4N8O8 (VI) the extrapolation on density of the monocrystal (2.002 

g·cm-3) gives speed of the detonation 9954 m⋅s-1 on the basis of experimental de-

pendence of speed of the detonation from density. Calculated in present work the 

value of speed of the detonation (10085 m⋅s-1) will well be coordinated by experimen-

tal value (distinction 1.3 %). It gives the bases to believe, that the results of calcula-

tions for the unexplored experimentally withouthydrogen compounds will be also reli-

able enough. 

The calculated values of parameters of the detonation (speed, temperature and pres-

sure) at density of monocrystals are given in Table 3. The calculations of speed of 

the detonation of withouthydrogen HE at density of monocrystals show, that maximal 

parameters the substances C4N6O6 (II), C4N8O8 (IV), C8N14O12 (VIII) have. 

 
Table 3. 

Calculated parameters of the detonation of the investigated withouthydrogen HE 

 

Compounds 

     ρ,   
g·cm-3 

       ∆Ho
f, 

  kcal⋅mol-1 

Dрасч, 

m⋅s-1
 

T, 
K 

P, 
GPa 

I        C4N6O5 1.93 149.8 9560 4912 42.5 

II       C4N6O6 2.02 151.7 10230 5128 50.7 

III      C4N6O7 1.906 73.1 9540 4664 79.6 

IV      C4N8O8 2.002 160.2 10085 5209 42.5 

V       C6N10O6 1.99 275.3 9716 4550 43.7 

VI      C6N12O12 1.80 261.3 9419 5369 41.1 

VII     C8N12O12 1.95 273.8 9677 5137 45.8 

VIII    C8N14O12 1.99 314.6 10570 5168 50.1 

 
Traditional way of increase of power of the HE is the synthesis of compounds of vari-

ous classes of organic substances directed on search of chemical molecules with the 

record characteristics on density of the monocrystal and enthalpy of formation. As 



shown in the present work, the synthesis of withouthydrogen compounds in the row 

of heterocycles containing the nitro- and polynitrofragments is the perspective direc-

tion of creation of the powerful condensed HE. A urgent question for this class of 

substances is the operational explosion safety.     
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Abstract 
 
       The energy of combustion of the nitrofuran is measured by the method of the 

combustion calorimetry and its the standard enthalpy of formation is determined. 

The enthalpy of sublimation nitrofuran is determined from experimental data on tem-

perature dependence of pressure saturated steam. It has allowed to receive its en-

thalpy of formation in the gas phase. The enthalpy of formation furyl radical was re-

ceived, using literary data on the dissociation energy of C – NO2 bond and meas-

ured by us enthalpy of formation of the nitrofuran in the gaseous condition.  
For five nitroderivatives of the furan the energies of the dissociation of bonds of the 

furan cycle with functional groups in various monoderivative furan are calculated. 
 

 

 

 

 

 

 

 

 

 

 

 



Introduction 
 
The energies of the dissociation of chemical bonds and enthalpies of formation of 

free radicals are the major characteristics of substance. On the one hand, the en-

ergy of bond is the quantitative characteristic of chemical bond, she is closely con-

nected to electronic structure of the molecule. On the other hand, the energy of bond 

is the major thermodynamic and kinetic characteristic of substance. The energy of 

bond is the factor substantially determining stability and kinetic properties of com-

pounds, their reactionary ability. Therefore, when the speech goes about synthesis 

of substances with the given properties, in particular, of energetic material, the 

knowledge of energies of bond allows to predict power opportunities of substances 

and their kinetic stability. The knowledge of energies of bonds is extremely important 

for the prediction of thermal effects of chemical reactions and behaviour of sub-

stances at chemical transformations. 

The enthalpies of formation of molecules and radicals, ∆ Нo
f, are connected to ener-

gies of the dissociation of bonds, D, ratio:  

 

       D(R1 -  R2 )  =  ∆ Нo
f(R 1 )  + ∆ Нo

f(R 2)  -  ∆ Нo
f(R1 R 2)                              (1) 

 

Where D(R 1-R 2) – energy of a dissociation of the molecule on radicals;  

∆ Нo
f(R1) and ∆ Нo

f (R 2) – enthalpies of formation of radicals R1 and R2 in the gas 

phase;  

∆ Нo
f(R1R2) – enthalpy of formation of a molecule in a gas phase.  

 

The kinetic researches of thermal disintegration and estimations of the energy of ac-

tivation of monomolecular radical process are the basic source of data on energies 

of the dissociation of bonds in nitrocompounds. The kinetic and thermochemical 

measurements are the basic and most reliable sources of data on energies of bond. 

The totality of kinetic data on energies of activation of bonds and thermochemical 

data on enthalpies of formation of compounds in the gas phase allows to determine 

enthalpies of formation of radicals. These data, in turn, are used for reception of en-

ergies of the dissociation of other bonds.    
 

 
 



Experiment 
 
The enthalpy of formation 2-nitrofuran is received from its the energy combustion in 

the calorimetric bomb the lot of oxygen. The energy of combustion is measured on 

the hermetic calorimeter with the magnetic stirrer and isothermal shell developed in 

Semenov Institute of Chemical Physics specially for research of energetic materials 

[1]. Calibration of the calorimeter carried out by the combustion of the reference ben-

zoic acid of the mark K-1, certificated in the Mendeleev Institute of Metrology. The 

absence of the regular error of measurements on the used calorimeter is confirmed 

by the combustion of secondary reference compounds - succinic and hippuric acids. 

The initial pressure of oxygen in the bomb at the combustion in all experiences 

made 3.0 MPa. 1.0 ml of water entered into the calorimetric bomb before experi-

ence. An ignition carried out by a dosed impulse of the current from the special de-

vice through a platinum wire. The features of the technique of the combustion of ni-

trocompounds are in detail stated in [2]. 

  At determination of the energy of combustion the corrections on thermal effect of 

formation of the nitric acid in products of combustion of researched compound, on the 

heat change from combustion of auxiliary substance, on heat exchange of the calo-

rimetric vessel with the isothermal shell etc. were taken into account. 

In the table 1 the experimental data by determination of the combustion energy 2-

nitrofuran are submitted. In this and subsequent tables the following designations are 

accepted: 

m – mass of the hinge of researched substance given to vacuum, g; 

∆T – corrected rise of temperature of the calorimeter in experience, conditional      

        degree; 

Q – complete heat change in experience, cal; 

qN – correction on formation of the nitric acid, cal; 

∆U'B – energy of combustion of substance in conditions of the bomb, cal⋅g-1; 

∆Ho
c – standard enthalpy of combustion, kcal⋅mol-1; 

∆Ho
f – standard enthalpy of formation, kcal⋅mol-1; 

∆Ho
s – enthalpy of sublimation, kcal⋅mol-1; 

∆Ho
f(g) – enthalpy of formation in the gas phase, kcal⋅mol-1. 



 

Table 1. 
Results of measurement of the energy of combustion 2-nitrofuran 

 
m ∆T Q. qN ∆U'B 

0.25095 0.79298 1013.43 3.59 4024.1 
0.24163 0.76374 976.07 3.73 4024.1 
0.25128 0.79485 1015.78 4.28 4025.4 
0.23412 0.74038 946.20 3.73 4025.6 
0.25330 0.80114 1023.85 4.14 4025.6 
0.25418 0.29086 1027.35 4.15 4025.5 
0.09457 0.73944 945.00 2.21 4025.7 

                   
                                                                                  Average  ∆U'B = 4025.1 ± 0.5 cal⋅g-1 

 
 

The energy of combustion of the2-nitrofuran concerns to the following reaction: 

 

C4H3O3N(c) + 3.25 O2 (g)  →   4 CO2 (g) + 1.5 H2O (l) +0.5 N2 (g)                             (2) 

 

After corrective action of a Woshborn and work of expansion of gaseous products of 

combustion the standard enthalpy of combustion 2-nitrofuran is determined.  

From the equation (2) reactions of combustion in oxygen with use of enthalpies of 

formation CO2(g) and H2O(l) equal, accordingly, (-94.051) and (-68.315) kcal⋅mol-1 

[3], the standard enthalpy of formation 2-nitrofuran (-24.9 ± 0.1 kcal⋅mol-1)  is found. 

The effusion method of Knudsen pressure steam of the 2-nitrofuran is measured in 

the interval of temperatures 274 – 298 К. The temperature dependence of pressure 

saturated steam of the 2-nitrofuran as the equation is received:  

                    lgP = 12.83 – 3935.9/Т                                                                           (3) 

The technique of measurement of pressure steam on the method of Knudsen is in 

detail considered in work [4]. The enthalpy of sublimation of the 2-nitrofuran (18.0 ± 

0.6 kcal⋅mol-1) is determined from the equation Klapeiron-Klauzius, using the found 

dependence of pressure steam from temperature. At calculation of volume of the 

condensed phase neglected and considered of steam at low pressure ideal.    

The thermochemical properties, found in work, have allowed to determine the en-

thalpy of formation of the 2-nitrofuran in the gaseous condition (6.9 ± 0.6 kcal⋅mol-1).   

 

 



 
Results and discussion  
 

 The received value of the enthalpy of formation 2-nitrofuran in the gas phase in ag-

gregate with literary value of the energy of bond C – NO2 in this compound have al-

lowed to determine the enthalpy of formation of the furil radical in the gaseous condi-

tion. The value of the energy of bond C – NO2 in the 2-nitrofuran is received in work 

[5] by the thermal decomposition method. Reaction of the thermal decomposition of 

the 2-nitrofuran is described by the equation of reaction: 

   
                                       →                             +    NO2                                                     (4) 
                                                                                                                                                                         

•                                                                                                           
 

 

 
This equation submits to the equation of the first order and its the constant of speed 

does not depend on pressure. The decomposition passes on the radical mechanism.  

In work [5] is established, that D(C – NO2) = Eexp = 70.7 kcal⋅mol-1.  

The enthalpy of formation of the furil radical (55.8 kcal⋅mol-1) is received from the 

equation  

 
                                                      
D(C – NO2)  =  ∆Ho

f                          • (g)  +  ∆Ho
f (•NO2) (g)  –  ∆Ho

f                                    (g)          (5) 
 
 
At calculation the enthalpy of formation of the radical •NO2 is accepted equal 8.0 

kcal⋅mol-1 [6]. 

 The received value of the enthalpy of formation of the furyl radical in aggregate with 

literary data on enthalpies of formation monoderivative of the furan and radicals, ap-

propriate to them, have allowed to calculate energies of the dissociation of bond of 

the furan cycle with various functional groups. The received results are submitted in 

table 2. 

In table 2 the following designations are accepted:  

∆Ho
f(g) – enthalpy of formation derivative furan; 

∆Ho
f (R)(g)– enthalpy of formation of the radicals; 

D(C – R) – energy of the dissociation of the bond of the furan cycle with various 

functional groups.      
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Table 2. 
Energies of the dissociation of bonds in derivative of the furan      

 
 

∆Ho
f(g) 
 

 
∆Ho

f (R)(g) 
 

D(C – R) 
 
№№ 

 
Соединение 

kcal⋅mol-1 
1. 
 
 
 

          
 
                — H 
 

 
-8.3 [7] 

 
52.1 [8] 

 

 
116.2 

2. 
 
 
 

          
 
                — C(O)H 
 

 
-36.1 [7] 

 
7.2 [8] 

 
99.1 

3. 
 
 
 

          
 
                — CH2-OH 
 

 
-50.6 [7] 

 
-5.0 [8] 

 
101.4 

4. 
 
 
 

          
 
                — C(O)-OH 
 

 
-93.2 [7] 

 
-51.0 [8] 

 
98.0 

5. 
 
 
 

          
 
                — CH=CH2 
 

 
6.6 [7] 

 
66.0 [8] 

 
115.2 

   

 
Conclusion                            
 

The enthalpy of formation 2-nitrofuran in the condensed condition (-24.9 ± 0.1 

kcal⋅mol-1) is experimentally determined. The enthalpy of sublimation of the 2-

nitrofuran (18.0 ± 0.6 kcal⋅mol-1) is determined by the method of Knudsen and its en-

thalpy of formation in the gaseous condition (6.9 ± 0.6 kcal⋅mol-1) is received. The 

enthalpy of formation of the furyl radical (55.8 kcal⋅mol-1) is calculated. The energies 

of the dissociation of bonds of the furan cycle with various functional groups are re-

ceived using the enthalpy of formation of the furyl radical received by us and literary 

data on enthalpies of formation of radicals. 

H
H HCC
C

O
C

H
H HCC
C

O
C

H
H HCC
C

O
C

H
H HCC
C

O
C

H
H HCC
C

O
C



 

References 
 

[1]   MATYUSHIN Y. N., VOROB’EV A. B., KON’KOVA T.S. et al. Combustion   

       calorimeter, Invertor’s Certificate of the USSR, No 1221568, Byull. Izobret.      

       No 12, 1986 (in Russian). 

[2]   LEBEDEV Y.A., MIROSHNICHENKO E.A., KNOBEL Y. K.  Thermochemistry   

       of Nitrocompounds. M.: Ed Nauka, 1970. 
[3]   CODATA Key Values for Thermodynamics.  Eds. Cox J.D., Vagman D.D.,  

       Medvedev V.A. New-York-Washington-Philadelphia-London: Hemishere  

       Publ. Corp., 1989. 
[4]   LEBEDEV Y.A., MIROSHNICHENKO E.A., Thermochemistry of Vaporization           

       of Organic Substances, in book  “Thermochemistry and Equilibria of Organic   

       Compounds, Ed. Frenkel M., VCH Publishers, N.-Y., 1993, p.165-375  

[5]   PROKUDIN V. G., NAZIN G. M. Energy of the dissociation of bond N – NO2 in 2-

nitrofuran. Izv. AN USSR, N 3, 1987, P. 678. 

[6]  VEDENEEV V. I., GURVICH L. V.,  KONDRAT’EV V. N., MEDVEDEV V.A., 

FRANKEVICH E.L. Energies of Break of Chemical Bonds. Potentials of Ioniza-

tion and Affinity to Elektron. M.: Ed.: Nauka, 1962.  
 [7]  COX J. D., PILCHER G. Thermochemistry of Organic and Organometallic Com-

pounds. London-New York, Academic Press, 1970. 
 [9]   GURVICH L. V., KARACHEVTSEV G. V., KONDRAT’EV V. N.,  Et al.  

        Energies of Break of Chemical Bonds. Potentials of Ionization and Affinity to      

        Elektron. M.: Ed.: Nauka, 1974.  
 

 



1

Porosity characterization through microtomography analysis

on thermally damaged AP based propellants

C. Peroni1,2, Y. Guengant1, C. Paillard2, R. Cabioch1

1 : SNPE Energetic Materials, Le Bouchet Research Centre

9 rue Lavoisier, 91710 Vert le Petit, France

c.peroni@snpe.fr

2 : CNRS-LCSR, UPR 4211,

1c, avenue de la Recherche Scientifique, 45071 Orléans Cedex 2

ABSTRACT

Violent reactions of Ammonium Perchlorate HTPB-based propellants during Slow Cook-off tests come from the increased

reactivity of damaged materials. The understanding of the violent reaction mechanisms through the combustion propagation

is important to develop a predictive numerical model. The gas generation via chemical decomposition during pyrolysis can

cause cracks and voids. Slow cook off thermal runaway numerical models give overall data on porosity rate according to

pyrolysis kinetic. Nevertheless, it is not sufficient for reactivity prediction. The prediction of the level of violence requires a

determination of thermal damage states and combustion of thermally degraded propellant. 

Before any advancement to have the predictive capability in cook off violence through calculation, thermal responses of

energetic material are needed with respect to temperature. 

In the following section, a study of level of porosity in function of thermal aggression is presented. In this work, thermal

damages of two AP based propellants are interpreted in terms of voids rate and combustion response. We have developed a

new methodology to describe void distribution and location through 3D microtomography pictures and their analysis via

Aphelion Software. 

We have designed small scale pyrolysis experiments to characterize the response of damaged energetic materials under

thermal threats. This paper describes our methodology and some typical results.

INTRODUCTION

Cook off is a complex and serious hazard for security munitions and users. Thermal aggression tends to damage of energetic

material. We observed the decomposition of compounds, formation of cavities and modifications of mechanical properties.

Thermal decomposition causes significant changes in the microstructure of energetic material forming regions of high

specific surface area [1]. The increased reactivity of damaged materials involves coupled thermal/chemical/mechanical

processes that induce thermal damage to the energetic material prior to the onset of ignition. Cookoff modelling developed

aimed at assessing the violence of reaction following cookoff of energetic materials using coupled analysis [2, 3, 4]. The

prediction of the level of violence requires a determination of thermal damage states and combustion of thermally degraded

propellant. Experimental studies of Sandia National laboratories underline the significant role of microscale damage in
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accelerating combustion [2]. To estimate the specific surface area developed by thermal damage, they used variable

confinement cookoff test geometry. These studies suggest that additional characterizations of thermally damaged material

need to be done. To understand the violent reaction mechanisms throughout the combustion propagation, we need to

characterize the evolution of porosity rate with thermal damage. Porosity enables to accurely estimate the available surface

for the propagation of combustion front. 

In the following section, a study of level of porosity in function of thermal aggression is presented. 

Our goal is correlating thermal aggression with porosity rate and pyrolysis (via mass loss) of propellant. These results would

help to modelize the propagation of the combustion in a pyrolysis material. All these characterizations will be used in the

cookoff model to predict the violence of reaction.

TECHNIQUE OF ANALYSIS

Microtomography

Presentation

Microtomography is a technique developed in the late 1970’s. It enables the non-destructive visualisation of the internal

structure of objects. This technique is based on the interaction of X-rays with matter. We used these attenuation properties to

analyse the internal structure of the sample. Microtomography uses the radiographic images of the object obtained under

different angles. We obtained density cartographies of the object. Many consecutive slices enable to build a 3-D visualisation

object densities. By the use of an algorithm called “filter back projection”, we obtain a virtual horizontal slice of the sample. 

Figure 1 : schematic overview of a X-ray microtomography
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Apparatus

The experiments were performed on the Skyscan-1072 system, developed by Skyscan. This is a desktop X-ray microfocus

computarized tomography system. This system allows us to obtain 3-dimensional microtomographic reconstructions of the

sample from two-dimensional X-ray shadow projections. Microtomography used absorbed and transmitted X ray to analyse

the internal structure of objects. Diffusion interactions are only use to correct images between acquisition and reconstruction

(compensation corrector factor). It is based on the same principle than medical computed tomography, but it has the

advantage of an enhanced resolution up to 10µm by pixel of image. The source-detector pair consists in a microfocus X-ray

tube and an X-ray detector. The anode is made of tungsten (W). Our apparatus operates at 30-100 kV and 0-98 µA. The focal

size is 8 µm.
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Acquisition
The detector converts X-ray energies into light photons. It used the principle of a scintillator, which generates a flash of light

immediately in response to the absorption of ionizing radiation. The amount of light is proportional to the amount of energy

absorbed by the material. The detector is a matrix covering the field of view in two-dimension. We obtained density

cartography of the sample. Then this cartography is transferred to a light-sensitive sensor. The last part of detection system

consists of a two-dimensional X-ray CCD camera (charges-coupled device). 

Image reconstruction
An X-ray shadow image corresponds to the two-dimensional projection from a three-dimensional object. Each point of the

shadow image contains the information of the attenuation inside the three dimensional object integrated along the path of the

corresponding partial X-ray beam. We obtain a three-dimensional reconstruction from the two-dimensional projections. The

serial reconstruction of two-dimensional images uses slices from one-dimensional shadow lines. This reconstruction is

mathematical. It is based on the Fourier slice theorem and the filtered back projection.

Analysis
The three dimensional reconstruction is analyzed with innovative and high-performance image processing software products

such as the Aphelion™ imaging environment. This software for image analysis is developed and marketed by ADCIS. We

made a segmentation of images, and we analyzed the size of AP particles and the volumetric level of porosity contains in

each sample.

Experimental setup

Road map of the experiment

Full two level factorial design is used to explore different factors and to estimate effects of all interactions on the porosity and

the pyrolysis (via mass loss) when a propellant is submitted to a thermal damage. 

Table 1 : Designation summary

10.5Categoricallevel : D/HD

isotherm 72h3,3°C/hCategoricalthermal agressionC

82/468/20CategoricalcompositionB

210 °C180 °CCategoricaltemperatureA

High ActualLow ActualTypeNameFactor

4FIDesign Model

0Center Points

No BlocksBlocks2 Level FactorialInitial Design

16
Experimen

tsFactorialStudy Type

10.5Categoricallevel : D/HD

isotherm 72h3,3°C/hCategoricalthermal agressionC

82/468/20CategoricalcompositionB

210 °C180 °CCategoricaltemperatureA

High ActualLow ActualTypeNameFactor

4FIDesign Model

0Center Points

No BlocksBlocks2 Level FactorialInitial Design

16
Experimen

tsFactorialStudy Type

Samples 

We studied two propellants with different percentages of ammonium perchlorate (AP) source SNPE ENERGETIC MATERIALS

and aluminium. Propellant 1 : 68% (wt) ammonium perchlorate, 20% (wt) aluminium - Propellant 2 : 82% (wt) ammonium

perchlorate, 4% (wt) aluminium. Cylindrical samples are radially mechanical confined. Only one degree of expansion is

allowed. Samples are placed in an oven and heated by electrical resistance. Thermocouples allowed to control temperature.
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To reduce uncertainty in experiments, efforts were made to obtain uniform axial temperature (delta <1°C between the top and

the bottom of oven).

RESULTS 

Thermal pyrolysis of propellant results in the decomposition of AP which form porous residue and generates intra particle

porosity. This porosity applies only to particles with more than 10 µm in diameter. 

Figure 2 : Composition (82%wt AP – 4% wt Al) observed by microtomography after pyrolysis
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Intra particle porosity

Because of smallness of cavities (diameter around 1 to few microns) and size of samples (Φ = 4 mm), it is very difficult to

estimate the intra particle porosity rate. For the thermal damage studied in our experimental setup, we observed by SEM the

formation of AP porous in all conditions of thermal threat. 

Figure 3 : propellant 1 (68/20) and propellant 2 (82/4) observations with SEM for different decompositions
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The level of intra particle porosity increased with thermal solicitation of energetic material. Isotherm thermal aggression is

more penalize for partial decomposition of AP particles. Only AP particles with diameter above 10 µm show a partial

decomposition with thermal aggression. These observations correlate with observations made by Atwood and al. on the effect

of particle size on decomposition kinetics of AP [5]. They studied the decomposition of ammonium perchlorate under

isothermal conditions in argon at atmospheric pressure and measured the loss of weight as function of time for three size

fractions at different temperatures. The kinetic parameters for the induction period and decomposition proper found to
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depend on particle size. We used this property to measure specific surface on AP particles which show the same

decomposition level (validation with SEM). We evaluate specific surface area increased by decomposition on AP particles

with BET analysis with nitrogen.

Table 2 : specific surface estimated by BET with nitrogen on AP particles decomposed at different steps.

0,24283,3°C/h to 210°C100

0,1363no damage100

1,20172h to 210°C200

0,66183,3°C/h to 210°C200

0,34323,3°C/h to 180°C200

0,069no damage200

specific surface (m2/g)thermal damage
ammonium perchlorate quality

(median diameter µm)

0,24283,3°C/h to 210°C100

0,1363no damage100

1,20172h to 210°C200

0,66183,3°C/h to 210°C200

0,34323,3°C/h to 180°C200

0,069no damage200

specific surface (m2/g)thermal damage
ammonium perchlorate quality

(median diameter µm)

We studied the partial decomposition of orthorhombic ammonium perchlorate between 30°C and 210°C. When AP is

submitted to a thermal decomposition, the specific surface is increased 10 times when AP is exposed to a 3.3°C/h thermal

aggression. In the case of an isothermal aggression during 72 h, specific surface of particles can be increase by 20.

Inter particle porosity

Inter particle porosity is observed with microtomography. Porosity appears around big particles of AP and takes the shape of

a “sphere”. Voids are located in the center of samples and their size increase with thermal damage. We obtain an important

decohesion of AP/binder.

Figure 4 : propellant 1 (68/20), section observations with microtomography for different decompositions
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As we can see, thermal damage induced changes in the microstructure of energetic material. Depends of thermal aggression,

regions of high porosity are forming inside thermally degraded material. As the thermal solicitation increased, voids appear

around AP particles. Porosities are closed and located inside material. So we can estimate specific surface area with BET. For

all samples, we made an analysis by microtomography and quantified with Aphelion the volumetric porosity rate.

Diameter of AP particles doesn’t decrease with pyrolysis.



6

Table 3 : Summary of data resulting from experiments

6633,0139,621,31,670,5321rampe 3,3°C/h82/42108

6743,5141,90,3800,6491rampe 3,3°C/h82/418024

38480,7148,533,7819,920,5661iso 72h82/421013

28735,9110,928,8411,720,5071iso 72h82/41804

10956,9230,612,5610,560,8790,5rampe 3,3°C/h82/421022

11425,7240,50,2701,1000,5rampe 3,3°C/h82/418025

71910,0277,436,1419,51,0580,5iso 72h82/421027

53998,8208,320,396,570,9530,5iso 72h82/418014

5564,6122,74,4750,4881rampe 3,3°C/h68/2021020

7862,9173,40,2400,8281rampe 3,3°C/h68/201806

43429,0167,628,139,480,6671iso 72h68/2021028

27204,2105,017,644,640,5011iso 72h68/201802

10535,4232,415,369,50,9240,5rampe 3,3°C/h68/2021017

10969,9241,90,1701,1550,5rampe 3,3°C/h68/2018030

86206,4332,632,93121,3230,5iso 72h68/2021010

53414,7206,126,9811,850,9840,5iso 72h68/2018023

damage 
(J.s)

energy = 
m.Cp.dT (J)

mass loss        
(% initial 

mass)

Porosity (% 
initial 

volume)

initial mass 
(g)

diameter / 
length 
sample

heating 
conditionscompositiontemperatu

re °CRun

6633,0139,621,31,670,5321rampe 3,3°C/h82/42108

6743,5141,90,3800,6491rampe 3,3°C/h82/418024

38480,7148,533,7819,920,5661iso 72h82/421013

28735,9110,928,8411,720,5071iso 72h82/41804

10956,9230,612,5610,560,8790,5rampe 3,3°C/h82/421022

11425,7240,50,2701,1000,5rampe 3,3°C/h82/418025

71910,0277,436,1419,51,0580,5iso 72h82/421027

53998,8208,320,396,570,9530,5iso 72h82/418014

5564,6122,74,4750,4881rampe 3,3°C/h68/2021020

7862,9173,40,2400,8281rampe 3,3°C/h68/201806

43429,0167,628,139,480,6671iso 72h68/2021028

27204,2105,017,644,640,5011iso 72h68/201802

10535,4232,415,369,50,9240,5rampe 3,3°C/h68/2021017

10969,9241,90,1701,1550,5rampe 3,3°C/h68/2018030

86206,4332,632,93121,3230,5iso 72h68/2021010

53414,7206,126,9811,850,9840,5iso 72h68/2018023

damage 
(J.s)

energy = 
m.Cp.dT (J)

mass loss        
(% initial 

mass)

Porosity (% 
initial 

volume)

initial mass 
(g)

diameter / 
length 
sample

heating 
conditionscompositiontemperatu

re °CRun

With the full two level factorial design, we estimated all interactions on porosity and pyrolysis with regard to following

parameters : A = Temperature, B = composition nature, C = thermal damage, D = Φ/H

Table 4 : Effects list calculated with the full two level factorial design

2,94-4,37ABCD0,08-0,08ABCD

0,000,07BCD2,730,45BCD

0,04-0,49ACD1,660,35ACD

0,040,53ABD1,59-0,35ABD

0,22-1,19ABC1,490,34ABC

0,09-0,76CD0,820,25CD

3,844,99BD0,450,18BD

0,00-0,10BC2,470,43BC

0,18-1,08AD1,47-0,33AD

0,58-1,94AC4,11-0,56AC

0,782,26AB0,290,15AB

0,24-1,25D2,54-0,44D

69,7621,26C49,341,93C

1,863,47B0,790,24B

19,4311,22A30,151,51A

% ContribtnEffectTerm% ContribtnEffectTerm

Effects list for mass lossEffects list for porosity

2,94-4,37ABCD0,08-0,08ABCD

0,000,07BCD2,730,45BCD

0,04-0,49ACD1,660,35ACD

0,040,53ABD1,59-0,35ABD

0,22-1,19ABC1,490,34ABC

0,09-0,76CD0,820,25CD

3,844,99BD0,450,18BD

0,00-0,10BC2,470,43BC

0,18-1,08AD1,47-0,33AD

0,58-1,94AC4,11-0,56AC

0,782,26AB0,290,15AB

0,24-1,25D2,54-0,44D

69,7621,26C49,341,93C

1,863,47B0,790,24B

19,4311,22A30,151,51A

% ContribtnEffectTerm% ContribtnEffectTerm

Effects list for mass lossEffects list for porosity

We can notice that temperature and nature of thermal aggression are the main factors. They have significant impacts on

responses. They have similarly contributions on porosity formation but the nature of thermal threat has the main effect for the
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weight loss. Interactions appear to have few impacts of responses. We notice that their contributions differ between porosity

and mass loss.

The analysis of variance table help to estimate a relation between selected parameters and their coefficients. With the Box

Cox plot method [6], we calculate analytically the best power law transformation for each response:

CAporosity

CAlossmass

������

�����

96,075,044,220,0

63,1061,547,17

To validate these analytical models, we look at normal probabilities plot of studentized residuals. These residuals correspond

to the number of standard deviations of the actual values from their respective predicted values. In our case, plots look OK,

indicating no problems.

Figure 5 : Normal probabilities plot of studentized residuals with Design expert
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DISCUSSION

As the more intensive and on a longer time thermal aggression appears, as the more porosity and mass loss increase. So

temperature and time of damage appeared as the characteristics features.

We noted that the porosity rate and the mass loss have different variations with thermal damage. There is no simple relation

between these two parameters. It appears that the mass loss tends to an asymptote when porosity increased. 

Figure 6 : interpretation of results, asymptotic behaviour during partial decomposition of propellant
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In the case of an isotherm thermal aggression, the mass loss tends to an asymptote behaviour with porosity level. It is not the

case for a thermal slope (3.3°C/h). The difference between responses in function of thermal slope is difficult to explain, we

need to make others experimental acquisitions. Our discussion has centred on the case of isothermal aggression.



8

We define thermal solicitation ε obtained by the system during pyrolysis as:    dtdTCm p ���� ��0�

0m : Initial mass of sample - �pC : calorific capacity of propellant dtdT ���  : represent temperature and duration of

damage.

Thermal solicitation ε is a combination of these two curves :

y = Ln(x) + alpha

temperature

thermal 
damage

 

time

thermal 
damage

contribution (%)

The thermal solicitation helps to establish relations between porosity level, mass loss and thermal load:

Figure 7 : relations between porosity level, mass loss and thermal damage for isothermal loads
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α represent the fractional mass loss : α = ∆m0/∆mf . The mass loss and porosity level tend to asymptote behaviours in function

of thermal solicitation.

A minimum thermal solicitation is necessary for observing mass loss and the formation of inter particle porosity.

Generally speaking, propellant 1 has a best correlation than propellant 2. The distinction is probably due to a different

percentage weight of AP and aluminium in compositions. 

Propellant 1 : 68% (wt) ammonium perchlorate, 20% (wt) aluminium

Propellant 2 : 82% (wt) ammonium perchlorate, 4% (wt) aluminium
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For a same thermal damage: 

∆m propellant 2 > ∆m propellant 1

Inter particular porosity level of propellant 2 > inter particular porosity level of propellant 1

Propellants seem to have similar intra particular porosity. 

Propellant 1 had less inter particular porosity than propellant 2. This difference could be linked to the AP composition. 

This work underlines the importance of pyrolysis gas during the decomposition of the propellant, the heterogeneity of

propellant: AP particles and polymeric binder and the necessity of coupling thermal, chemical and mechanics analysis.

When a AP-based propellant is submitted to a thermal aggression, we observed decomposition of AP and then some

interactions of gas with binder chains. This results in the chemical decomposition of HTBP and the formation of carbon oxide

gas [7] :

-[CH2-CH=CH-CH2]n- + ½ HClO4   →   -[C*
*-CH=CH-C*

*]n- + ½ HCl + 2H2O 

-[C*
*-CH=CH-C*

*]n- + 2HClO4   → → →   carbon residue + 2 HCl + H2O + CO + 3 CO2 

Other components as aluminium or ballistic catalysts increased or decreased the decomposition rate of AP. 

Various observed for different propellants and the nature of relation between porosity, mass loss and thermal damage

underline the importance of gas diffusion properties in binder and the evolution during pyrolysis. Chemical decomposition of

binder leads to changes in gas diffusion properties through polymeric matrix. 

These experiments did not allow to clarify the evolution and the importance of the diffusion properties in binder. Other

analyses have started. They aim at measuring the evolution of the diffusion coefficient trough HTPB binder for different gas

and several thermal damages.

CONCLUSION

There is no direct relation between mass loss and porosity level in propellant during thermal pyrolysis. It’s necessary to take

into account the gas diffusion properties in binder. We can’t define physic damage state near ignition of energetic material

without this parameter. 

This work is a breakthrough in the behaviour studies of energetic material submitted to a thermal aggression.

Porosity, mass loss and diffusion properties help to clarify the damage state of energetic material before thermal ignition.

These parameters will be introduced in a numerical code to define the propagation surface of combustion in pyrolysis

material. 

This work is part of violence reaction characterisation for thermal damage material. Simultaneously, we had designed

experiment to measure the apparent propagation speed of the combustion front of energetic material submitted to thermal

aggression. 

Data will be use to create a combustion model for pyrolysis energetic materials. Then, it will be introduced in the numerical

model for simulation of reaction violence to cook off experiments which developed by SNPE Energetic Materials [8].
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Abstract 

Fine and ultra-fine powders are actively used in pyrotechnics, explosives and propellants. 

The important questions are how to produce a powder with specified characteristics and how to 

use the powder produced? This paper presents a new approach to the producing powders by the 

exploding wire method, developing in the Institute of High Current Electronics RAS. The 

influence of initial conditions of explosion and conditions of passivation on the properties of 

powders is discussed.  

Investigations performed have shown that the electrical explosion in the low-pressure gas 

containing oxygen, or nitrogen, or carbonic acid allows synthesizing the powders passivated with 

such inorganic layers as oxide, nitride, oxycarbide, oxynitride. With that, the activity of powders 

produced remains high.  

Separate sections of investigation dwell on such properties of Al-based powders as a size 

and morphology, phase composition, thermal properties, and activity in reactions with air and 

water. 

To determine activities of the powder samples in the combustion reactions, the 

Differential Thermal Analysis, Thermogravimetry, and reaction with water were conducted. It 

has been shown that proportion 40% Al / 60% H2O is preferable for use aluminum/water slurry 

as “green propellant”. 

1. INTRODUCTION 

Nowadays, nanophase materials formed of ultra-fine particles or crystallites attract a 

building up attention by possibilities to develop new technologies and to produce materials with 

new properties. This area opens a wide range of commercial applications. Perspective route is 

exploitation of ultra-fine powders as a component of energetic materials. Recent investigation [1-

3] show that use of Al nanopowders allows modifying the burning rate, increasing the specific 
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impulse, and preventing the agglomeration. In addition, experiments [4,5] showed that the 

characteristic specific feature of these powders is their direct reactivity with water already at 

temperature T > 50 0C with hydrogen release. Water thickening by small (3%) additives of 

water-soluble polymer, for example, by polyacrilamide, which convert water to a viscous gel, 

allows the reaction between an aluminum and water to occur in a regime of layer-by-layer 

combustion.  

The prevention from spontaneous combustion and agglomeration of particles is important 

question and requires being clearly. Investigations performed have shown that the electrical 

explosion allows synthesizing the powders passivated by thick surface layers not only of oxide 

or nitride [6,7] but also by oxycarbide and by layers of absorbed gases. With that, the activity of 

powders produced in the low-pressure gas remains high. 

The purpose of the present paper is to highlight the possibilities of the exploding wire 

method for production of ultra-fine Al powders passivated with different coatings, and to 

highlight the features of the combustion of Al-water slurries. The description rests on the 

evidence obtained experimentally.  

The structure of the paper is as follows. Second section describes the methods and 

techniques of investigation, different apparatus and physico-chemical methods were used for 

analyses of powders. Sections 3 dwells on syntheses of aluminum powders with inorganic 

coatings, investigation of their composition and thermal property. Section 4 is devoted to 

oxidation of nanoaluminum in gelled water compositions. The final section examines 

combustion of nanoaluminum/gelled water compositions. 

2. TECHNIQUES AND METHODS OF INVESTIGATION 

Experimental setups include the installation for powder production and facilities for 

characterization of the powder produced. Explosions were performed in a hermetic chamber 

filled with air, inert gas, nitrogen, carbonic acid, or their mixtures with oxygen.  

The major characteristic in powder production is the thermal energy, introduced into the 

wire material. Depending on the energy density, the state of the explosion products can vary 

from liquid to plasma and the sizes and properties of the particles formed depend on the state of 

products. In this study, the energy density was close to the sublimation energy of aluminum, and 

the conditions of uniform Joule heating of wire were used [7,8].  

The specific surface area SBET of the samples was measured by the low-temperature 

adsorption method (BET). The particle shape and size distributions were determined by means of 

the transmission electron microscope (TEM). The mean diameter D, the standard deviation σ 

were calculated from TEM data.  
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To define a phase and chemical composition of the samples, X-ray diffraction and 

analytic chemistry methods were also used. The approved techniques to investigate a 

composition and chemical activity of aluminum nanopowders were utilized.  

Relative intensity of gas emission in vacuum 10-7 at various temperatures as well as 

during linear heating with ramp function of temperature was determined with the vacuum meter 

of partial pressures. Therewith, values of intensity of gases emission determined for every 

temperature were normalized onto a maximum intensity of gas emission taken as unity. In this 

case the sum of emitted gases under the sample thermostatic-control conditions at temperatures 

of 0-400 °C was noted. The gas emission dynamics and the rate, dI/dt, where determined at mode 

of linear heating.  

A composition of emitting gases was determined under static conditions (thermostatic 

control at a constant temperature) with the mass spectrometer. 

Characterization also included Differential Thermal Calorimetry (DTA) and 

Thermogravimetry (TG) in air or argon. At that rate Al powders and their mixtures with gelled 

water were investigated.  

A special device has been used for determination of Al/gelled water activity in saturated 

water vapor at temperatures below 100 0C with samples heating rate 5 0C/min. In this case the 

reaction Al + 3H2O = Al2O3 + 3H2 take place, and the dynamic of hydrogen release has been 

measured. 

According to the goal of this work, the combustion of nanoaluminum/water mixtures was 

investigated in the bomb, just like as describe in [5], with argon medium and quartz tube of 

diameter up to 25,4 mm. The combustion rate was determined by photoregister and the 

temperature in the combustion wave was registered by W/Re thermocouple of thickness 20 µm.  

3. SYNTHESES OF NANOALUMINUM POWDER WITH INORGANIC 

COATINGS 

The aluminum nanopowders produced in inert (argon or nitrogen [6]) medium are 

passivated by inorganic coatings and by a small amount of air, nitrogen or carbon dioxide 

admitted into a setup chamber. In that case, the ultrafine particles oxidize negligible from a 

surface and adsorb the surrounding gas in which the explosion has been performed. Besides, 

particles adsorb less rigidly bound air components and water. As a result, the powders are 

stabilized and can be kept in air. The most of unpassivated powders self-ignites on drawing-out 

from the chamber and on contact with atmospheric air.  

The composition and some properties of the ultrafine powders (UFP) produced and 

passivated in various gas mediums are given in Table 1.  
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Table 1. Results of various Al nanopowders analysis  

No Sample 
 

Al, 
% 

SBET, 
m2/gram 

D, 
nm 

σ, 
nm 

Tonset, 
0C 

Texo, 
0C 

∆m, 
% 

1 N2/N2 75,4 18,2 44,2 16,8 375 535 29,7 
2 N2/air 74 17,5 40,3 16,4 400 530 27,3 
3 N2/CO2 70,7 21,0 40,4 6,1 425 560 36,1 
4 CO2/CO2 16,4 38,0 30,8 5,9 400 No exopeak 24,3 (Tmelt) 
5 Ar/air 79,8 16,7 54,6 6,3 420 554 34,6 

 

The following types of powder markings are assumed: a gas used as medium for a wire 

explosion is noted first, and a gas used for the powder passivation is noted through the slant line. 

For instance, the designation N2/CO2 corresponds to the powder produced in nitrogen and 

passivated by carbon dioxide etc. The percentage content of pure aluminum (Al, %) was 

determined by volumetric method, in which the volume of hydrogen, as the result of reaction Al 

with solution of sodium hydrate, has been measured. In the Table 1 Tonset means the temperature 

of intense oxidation beginning and Texo is the temperature corresponding to exopeak (Figure 1). 

∆m is the increase of mass during phase of intense oxidation. Figure 1 demonstrates ordinary 

DTA and TG analyses in air for concerned powders.  

 

 

 

Figure 1. DTA and TG data. 

 

 

 

An oxidation of metallic aluminum by atmospheric oxygen is also observed for the 

sample of Al-CO2/CO2 but the process goes much slowly and without expressed specific 

temperature Texo, and mass increment for this powder is given up to melting point (Table 1). 

A linear heating in argon of Al-CO2/CO2, Al-N2/CO2 showed that mass of dissolved 

gases released at a temperature below than 250-300 °C was no more than 2% of the starting 

sample mass. The fusion temperature of the aluminum particles (minimum of a heat absorption 

for the DTA curve) for the sample of Al-CO2/CO2 was 3-4 degrees less of that for the rest 

evidencing a smaller mean size of this sample.  

A comparative linear heating of the samples in surroundings flow shows a significant 

distinction between properties of the passivating coating of the sample surface. These coatings 

for Al-N2/CO2, N2/N2, N2/air samples are based on aluminum oxide.  
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The increasing of the CO2/CO2 sample mass by 5% at the oxidation temperature more 

than 300 °C and the decreasing of the melting temperature of metallic aluminum about by 4 °C 

in comparison with the heating in argon flow argue for passing of aluminum oxidation in the 

sample CO2/CO2. This fact testifies to decreasing the mean particle sizes owing to oxidation. 

The compositions of powders are summarized in Table 2.  

Table 2. The admixture constitution of powder samples. 

Sample Al, % Water, 
mass %  

Sum of gases, 
mass % 

                          Gases, volume % 
  H2O          N2             O2          CO2         Ar 

N2/N2 75,4 6,4 1,7 11,4 78,5 8,6 1,5 Steps  
N2/CO2 70,7 0,4 2,9 8,0 14,1 3,9 74 No 
CO2/CO2 16,4 0,4 4,0 1,6 2,3 0,6 95,5 No 
Ar/air 79,8 6,5 3,9 18,9 52,0 14,2 6,3 0,7 
 

The specific surface of the produced powders varies from 16 to 38 m2/g (see Table 1).  

As it can be seen from Table 2, the electroexplosive UFP are bound to consider as a 

complex system containing set in addition to the main metal. 

Thermodesorption processes of gases from the particle surface in vacuum were studied. A 

constitution of gas shells and desorption dynamics were investigated using the mass 

spectrometry method and by measurement of pressure of releasing gases in interval of 0 – 450 

°C on heating in vacuum at constant temperatures and under the fast (to 50 K/min) linear 

dynamic heating. The expressions for release intensities of adsorbed and chemically bounded 

gases were determined. It was founded that a composition of desorbed gas components is highly 

changed with increasing temperature. A composition of desorbed gases at various temperatures 

has also been determined.  

A sum of releasing gases (Fig. 2) under conditions of a thermostatic control of the sample 

in the range 0 – 400 °C (with step of 50 °C) was registered. A release gas dynamics and gas 

release rate dI/dt were determined in the linear heating mode (Fig. 3).  

 

 

Figure 2. A variation of relative 

intensity of a gas release in vacuum at 

various heating temperatures under static 

conditions. Sample 1 –Ar/air, 2 – N2/air, 

3 – N2/CO2 
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The most slightly-bound with the surface gas inclusions (air components, water, CO2, et 

al.) as well as argon adsorbed after completion of the electrical explosion, are removed at 100 – 

150 ˚C along with the external particle shell formed in passivation. The second layer formed just 

during the electrical explosion are desorbed at 250 – 400 °C (Figs. 2-3).  

A displacement of the maximum and minimum of gas release intensities in a lower 

temperature region is observed for the aluminum nanopowder processed in Ar (see Fig. 2).  

In Fig. 3 a vicissitude of the thermodesorption process is seen further cleaner as two 

maximum of a gas release rate dI/dt (curve 2). 

 

 

Figure 3. A variation of relative 

intensity of a gas release from the 

aluminum produced in argon (1) and 

dimensionless rate of a gas release (2) in 

vacuum under dynamic conditions. The 

rate of linear heating is 50 K/min. 

 

 

Notice that the thermodesorption process in vacuum can be used in practice, that is to 

substitute the adsorbed active gases for inert those (argon, hydrocarbon) letting an inert gas into 

the vacuum chamber after the thermodesorption process completion.  

Because of peculiar chemical features of the Al nanopowders, an oxidation degree of the 

UFP by water and the temperature of the reaction onset can be used as criterion to compare a 

chemical activity of the UFP produced under various conditions. In particular, a connection 

between the UFP production conditions (see Table 1) and a relative chemical powder activity 

assessed according to an oxidation degree by water at 60 °C and a temperature of the reaction 

onset exists. In doing so, a correlation between a maximum oxidation of the UFP by water at 60 

°C and an onset reaction temperature with water (40 – 60 °C) is observed. A temperature of the 

reaction onset in independent experiments on evolution of the first hydrogen bubbles, a pH 

change, and some self-heating of the mixture is registered (Fig. 4). According to the powder 

kind, its oxidation degree by water is from 36 to 100 %.  
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The more active is the powder, the lower is the temperature of reaction onset with water 

and the higher is an oxidation degree at 60 °C. Therewith, the UFP produced in CO2 exhibits a 

greatest activity relative to water. Nevertheless the experimental data on relative chemical 

activity show that in any gas surroundings value of the UFP specific surface is determining 

characteristics for a production and passivation of these powders (see Table 1).   

 

 

 

Figure 4. The Al UFP specific 

surface dependence of its maximum 

oxidation degree with water (1) at 60 °C 

and that dependence of the reaction 

onset temperature (2). 

 

 

 

4. OXIDATION OF NANOALUMINUM IN GELLED WATER COMPOSITION  

The mixtures of the metal powders (30-32% of mass) and gelatinous water (3% 

polyacrylamide, as a rule) were investigated. Figure 5 demonstrates the curves for hydrogen 

release on linear heating of the mixture compounds.  

 

 

 

 

Figure 5. The curves for 

hydrogen release on linear heating of 

the samples in an environment of 

saturated water vapor. 

 

 

 

The sample heating rate was about 5 °/min. The heating proceeded in an environment of 
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samples reached the water boiling point (about 100 °C), they have been held at this temperature, 

so that a total time of the heating and seasoning for all samples was 40 min. 

An analysis of the curve shapes in Figure 5 allows the followings:  

• for every composition to determine an onset temperature for interaction of aluminum 

with water in a gel composition,  

• to draw conclusion about the mechanism of interaction,  

• to determine a quantity of hydrogen releasing in varied interaction stages.  

In Table 3 the numerical data for the investigated samples are presented.  

Table 3. The numerical data for the investigated samples 

Sample 
ToC(in
) ToC(fin) %Al(1) %Al(tot) 

Al-CO2/CO2 64,9 72,8 100 94 
Al-N2/air 71,1 78,6 35,5 65 
Al-N2/N2 70.9 77,9 50,4 80 

Al-N2/CO2 72,7 81,9 66,0 80 
 
 ToC(in) is the temperature of beginning of the first reaction stage for a metallic aluminum with   
water (intense releasing of gaseous reaction products), ToC(fin) – the completion temperature of 
the first reaction stage for a metallic aluminum with water, %Al(1) – the percentage of a 
metallic aluminum reacted in the first reaction stage, %Al(tot) – the percentage of a reacted 
metallic aluminum during the reaction time of 40 min. 
 

Based on the data of Figure 5 and Table 3, it can be concluded that metallic aluminum 

reacts with liquid water in two stages, at least. The first is fast and the second is slow. A 

temperature of beginning of the first stage depends of the nature of a passivating coating. A 

percentage of metallic aluminum reacted at the first reaction stage is proportional to a specific 

surface of powders. The second stage occurs, as a rule, at temperatures near a temperature of 

water boiling. Only for the Al-CO2/CO2 sample the first stage passes directly in the second stage. 

Presence of hydrogen and methane in reaction products (according to a chromatographic 

analysis) suggests that passivating coating of this sample includes also aluminum carbide and 

oxycarbide. The same conclusion follows from Table 2 and Figure 2 (curve 3). 

All samples, except CO2/CO2, contain aluminum nitride according to X-ray analysis, 

escaping from the solid reaction products following 40 min on complete of   reaction with water.  

5. COMBUSTION OF NANOALUMINUM / GELLED WATER COMPOSITIONS 

The possibility of combustion of the aluminum UFP with water thickened by 

polyacrylamide admixtures in the mode of a normal combustion regime was determined in 

experiments [5]. The calculated heat of combustion of the Al nanopowder stoichiometric mixture 

with water, recounting to the pure metal (50/50 %), is 7570 kJ/kg, attributing this system to high-
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energy material. Owing to inert admixtures in the UFP, this value is vastly less (by 10 – 15 %). 

The stoichiometric mixture of the aluminum UFP with thickened (gel-like) water is a viscous 

paste having a density about of 1.46 g/cm3. In paper [5] the more detailed date on combustion of 

the stoichiometric UFP mixture with water is given. In particular, the law of combustion rate of 

the stoichiometric mixture is: U = 0.183 (p/p0)0.4, cm/s. Also the incompleteness of aluminum 

combustion is shown. 

The present study is a continuation of [5]. For the stoichiometric mixtures the part mass 

of aluminum do not reacts because of water boiling out from the reaction zone. The metal 

oxidation is no more than 62 %. A stable combustion of the aluminum UFP mixtures with water 

at pressures from 0.1 to 10 MPa is possible in rather narrow concentration range, with aluminum 

content by mass from 38 to 57 %. Nevertheless, a decrease of the aluminum UFP to 40 % results 

in increase of the Al oxidation degree to 99 % (Fig. 6).  

 

 

 

Figure 6. Influence of Al content in 

mixture with water on the oxidation degree 

under the pressure of 7 MPa.  

 

 

 

 

Experiments show that the oxidation degree sensibly constant on pressure more than 5 – 

6 Mpa (Figure 7). It is important to point out, that this level of pressure is operating for solid and 

pasty propellants. 

 

 

  

Figure 7. The dependence of 

oxidation degree on the pressure. 
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The heat of combustion far exceeds the heat of water vaporization. The combustion 

temperature and the combustion rate increase with increasing of oxidation degree. The 

combustion rate values under the pressure of 7MPa for the indicated aluminum concentrations 

are from 0.8 to 1.8 cm/s (Figure 8). The temperature of combustion reaches 2450 0K. The 

stoichiometric mixture burns under 7 Mpa with the temperature of 2120 0K and combustion rate 

of 1,08 cm/sec (Figure 8).  

 

 

 

 

Figure 8. The temperature (1) and 

the combustion rate (2) in combustion under 

the pressure of 7 MPa versus Al content.  

 

 

 

 

Notice that all presented data concern to the freshly prepared UFP mixtures with 

gelatinous water. A partial hydrolysis of polyacrylamide with pH decreasing to 5.5 - 6 in storage 

of these compositions proceeds; this is quite sufficient for a slow aluminum oxidation at room 

temperature, reduction of the combustion rate, and loss of the burnable .  

6.  CONCLUSION 

It may be said that the exploding wire method is a very promising method of ultra-fine 

powder production. It is possible to produce ultra-fine Al-based powders with different 

controlled inorganic coatings. Particles represent complex matter of pure metal, chemical 

compounds, adsorbed gases. The environment of production and conditions of passivation 

determine the composition of particles. 

Though pure metal content averages of 75 %, powders demonstrate high energetic 

activity in oxidation reactions. Investigations showed that, for use the mixture aluminum/water 

as “green propellant”, the ratio 40% Al/60 gelled water is preferable.  

Future investigations will be focused on studies of phase composition and phase structure 

of powders, produced and passivated under different conditions. Stability of phase constitution 

of particles as well as stability of their energetic characteristics during storage time and their 
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behavior under external influences are also sufficient. Real future success requires the 

coordinated joint efforts of a wide circle of researchers and technologists, producers and users. 
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Abstract 

Sub-scale slow cook-off (SCO) tests were conducted for GAP/AP propellant and also for 
HTPB/AP propellants.  Steel tubes of 25mm inner-diameter were used for the confinements.  The 
propellant mass of each test was 100g.  In those tests the heating rate was set as 3.3°C/hr (6°F/hr) as 
specified in MIL-STD-2105.  The reaction of the GAP/AP propellant occurred at 190-196°C, while 
that of HTPB/AP propellants occurred 211-233°C.  The results were compared with the DSC 
decomposition temperatures of the same heating rate.  The sample masses of the DSC measurements 
were around 0.5mg.  The SCO reaction temperature of the GAP/AP propellant was about the same 
as the DSC decomposition temperature.  The temperatures were also compared with those of 
energetic ingredients.  The SCO reaction temperature of GAP/AP propellants was also the same as 
the decomposition temperature of GAP itself.  Since the decomposition temperature of AP is much 
higher than that of GAP/AP SCO temperature, it is obvious that AP is not the major ingredient for 
initiating the SCO reaction.  Thus, the SCO reaction of GAP/AP propellant is initiated by the 
decomposition of GAP.  Scale effect in initiation of GAP/AP propellant decomposition is not 
observed in the sample size range from 0.5mg to 100g. 
 

1 Introduction 
Recent years insensitive munitions technology has been receiving great attention because of 

necessity to minimize the risk of loosing the munitions and other resources during the storage, 
transportation and operation.  In the field of rocket motors, it is reported that the responses of rocket 
motors loaded with ammonium perchlorate (AP) and hydroxy-terminated polybutadiene (HTPB) 
binder will not pass the slow cook-off (SCO) tests1) 2).  Therefore, moderating the responses in SCO 
tests is one of the keys to achieving IMness for rocket motors. 

NOF Corporation has been conducting fundamental research of Glycidyl Azide Polymer (GAP) 
and development of propellants that contain GAP as the binder for more than 20 years.  Then it is 
verified that the technology of GAP propellants is mature enough for practical application3).  
However, the behavior of GAP/AP propellants in SCO tests is not well understood. 

The objectives of this study are to provide fundamental understandings of response in SCO tests 
of GAP/AP propellants. 
 



2 Experimental 
2.1 Formulations 

The propellant formulations evaluated in this study are listed in the table 1.  Two kinds of 
HTPB/AP propellants were also evaluated for comparison with GAP/AP propellant.  Figure 1 shows 
the theoretical performances of the samples.  NASA SP-273 chemical equilibrium code was used for 
the calculations.  The maximum specific impulse (Isp) of GAP/AP propellant obtained from the 
calculation is slightly lower than that of HTPB/AP propellants.  However, the maximum Isp of 
HTPB/AP propellant can’t be practically obtained because of the processing constraint.  Thus, 
practical Isp of GAP/AP propellants is about the same as that of HTPB/AP. 
 
 
 

Table 1.  Formulations of the Samples 
 
 Sample GAP* HTPB* AP Fe2O3 CS**  
 G-1 20 - 80 1 2  
 H-1 - 13 87 - 1  
 H-2 - 13 87 1 1  
  * Includes curatives and plasticizers 

** Combustion Stabilizer 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 1.  Theoretical Performance of the Samples 
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2.2 Thermal Analysis 
Differential Scanning Calorimetry (DSC) measurements for the samples listed in table 1 under 

various heating rates were conducted.  Seiko Instruments Inc. Model DSC 220 was used for the 
measurements.  The sample mass of each measurement was 0.5mg.  The heating rate was from 
0.05 to 10°C/min.  Then the decomposition temperatures under the condition of 3.3°C/hr (6°F/hr), 
which is the heating rate in SCO tests, were calculated.  Also, the same measurements and 
calculations were conducted for neat GAP and AP. 
 
2.3 Sub-scale SCO Tests 

Sub-scale SCO tests for G-1, H-1 and H-2 were conducted.  In those tests the heating rate was 
set as 3.3°C/hr (6°F/hr) as specified in MIL-STD-2105.  The test vessel is shown in the figure 2 
and photo 1.  Propellant mass of each test was 100g.  A steel tube with inner diameter of 25mm 
was used as the vessel.  Both ends were sealed with aluminum shear plates that open when the 
internal pressure reaches 15 MPa, which is common maximum expected operational pressure 
(MEOP) of rocket motors.  The vessel was heated with a tape heater wrapped around the vessel.  
Temperature was measured at three locations, center of the propellant (T1), interface between the 
propellant and the tube (T2) and outside the tube (T3).  The electric current through the tape heater 
was controlled so that the heating rate at T3 was 3.3°C/hr (6°F/hr).  The experimental setup of the 
sub-scale SCO tests was shown in figure 3.  All the measurements were done in the control room.  
The temperature was recorded with the data recorder and the response was recorded with the DVD. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 2.  Schematic of Sub-scale SCO Test Vessel 
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Photo 1.  Sub-scale SCO Test Vessel 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 3.  Experimental Setup of sub-scale SCO test 
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3 Results and Discussions 
3.1 Thermal Analysis 

DSC results of G-1 in various heating rates were plotted in figure 4.  The horizontal axis is the 
first substantial exothermic peak temperature (Tm) in reciprocal number, and the vertical axis is the 
heating rate (φ).  From the results, decomposition temperature in 3.3°C/hr (6°F/hr) was calculated.  
The same operations were conducted also for H-1, H-2, GAP and AP.  The results were plotted in the 
figures 4 and 5.  The Tm in 3.3°C/hr (6°F/hr) was listed in table 2.  The Tm of G-1 was the close 
value to that of GAP itself.  This indicates that the decomposition of G-1 in the heating rate of SCO 
was caused by the decomposition of GAP.  Also it should be noted that the Tm of GAP/AP propellant 
or GAP itself was somewhat lower than that of HTPB/AP propellant or AP.  The Tm of H-2 was 
close to that of G-1 rather than H-1.  It is considered that the decomposition temperature was 
reduced by ferric oxide4). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 4.  DSC Results of G-1 
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Figure 5.  DSC Results of H-1 and H-2 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 6.  DSC Results of GAP and AP 
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Table 2.  Summary of the DSC Results 

 
 Sample First Exothermic Peak Temp., Tm 

(°C) 
 

 G-1 184.8  
 H-1 232.8  
 H-2 189.8  
 GAP 177.1  
 AP 220.1  
 
 
 
3.2 Sub-scale SCO Tests 

Figure 7 shows the temperature trace of sub-scale SCO test for G-1.  Two experiments were 
conducted for the same propellant formulation.  The reaction occurred when the temperature in the 
middle of the propellant was 190 and 196°C.  The reaction temperature was equivalent to the result 
of DSC.  Therefore, it is considered that the reaction of GAP/AP propellants in sub-scale SCO is 
caused by the decomposition of GAP.  The scale effect wasn’t observed between DSC in which the 
sample mass was 0.5mg and sub-scale SCO in which the sample mass was 100g. 

The test vessel after the reaction is shown in photo 2.  Only the shear plates opened, while the 
steel tube wasn’t destroyed.  It is considered that the responses are ranked as IV if the classification 
is made following the criteria of MIL-STD-2105. 

Figure 8 and 9 show the temperature traces of sub-scale SCO test for H-1 and H-2 respectively.  
The reaction temperature of H-1 was higher than that of G-1.  Also the test vessels after the reaction 
are shown in photo 3 and 4.  Not only the shear plates but also the steel tubes were destroyed.  This 
indicates that the response of G-1 was more moderate than that of H-1 and H-2.  Even though the 
reaction temperature of H-2 was close to that of G-1, the violence of the responses was different.  It 
is considered that the responses of H-1 and H-2 are ranked as III if the classification is made 
following the criteria of MIL-STD-2105.   The results of the sub-scale SCO tests were 
summarized in table 3. 

 
 
 
 
 
 
 
 
 



 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 7.  Temperature Trace of Test G-1 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Photo 2.  Test Vessel of G-1 after the Test 
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Figure 8.  Temperature Trace of Test H-1 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Photo 3.  Test Vessel of H-1 after the Test 
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Figure 9.  Temperature Trace of Test H-2 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Photo 4.  Test Vessel of H-2 after the Test 
 
 

600 700 800 900 1000
185

190

195

200

205

210

215

220

Te
m

pe
ra

tu
re

 [ 
℃

 ]

Time [ min. ]

; Temperature Trace of Thermocouple ( T1 )
; Temperature Trace of Thermocouple ( T3 )



 
 

Table 3.  Summary of the Sub-scale SCO Tests Results 
 

 Sub-scale SCO DSC  
 

Sample 
T1 (°C) T2 (°C) T3 (°C) Tm (°C)  

 190.1 190.1 186.6  
 

G-1 
196.2 197.0 195.5 

184.8 
 

 231.4 230.7 229.6  
 

H-1 
233.1 232.9 227.6 

232.8 
 

 211.2 212.2 209.0  
 

H-2 
212.5 213.4 214.1 

189.8 
 

 GAP - - - 177.1  
 AP - - - 220.1  

 
 
 

4 Conclusions 
The reaction temperature of GAP/AP propellant in sub-scale SCO was close to the DSC results of 

GAP/AP propellant or GAP itself in the same heating rate.  Therefore, it can be said that the SCO 
reaction of GAP/AP propellant is initiated by decomposition of GAP. 

The scale effect in initiation of GAP/AP propellant decomposition was not observed between 
DSC in which the sample mass was 0.5mg and sub-scale SCO in which the sample mass was 100g. 

The response of GAP/AP propellants in SCO is more moderate than that of HTPB/AP propellants 
if the sample size is 100g. 
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Abstract  

The technological and operating characteristics of the high-filled 

composite pyrotechnic materials based on thermoplastic polymer binder as a 

basis, for manufacturing by the through passage pressing method, of the 

aerosol-forming retardant compositions and fireconductive pyrotechnic cords 

are considered.  

The modification of various pyrotechnic compositions by PTFE (f-4) 

allows to adjust their mechanical, rheological and ballistic properties. The 

character of influence PTFE on a burning rate of various compositions is 

determined by value of their factor of surplus of an oxidizer. 

 

Introduction. 
By our early researches was shown, that the modification of various 

compositions by PTFE allows to adjust of its structural - mechanical and ballistic 

properties [1-6]. 

 In the present work the influence of this modifier on the technological, 

mechanical and ballistic characteristics of the thermoplastic high-filled 

pyrotechnic compositions is considered. The samples were prepared on the 

base of plasticized by dibytylphtalate (DBP) of: 

 fluorinated rubber SRF-32 (copolymer trifluorochloroethylene with 

vinylidene fluoride); 

 copolymer vinyl chloride with vinyl acetate (VA-15);  

 polyvinylbutyral (PVB);  



 

 divinylnitril rubber SRN-40;  

 phenol-formaldehyde resin (PFR);  

 nitrocellulose.  

 The role of separate components of pyrotechnic compositions in shaping 

both mechanical performances, and level of a thermal pulse transfering rate is 

investigated.  

Samples represented:  

- cover-free cords without channel by a diameter of 1.5 mm (1.5/0); 

- cords without channel by a diameter of 7 mm (7/0), covering by chlorovinyl 

coating; 

- cover-free cord-tubes with central channel, having outside and internal 

diameters accordingly 2.5 and 0.8 mm (2.5/0.8) and a longitudinal cut on 

whole length [1, 2, 5]. 

It is known, that the stability of the combustion of pyrotechnic samples at 

the atmospheric pressure may be increased at the additional using of carbon 

black, of the phenoloformaldehyde resin (PFR, iditol) and of the metal powders. 

The influence of the similar components on its structural - mechanical properties 

and the burning rate is investigated. 

 

Experimental section. 
It is established , that after increasing of the contents f-4 (Cf-4 ) from 0 up 

to 5 % in samples based on SRF-32, containing (56 % PbO + 20 % Al3Mg4), the 

value of an break deformation  εb  and the single-axis stretching durability σb at 

20oС will increase accordingly up to 18 and 6 times (tab. 1). 

The updating stipulates also improving of the rheological and technological 

parameters – decrease of specific external friction τµ and increase of cut 

durability σcut, describing of internal friction, that, as a whole, improves the 

manufacturability of compositions. 

The temperature-concentration-speed functional dependence of external 

friction of compositions on a steel substrate expresses as follows: 

 

τµ  = exp(-4,3656 + 925,134/T + 0,3794·ln V – 0,0745·Cf-4), MPa; 



 

 As a result of increasing of the contents f-4 from 0 up to 5 % in similar  

samples the value of its cut durability at 80oC was increased up to 6 times and 

external friction decreased up to 1.5 times. 

The value of swelling ∆ (quantitatively describing the normal high-elastic 

strain of a visco-elastic material) will increase up to 8 times after increasing of 

the contents of the modifier f-4 from 0 up to 5 %, due to elastification effect of 

the formed interpenetrative structure. 

Table 1  
The influence of an quantity f-4 to properties of a pyrotechnic composition 
based on SRF-32 (contains 56 % PbO + 20 % Al3Mg4) 

Сf-4, 
% 

P,  
MPa 

σcut, 
MPa 

τµ,  
MPa 

∆,  
% 

σb,  
MPa 

εb,  
% 

U0,1, 
mm/s 

0 23,7 0,4 0,30 0,5 4,0 12 0,76 
1 28,1 1,0 0,23 1,2 10,1 50 0,86 
2 33,1 1,3 0,19 2,1 15,2 100 0,94 
3 37,2 1,5 0,18 2,8 22,1 150 0,98 
4 42,1 1,9 0,18 3,1 26,0 220 1,08 
5 46,3 2,4 0,20 4,0 27,0 220 1,09 

 
It is known, that the pressure of pressing is stipulated by necessity of 

overcoming of a resistance to flowing Pη, slipping Pµ and elasticity P11. 

P = Pη + Pµ + P11. 

The updating of compositions stipulates its elastification, increase of 

normal strain at the processing, greater manifestation of Barrus-effect, that, 

alongside with enlarged internal friction, is the reason of increase of total 

pressure of through passage pressing. After increasing of the contents f-4 from 

0 up to 5 % the specific pressure of pressing will increase ~ up to 2 times (from 

23,7 up to 46,3 MPa) at the expense of magnification Pη and  P11.  

The method of differential scanning calorimetry shows (fig.1), that in 

samples, at which is present PTFE, the melting peak at Т = 23oС, appropriate to 

the modifier f-4, completely conterminous with a position of this peak for pure 

PTFE, is observed. The intensity of peak is increased at increasing of the 

contents f-4 in structures. The modifier and polymeric binder SRF-32 (Tg ~ 

minus 32oC) in investigated samples are not thermodynamically compatible and 

on the thermogram are fixed separately. 

 



 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1 DSC-thermograms of compositions based on SRF-32, containing 76 
mas. % (PbO + Al3Mg4). Figures at curves – quantity of f-4 
 

PFR in various composites behaves differently: 

 In structures based on PVB it is clearly fixed on thermograms (fig. 2) as 

separate peak and it is consequently organic filler in these compositions;  

 In samples based on SRN-40 - practically is not fixed, i.e. enters by the 

constituent of binder. Thus, the actual total filler contents, with other things 

being equal, in compositions based on plasticized SRN-40 and plasticized 

PVB are essential variously, that is, probably, reason of difference of its 

mechanical properties (fig.3, 4). 

 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2 DSC-thermograms of pyrotechnic compositions based on various 
polymeric binders were plasticized by DBP(1:1):  
1 – SRN-40; 2 – SRF-32; 3 – VA-15; 4 –  PVB 
Samples contain 74 mas. % inorganic fillers (KNO3+ KClO4+ Fe2O3) + 12% PFR 



The influence of f-4 quantity (Cf-4), PRF quantity (CPFR) and relation 

DBP/SRN on value of break deformation (εb) of the pyrotechnic samples 

expresses as follows: 

εb=exp(5.4157 + 0.274Cf-4 – 0.123CPFR + 1.4314Ln(DBP/SRN), % 

 
 

 

 

 

 

 

 

 

 

 

   A       B 
Figure 3 Influence of quantity f-4 and PRF on value of break deformation of the 
pyrotechnic samples based on: A – (PVB+DBP); B – (SRN-40+DBP). 
Samples contain 74 mas. % inorganic fillers (KNO3; KClO4; Fe2O3). 

Figures at curves – εb, % 
 

 
 
 
Figure 4 Influence of a kind of 
binder and a quantity of the 
modifier f-4 on value of the 
single-axis stretching durability 
of pyrotechnic compositions. 
Samples contain on 74 mas. % 
inorganic fillers (KNO3; KClO4; 
Fe2O3) + 12% PFR 
 
 

 
By the electronic - microscopic researches it was shown (fig.5), that in 

volume of materials the structural interpenetrative grid is formed. The degree of 

grid perfection is determined as a structure peculiarities of samples (quantity 

and quality of the binder, the filler, the modifier etc.) and intensity and duration 
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of thermo-mechanical impact during of the composites manufacturing. 

Efficiency of updating of samples is determined by parameters of a formed grid. 

As was shown earlier [1-6] for receiving of the optimum perfect interpenetrative 

grid it is necessary to execute the work for grid shaping. Quantitatively it can be 

evaluated by the value of a total specific deformation equal to a product of a 

shear speed on the impact time.  

 
 
 
 
 
 
 
 
 
 
 
 
 

    A      B 
 

 
 
 
 
 
 
 
 
 
 
 
 
 

    C      D 
Figure 5 Electronic - microscopic photos of the pyrotechnic composites based 
on various binder:  

A – SRF-32; B – SRN-40; C – PVB; D – VA-15;  
Samples contain 74 mas. % inorganic fillers (KNO3; KClO4; Fe2O3) + 5% PFR 

 
 

The burning rate and the thermal pulse transfering rate of composites, as 

follows from datas of a fig. 6-8, is determined not only quantity in them of PFR, 

carbon black and modifier f-4, but also quality of binder - kind of polymer, 



 

relation of plasticizer to polymer, and also form of pyrotechnic cords and 

presence of a covering on its surface. 

 

 

 

 
Figure 6 Influence of quantity of PFR and 
relation of DBP/SRN-40 in the pyrotechnic 
composition on the burning rate of covering 
cord 7/0 (T=20oC: P=0,1 MPa). Samples 
contain 74 mas. % inorganic fillers (KNO3; 
KClO4; Fe2O3) + x% PFR.  
Figures at curves – U0,1, mm/s 
 
 
 
 

 
The thermal pulse transfering rate by samples identical on structure, but 

differing by the form of a charge and presence of a covering, as follows from 

datas of figures 7, 8, can essentially differ. 

 

 

 

 

 

 

 

 

 

 

Figure 7 Influence of relation DBP/SRN-40 in compositions and the form of the 
 pyrotechnical charge on the thermal pulse transfering rate: 
1 – cover-free cord-tube 2.5/0.8 with a longitudinal cut on whole length; 
2 – cover-free cord 1.5/0;  
3 – covering cord 7/0.  

Samples contain 84 mas. % fillers (KNO3 + KClO4 + С + ФФС + Fe2O3) 
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The mechanism of essential increasing of the thermal pulse transfering 

rate as a result of replacement of channel-free cords on a split tube is 

considered by us earlier [1, 2, 5]. 

 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

   A       B 
Figure 8 Influence of carbon black and f-4 contents on the thermal pulse 
transfering rate U of the pyrotechnical composits based on plasticized SRN-40 
at the external atmospheric pressure: 

A – channel-free cord 1.5/0;  B – split tube 2.5/0.8 
Samples contain 84 mas. % fillers (KClO4 + KNO3 + Fe2O3 + ФФС + C).  

Figures at curves – U, mm/s 
 

 
Figure 9 Dependence of level-by-
level burning rate of pyrotechnic 
compositions on the contents PFR 
and kind of binder  
(T=20oC; P=0.1 MPa). 
Samples contain 74 mas. % fillers 
(KNO3; KClO4; Fe2O3) + x% PFR.  

Binder: 
1 – (PVB+DBP);  
2 – (SRN-40+DBP);  
3 – (SRF-32+DBP);  
4 – (VA-15+DBP) 
 

The burning rate with other things being equal is determined also by 

properties of an oxidizer. From datas fig.10 follows, that the increase of KClO4 

part in the certain limits promotes increasing of the burning rate. At broad 

variation of quality oxidizers the dependence U = U[KNO3/(KNO3+ KClO4)] is 
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extreme, and the position of a maxima is determined by a kind of used binder 

(fig. 11). 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 10 Temperature dependences of the thermal pulse transfering rate at 
atmospheric pressure by the cover-free pyrotechnic cord 1.5/0 based on SRN-
40–DBP. 
Figures at a curve - quantity of KClO4. The general contents of oxidizers in 
compositions  equals to 82 mas. % 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 11 Influence of a binder kind and part of KNO3 in oxidizer on the burning 
 rate of the covering pyrotechnic cords 7/0: 

Binder: 
1 –  PFR+DBP; 2 – PVB+PFR+DBP; 3 – PVA+PVB+PFR+DBP 

Samples contain 82 mas. % oxidizers 
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The value of the thermal pulse transfering rate of the cover-free cords, 

apparently depends on as true burning rate of composites, and so a quantity of 

not completely oxidizing gaseous burning products (CO+Н2), that promotes 

advancing extension of a flame on a surface of burning samples.  

 
Figure 12 Dependence of the 
thermal pulse transfering rate 
at the combustion of cover-
free pyrotechnic cords from 
the calculated contents of 
combustible gaseous products 
of burning (P=0.1 MPa). 
 
Samples contain ~89 mas. % 
(KNO3 + KClO4 + Fe2O3 + 
StCa + C + f-4) 
 

The submission of the thermal pulse transfering rate as a function 

U=U(CO+Н2) for various composites confirms the expressed supposition 

(fig.12). The dependence is approximated so: 

Uл = -0,444 + 0,656 (СО+Н2), mm/s; 
The influence of f-4 to values of the burning rate at atmospheric pressure 

is determined, first of all, by value of factor of surplus of an oxidizer α in a 

composition. The increase of the burning rate in this case is observed for 

samples, having the value α less ~ 0,3 (fig.13). Sample 1, based on NC-TAC, 

does not burn at atmospheric pressure, if not contains f-4. The influence of f-4 

to the burning rate of metallized compositions is determined as well by the 

contents of metal filler (fig. 14). 

By one from the probable reasons of increasing of the burning rate (in an 

air and in water) as a result of increasing Cf-4  for the covered cords 7/0, 

manufactured on base  SRF-32 and containing metal filler Al3Mg4 (fig.13) and 

also the burning rate of cover-free samples 1.5/0 (fig. 14), is, probably, 

increasing of the contents of a vaporous magnesium in its combustion products.  

The certain role can be played also by some increasing of the burning 

temperature with growth Cf-4, and also heat-coming in a burning zone from the 



 

heated condensed products of burning (C, Al4C3, MgF2), detained some time by 

a space grid of products of pyrolysis of PTFE fibrils. 

 

 

   A       B 
Figure 13 Влияние количества ф-4 на скорость горения пиротехнических 

образцов 7/0:  
1 – NC-TAC; 75 mas. % (KNO3 + C + K3 [Fe(CN)6]); 
2 – SRF-32-DOS; 65 mas. % (PCA+Al); 
3 – VA-15-DBP; 78 mas. % [Mg + Sr(NO3)2] 
4 – SRF-32; 77 mas % (PbO + Al3Mg4); 
5 – SRF-32; 60 mas % (Al3Mg4 + KClO4+ ФФС); 
6 – NC –2,4-diazido-6-azidoetoxy-symm. triazin; 35 mas % Al3Mg4; 
7 – NC – 2,4-diazido-6-azidoetoxy-symm. triazin; 6 mas % СаСО3; 
8 – SRN-4--DBP; 86 mas % (KNO3 + C+ KClO4 + ФФС + Fe2O3) 

Figures at curves – value α of non-modified composition  
 

 

 

 

 Figure 14 Influence of contents 
Al3Mg4 and f-4 on the burning rate 
in a water of cover-free pyrotechnic 
cords based on SRF-32. 
All samples contain: 5% PFR+ 5% 
KClO4.  
Figures at a curve – quantity of the 
metal filler Al3Mg4, mas % 
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The conclusion. 
 
Thus, the modification of considered pyrotechnic compositions by 

multifunctional modifier f-4 stipulates complex improving of its physico-

mechanical, rheological, technological and ballistic properties. 
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Abstract: 
The reaction of four methyl-substituted hydroxylamines(N-Methylhydroxylamine, 

O-Methylhydroxylamine, N,O-Dimethylhydroxylamine, and  

N,N-Dimethylhydroxylamine) and three Fe(III) species (Fe3+, [Fe(CN)6]3-, and 

Fe(EDTA)-) was investigated with respect to calorimetric behavior. Although none of 

them exhibited an obvious exothermic reaction in an acidic condition, N-methyl and 

N,N-methyl-substituted hydrodylamines released heat under the basic condition. 

The reactivity and chemical structure suggest that hydroxylamines react with 

Fe(III) at the oxygen atom. The molecular orbital calculation provided further 

evidence suggesting that there was oxygen in the methyl-substituted 

hydroxylamines, which were highly charged negatively and led to affinity to Fe(III).  

Among three Fe(III) species, Fe(EDTA)- showed high reactivity without 

precipitation. The chemical structure of Fe(EDTA)- makes the reaction with 

hydroxylamines possible under the basic condition. 

 
Keywords: Substituted hydroxylamine, Iron, SuperCRC, Molecular orbital calculation  

 
1 Introduction 

Hydroxylamine, NH2OH (HA), and its salts are available as energetic materials because of 
their high reactivity and chemical structures, which make complete decomposition without 
residue. Hydroxylamine nitrate, known as HAN, for example, has been investigated for its 
potential as a component in liquid propellants [1].  

In order to utilize them effectively, a study on safety handling is required. The use of HA has 
sometimes resulted in severe accidents due to its high reactivity. One of them was an 
explosion in Japan, in 2000, which killed four people. One example is the explosion that took 
place at the Nisshin Kako Co., Ltd. in Gumma, Japan, where four people were killed. The 
investigation committee reported that a possible cause was the increase in the concentration 
of impure iron ions [2]. 

To learn more, it will be essential to determine how iron affects the stability of HA. In 
previous studies, we investigated the effects of transition metal compounds on aqueous 



solutions of HA and its salts.  The mixing experiments revealed that reaction with iron 
compounds (Fe3+, [Fe(CN)6]3-, Fe(EDTA)-) released most heat among transition metals 
compounds[3, 4]. However, questions remain concerning the reaction mechanisms between 
HA and iron, even for the initiation process.  

In the initiation process, HA interacts with iron via a nitrogen atom and/or an oxygen atom. 
Both of them are electronegative due to their lone pairs and attracted to positively charged 
iron ions. The phenomenon affects the electric condition in HA and bond strength, and it leads 
to an unstable state. Information on the interaction, hence, is required to prevent accidents 
and obtain measures to stabilize HA as a convenient energetic material.  

This is a report of the calorimetric behavior from mixing and the manner of interaction 
between HA and iron ions using four methyl-substituted HA chemicals. The methyl group 
attaches to nitrogen (N-Methylhydroxylamine) and to oxygen (O-Methylhydroxylamine); two 
methyl groups attach to nitrogen and oxygen (N,O-Dimethylhydroxylamine); and two methyl 
groups attach to nitrogen(N,N-Dimethylhydroxylamine). In the initial process of the reaction, 
the methyl group prevents the interaction between the iron species and the atom to which the 
methyl groups are attached. On the other hand, they promote the interaction of the other 
atom. This information will contribute to the determination of the nature including the 
reaction between iron and HA. 

  
2 Experiments 
All the HA derivatives were purchased as chloride salts, and 2mol/l aqueous solutions were 

prepared. Two mol/l basic solutions were also prepared by adding the same quantity of NaOH 
as that of HA.  

The aqueous solutions of iron were prepared by dissolving Fe(NH4)(SO4)212H2O (Fe3+), 
K3[Fe(CN)6] ([Fe(CN)6]3-), and Na[Fe(EDTA)]3H2O (Fe(EDTA)-). The requisite concentration 
was 0.2mmol/g.  

The heat release behavior in the reactions of HA and iron was monitored by a reaction 
calorimeter, a SuperCRC (Omnical). In the experiments, the amounts of the HA species and 
iron in the reactor were 2 and 0.02mmol, respectively, since 0.1g of iron and 1ml of HA were 
used. HA aqueous solutions and 1ml of water as a reference were placed in the calorimeter 
heat sink. The calorimeter block maintained the temperature at 25oC. A magnetic stirrer 
provided continuous agitation on both sides. After the heat flow behavior was stabilized, the 
iron solution was injected into each side through Teflon tubes. Peltier devices built into the 
calorimeter heat sink detected the heat flow accompanying the reactions. Three trials were 
carried out for each sample, and the average values of the peak and overall heat of the 
reaction were calculated. A heat flow datum point was obtained every 3s. 



3 Molecular Orbital Calculations 
The calculations were carried out with Gaussian 98, Revision A.11.3, an ab initio molecular 

orbital computer program package[5] at the level of B3LYP, and employing the 6-31+G(d,p) 
basis set. The ground state with no imaginary frequency was confirmed.  

The atomic charge distribution in substituted HA was obtained for each optimized structure. 
Substituted HA in an acidic condition was described as structures attached by a proton.  

 
4 Results and Discussion 
Figure 1(a)-(h) shows reaction heat flows as a function of time, which indicate the 

exothermic behavior of substituted HA caused by Fe3+, Fe(CN)63-, and Fe(EDTA)-. Table 1 
summarizes the average overall heat of the reaction of three trials. The results of 
non-substituted HA and its chloride salt (NH2OH.HCl) are also included in the tables for 
reference. Under acidic conditions, methyl-substituted HA exhibited a less obvious exothermic 
peak than HA.  All substances, except O-Methylhydroxylamine, generated more heat under 
basic rather than under acidic conditions. Among them, N-Methylhydroxylamine released a 
significant amount of heat during the reaction with Fe3+ and Fe(EDTA)-. As for 
N,N-Dimethylhydroxylamine, high reactivity appeared in the reaction with Fe(EDTA)-.  

The results indicate that HA more easily reacted with iron ion at the oxygen atom than at 
the nitrogen atom. Both N-Methylhydroxylamine and N,N-Dimethylhydroxylamine have the 
methyl group at the nitrogen atom, and it is supposed to block interaction with Fe(III) around 
the nitrogen atom. The high reactivity of nitrogen-substituted HA suggested that the block 
only had a slight effect on the interaction process while the methyl group on the oxygen atom 
disturbed the exothermic reaction.  

 
Table 1  The overall reaction heat [J] 

  Fe3+ [Fe(CN)6]3- Fe(EDTA)- 

The acidic condition Hydroxylamine 3.39 2.96 2.02 

(chloride solution) N-Methylhydroxylamine (N-HA) 4.53 0.36 0.74 

 O-Methylhydroxylamine (O-HA) 0.26 2.50 1.01 

 N,N-Dimethylhydroxylamine (N,N-OH) 0.28 1.15 0.07 

 N,O-Dimethylhydroxylamine (N,O-HA) 0.20 0.03 0.18 

The basic condition Hydroxylamine >238 99.1 489 

 N-Methylhydroxylamine (N-HAOH) 20.6 5.29 165 

 O-Methylhydroxylamine (O-HAOH)  0.71 0.05 0.22 

 N,N-Dimethylhydroxylamine (N,N-HAOH) 1.70 2.29 133 

 N,O-Dimethylhydroxylamine (N,O-HAOH) 2.45 4.30 3.47 
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Besides steric effect, electronic state is another factor to affect on chemical reaction. With 

regard to electronic state, iron ion is attracted to atoms surrounded by more electrons since 
iron ion is charged positively. Molecular orbital calculation provided the information about 
charge distribution in each substituted HA.   

Figure 2 shows the charge distribution of N-methylhyroxylamine and 
N,N-methylhydroxylamine on the optimized structure obtained from a molecular orbital 
calculation. In the electron cloud model, the diameter of clouds on atoms corresponds to 
amount of negative charge obtained by Mulliken charge analysis. The charge on hydrogen is 
omitted in the figure. There are two possible structures for the acidic state with respect to the 
position of the proton. One has a proton on nitrogen, and the other, on oxygen. All the 
structures with a proton on nitrogen had lower energy than those with a proton on oxygen. 
Therefore, the structure with a proton on nitrogen is selected for discussion. 

Comparing the charge distribution of the acidic and basic conditions, the negative charge on 
the oxygen atom was higher under the basic than under the acidic condition.  Since Fe(III) is 
electrically positive, the higher the negative charge on an atom, the stronger the interaction 
generated between Fe3+ and the atom. The results of the calculation supported the fact that 
the basic solution is preferable for HA to react with Fe3+ and oxygen as a reaction center. 

The difference in reactivity in the basic solution among iron species could be explained by 
their structural features and their characteristics in the solution. Metal ions frequently form 
hydroxide and precipitate in contact with basic solutions. In the case of Fe3+, it similarly 
turned into a precipitation of Fe(OH)3 and decreased its reactivity with substituted HA. The 
precipitation decreases the chance of interaction of Fe(III) and HA. 
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Fig.1 Reaction heat flow for the reaction of methyl- substituted HA with three Fe(III): (a) N-HA, 

(b) N-HAOH (c) O-HA , (d) O-HAOH, (e) N,N-HA, (f) N,N-HAOH, (g) N,O-HA, (h) N,O-HAOH 
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Precipitation can be prevented under the condition that ligands surround Fe(III). In 

[Fe(CN)6]3-, six CN- species occupy coordination sites around Fe(III), and the complex exists 
even in a basic solution without turning into precipitation. However, the CN- species block the 
direct interaction between Fe(III) and HA, and just allow to slow moderate process including 
ligand exchange. In a similar way, Fe(EDTA)- dissolves in the basic solution due to a ligand, 
EDTA4- . However, the Fe(EDTA)- structure is distorted and leads to interaction with species 
from the outside, such as HA(Fig.3). 

 
5 Conclusion 
The reaction of four different iron solutions and methyl-substituted HA yielded information 

on the initiation process and reaction center. N-methylhydroxylamine and 
N,N-methylhydroxylamine exhibited high reactivity under the basic condition, especially in 
contact with Fe(EDTA)-. With regard to chemical structure, the methyl group blocked 
interaction with Fe(III) when it was located on oxygen, while the methyl group on nitrogen 
had little effect and/or promoted exothermic reaction. The molecular orbital calculation 
supported the idea of oxygen as a reaction center since oxygen was more negatively charged in 
the optimized structure of the substituted HA. 

Fig.2 Charge distribution on methyl-substituted HA: (a) N-HA, (b) N-HAOH (c) N,N-HA, (d)

N,N-HAOH 

(a) (b) 

(c) (d) 
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Among the Fe(III) species, Fe(EDTA-) had the greatest effect on the reaction. The main two 

features of the reaction were: first, it was dissolvable even in basic solution due to the ligand; 
second, it was distorted, leading to interaction with substituted HA and the Fe(III) center. 
Based on these results, safety measurements for HA should be obtained to prevent any 
interaction with Fe3+ - oxygen. Moreover, the chemical structure must be considered if 
chelating agents are used as an inhibitor; the chelating agents must have the ability to 
completely mask Fe3+. 

 
6 Reference 
[1] H.Lee and T.A.Litzinger, Combustion and Flame, 127, 2205-2222(2001)  
[2] M.Tamura, Journal of Japan Society for Safety Engineering, 40(5), 321-327(2001)  
[3] M.Kumasaki, Y.Fujimoto, T.Ando, Journal of Loss Prevention in the Process Industries, 

16, 507-512(2003) 
[4] M.Kumasaki, Journal of Hazardous Materials, 115, 57-62(2004) 
[5]  M. J. Frisch, G. W. Trucks, H. B. Schlegel, G. E. Scuseria, M. A. Robb, J. R. Cheeseman, 

V. G. Zakrzewski, J. A. Montgomery, Jr., R. E. Stratmann, J. C. Burant, S. Dapprich, J. M. 
Millam,  A. D. Daniels, K. N. Kudin, M. C. Strain, O. Farkas, J. Tomasi,  V. Barone, M. Cossi, 
R. Cammi, B. Mennucci, C. Pomelli, C. Adamo, S. Clifford, J. Ochterski, G. A. Petersson, P. Y. 
Ayala, Q. Cui, K. Morokuma, N. Rega, P. Salvador, J. J. Dannenberg, D. K. Malick,  A. D. 
Rabuck, K. Raghavachari, J. B. Foresman, J. Cioslowski, J. V. Ortiz, A. G. Baboul, B. B. 
Stefanov, G. Liu, A. Liashenko, P. Piskorz, I. Komaromi, R. Gomperts, R. L. Martin, D. J. Fox,  
T. Keith, M. A. Al-Laham, C. Y. Peng, A. Nanayakkara, M. Challacombe, P. M. W. Gill, B. 
Johnson, W. Chen, M. W. Wong, J. L. Andres, C. Gonzalez, M. Head-Gordon, E. S. Replogle, 
and J. A. Pople, Gaussian, Inc., Pittsburgh PA(2002) 

Fig.3 The structure of iron complexes: (a) [Fe(CN)6]3-, (b) Fe(EDTA)- 

(a) (b) Fe(III) 



 

EFFECT OF Al/B MECHANICAL ALLOY ON COMBUSTION 
CHARACTERISTICS OF AP/HMX/ENERGETIC BINDER PROPELLANTS 

 
O. G. Glotov1, V. E. Zarko1, V. N. Simonenko1,  

T. D. Fedotova2, R. K. Tukhtaev3, T. F.Grigor’yeva3 
 

1) INSTITUTE OF CHEMICAL KINETICS AND COMBUSTION, 
    Russian Academy of Sciences, Novosibirsk 630090, Russia 
2) NOVOSIBIRSK STATE UNIVERSITY, Novosibirsk 630090, Russia 
3) INSTITUTE OF SOLID STATE CHEMISTRY AND MECHANOCHEMISTRY, 
    Russian Academy of Sciences, Novosibirsk 630128, Russia 

 
ABSTRACT 

The effect of Al/B aluminum-boron mechanical alloy on the burning law 
and characteristics of the condensed combustion products (CCP) was studied 
for the propellants containing 24% of energetic binder (polyvinyl tetrazole 
polymer plasticized with nitroester), 18% of metal (ordinary Al, 15 micron size or 
Al/B mechanical alloy, 8 micron size), 20% or 40% of HMX and 38% or 18% of 
AP. The following characteristics have been measured:  
• Burning rate at atmospheric and elevated pressures (up to 80 atm). 
• Flame temperature at atmospheric pressure (recorded by thermocouple). 
• Particle size, morphology, and chemical composition of CCP sampled at 
pressure 42 atm.  

It was found that the flame temperature at atmospheric pressure increases 
when replacing the ordinary Al by Al/B alloy and the pressure exponent 
decreases in the pressure range 40-80 atm from 0.6 to 0.47 for propellant 
containing 20% of HMX and from 0.7 to 0.5 for propellant containing 40% of 
HMX. The agglomeration was higher in the case of propellant with Al/B alloy. It 
resulted in increasing the agglomerate size, the relative mass of coarse 
particles in CCP, and the metal combustion incompleteness. 

 

INTRODUCTION 

Aluminum and boron are widely used in the propellant formulations. 

Aluminum is known to generate condensed oxide as a final combustion product 

while boron has gaseous combustion products. The combination of aluminum 

and boron may exhibit peculiar combustion behavior due to the great difference 

in their physical properties. In addition, there are some expectations that the 

mechanical alloy of Al and B can provide specific features of ignition and 

combustion of complex particles. The first trials with combustion of Al/B 

mechanical alloys in formulation with inert binder (HTPB) were reported in [1]. 

The present paper extends previous work [1] and is focused on studying the 

interior ballistic parameters and the condensed combustion products (CCP). It 

was found [1] that one of essential factors affecting the combustion 



 

characteristics is the alloy particle size, which strongly depends on the raw 

material properties and the milling regime. In addition, it was found that the 

metal combustion completeness was higher for the propellants containing HMX 

and/or alloy particles having small size. Later we continued the search of the 

production regimes to obtain the alloy particles of small size. In this study we 

used an energetic binder instead of HTPB and tested propellants with increased 

content of HMX.  

 

EXPERIMENTAL APPROACH 

Propellant formulations and samples 

The formulations of studied propellants are presented in Table 1. All 

propellants are based on energetic binder. The reference propellants AB1EB 

and AB2EB contained neat Al ASD-4 type, the propellants AB4EB and AB5EB – 

Al/B alloy. Characteristics of the components are given below. The propellants 

were not cured and had a paste-like consistence. Propellant mass was placed 

into the holder – quartz tube plugged with teflon disk. The inner diameter of tube 

was 10.5 mm and the holder depth was 15 mm.  

 

Table 1: Propellant formulation (% mass.) 

Metal  Propel- 
lant ID % Designation Al/B proportion 

 
Binder 

 
AP1 

 
AP2  

 
HMX 

AB1EB 18  ASD-4 100/0 24 15 23 20 
AB2EB 18 ASD-4 100/0 24 7 11 40 
AB4EB 18 AlBor1003 50/50 24 15 23 20 
AB5EB 18 AlBor1003 50/50 24 7 11 40 

 
Propellant ingredients 

Energetic binder is based on polyvinyl tetrazole polymer [2] plasticized with 

nitroester.  

AP1 – powder with specific surface 6000 cm2/g. 

AP2 – commercial powder sized 250-315 µm. 

HMX – commercial powder sized 125-315 µm. 

ASD-4 – commercial Al powder with spherical shape particles of 15 µm 

mean size. 



 

AlBor1003 – mechanical aluminum-boron alloy [3] made of aluminum 

powder ASD-4 and amorphous boron powder “94” (real content of active В0 

91.2 % [1]) via two-stage treatment in ball planetary mill AGO-2 [4-5] in regime 

Ar20+Ar4. “Regime Ar20+Ar4” – internal designation used in [1]. This regime 

means that during the first stage preliminary milling of the mixture Al/B=16/84 

proceeds 20 min, then the Al is added up to given content; during the second 

stage milling proceeds 4 minutes. Both stages proceed in argon.  

Raw aluminum, raw boron and Al/B alloy as well as other propellant powder 

ingredients were subjected to particle size analysis, see Table 2. In addition, 

two chemical analysis methods were employed for metal powders activity 

characterization, see Table 3.  

 

Table 2: Mean size Dnm (µm) for the propellant ingredients, raw powders and alloy 

Component Analysis method D10 D20 D30 D21 D32 D43 D53 
AP1 Malvern, hexane* 3.6 4.4 5.8 5.5 10.0 18.8 24.6 
AP2 optical microscope 225 235 244 246 262 276 281 
HMX optical microscope 155 169 187 185 227 282 311 

Al ASD-4 Malvern, acetone* 4.2   4.8   5.8   5.4   8.7   15.0  18.3 
Boron 94 Malvern, acetone* 4.3 5.6 8.2 7.4 17.9 37.1 45.4 

AlBor1003 Malvern, acetone* 1.1   1.4   1.9   1.7   3.8   7.5   9.0 
 
*) Commercial automated granulometer Malvern 3600E. The type of the carrier liquid 

used is pointed out in Table. Size working range 0.5-118 µm. A suspension of particles 

in the liquid was subjected to ultrasound treatment during 30 second before 

measurement and the mechanical mixer was in action during the measurement 

procedure.  

 

The following methods of analytical chemistry were employed: 

1.  Permanganatometric method was used to determine the metallic 

aluminum in raw Al powder [6]. 

2.  Cerimetric method was used to determine the active non-oxidized boron 

(В0) in raw boron and in CCP of boron-contained propellants [1, 7].  

It is impossible to perform selective determination of different reducing 

agents but one can use as quantitative characteristic of reducing ability the 

parameter RN – reducing number, determined as: RN = N*V*100/m, where N 



 

– normal concentration (eq/l), V – titrant volume (l), m – analyzed mass (g). 

Thus, the RN value can be interpreted as the content of reducing equivalents in 

100 g of sample (or mass percent content of reducing compounds). 

 

Table 3: Chemical analysis data for raw powders and alloy (% mass.) 

Powder→ ASD-4 Boron 94 AlBor1003 
calculated* 

AlBor1003 
measured 

Al (metal.) 97.8 N/A N/A N/A 
Reducing number RN  10.86 25.4 18.1 14.1±0.1 

 

*) As the 50:50 mixture of ASD-4 and Boron 94. 

 

Experimental techniques employed are listed below: 

 Burning rate measurement at atmospheric pressure. The ignition was 

performed by using 5-kW xenon lamp with radiant flux equal to 16 cal/(cm2·s). 

Burning time of propellant sample was determined via processing the signal of 

recoil force recorded by the capacitance-type force transducer. The 

experimental technique for measuring recoil force is described in [8]. 

 Maximum flame temperature measurement at atmospheric pressure was 

performed by tungsten-rhenium thermocouples made of (W+5%Re) and 

(W+20%Re) wires of 50 µm diameter.  

 Study of the combustion residues was performed at pressure 42 atm via 

quenching and sampling the condensed combustion products followed by the 

particle size and chemical analyzing the sampled particles. The original flow 

through bomb [9] has been employed. Freezing the CCP particles was 

performed close to the burning surface via mixing the combustion products with 

co-current flow of inert gas (nitrogen).  

 Burning rate law r = BPν was determined by using the special design 12-

specimen strand burner in the pressure range 20-80 atm.  



 

Figure 1: 
Flame temperature vs 
burning rate at 
atmospheric 
pressure. 

EXPERIMENTAL RESULTS 

 

Burning rate, flame temperature, and ignition delay at atmospheric 

pressure. Figure 1 presents the data on the burning rate and flame 

temperature measured at atmospheric pressure in air. 
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The substitution of neat aluminum by Al/B alloy results in increasing the 

burning rate and the flame temperature. The effect is more pronounced for 

propellant formulations with increased HMX content.  

The ignition delay for the propellants containing Al/B alloy was 

approximately 1.3 times shorter as compared with the propellants containing 

neat Al (at radiant flux 16 cal/(cm2·s). 

The burning rate data at elevated pressures are pictured in Figure 2. 

When analyzing data in Figure 2, one can see that the differences in the 

burning rate are more sizable at low pressures ~20 atm, but the absolute values 

of the burning rate are close at pressure ~80 atm. That is why the pressure 

exponent is less by 20%-30% for the propellants AB4EB and AB5EB, which 

contain Al/B alloy. 
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Figure 2: Dependence of the burning rate on pressure. 

 

Study of the combustion residues  

The sampling of CCP particles was performed at P = 42 atm for 

propellants AB2EB and AB5EB to compare combustion residues in the case of 

formulations with neat Al and Al/B alloy. CCPs were subjected to the particle 

size and chemical analyses. At first, the mesh analysis was made using the wire 

screens with nominal mesh size 80, 160, 280, and 480 µm. The sieving was 

performed in aceton. The particles morphology data are presented in Figure 3. 

Figure 4 presents the mass distribution functions f(D) for sampled CCP particles 

in varied scales to recognize the difference in fine and coarse particles. The 

relative mass size distribution function was determined as:  

fi(D)= mi / (Mprop⋅∆Di), where mi is the mass of CCP in the i-th histogram size 

interval, Mprop is the mass of the propellant burned, and ∆Di is the width of i-th 

size interval.  

Parameters of the burning law 
r = BPν, where r in mm/s, P in 
atm, for pressure range 20-80 
atm and 40-80 atm: 
 

20 atm <P<80 atm Prop. 
ID B ν 

AB1EB 1.36±0.10 0.64±0.02
AB2EB 0.57±0.11 0.74±0.05
AB4EB 2.34±0.39 0.52±0.04
AB5EB 1.24±0.16 0.56±0.03

40 atm <P<80 atm  
B ν 

AB1EB 1.60±0.13 0.60±0.02
AB2EB 0.64±0.19 0.71±0.07
AB4EB 2.82±0.72 0.47±0.06
AB5EB 1.60±0.26 0.50±0.04



 

 

Figure 3: 
 

Microscopic view 
of sieved fractions 
of CCP. 

 
Left column –

propellant AB2EB. 
The major 

condensed products of 
combustion are classical 
agglomerates, i. e. the 
particles of almost 
spherical shape covered 
with hard surface oxide 
layer of dark gray color. 

The particles in 
fractions > 160 µm have 
attached “bead“ that is 
formed presumably 
during quenching. 

 
Right column –

propellant AB5EB. 
Along with ordinary 

agglomerates there are 
unusual particles –
white body with inserted 
black inclusions.  

The shape of body 
may be not spherical for 
particles in fractions 
>160 µm, and the 
number of inclusions 
may be >1.  

Such particles have 
acorn shape in fractions 
< 160 µm (axisymmetric 
form, only one 
inclusion). 
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Figure 4: Mass size distributions for CCP particles belonging to the propellants 

AB2EB and AB5EB. 

 

Tables 4 and 5 present dimensionless mass parameters of sampled CCP 

and mean diameters Dmn. Here mccp – total mass of CCP, mccp<80 – mass of 

particles with size smaller than 80 µm, mccp>80 – mass of particles with size 

larger than 80 µm. All masses are scaled by Mprop, where Mprop is mass of 

propellant burned (gram). For example, mccp = (total mass of CCP in 

gram)/Mprop. Mass parameters and Dmn were calculated on the basis of 

distribution functions f(D) by using original software. 



 

Table 4: Relative mass of different CCP fractions 
 

Prop. # mccp mccp<80 mccp>80 mccp<80 : mccp>80 
AB2EB 0.2068 0.1363 0.0705 66:34 
AB5EB 0.2748 0.1119 0.1629 41:59 

 
Table 5: Mean sizes Dmn (µm) of CCP particles  

calculated in different size ranges (µm) 
 

Prop. ID Size range D10 D20 D30 D21 D32 D43 D53 
AB2EB 0.5-80 1.0   1.3    2.1    1.6    5.4    22    30 

 80-605* 116 122  129 128 145 167 180 
 0.5-605* 1.0   1.3    2.4    1.7    8.0    71 108 

AB5EB 0.5-80 1.7   2.4    3.7    3.4    8.7    22    30 
 80-995* 136 148 162 161 195 232 250 
 0.5-995* 1.7   2.5    5.0    3.7   20 146 193 

 

*) Maximal diameter of spherical particle in the residue collected. 

 

Table 6: Chemical analysis data for sampled CCP 
 

Prop.  
ID 

< 80  
µm 

80-160 
µm 

160-280 
µm 

280-480 
µm 

> 480 
µm 

 
Mean* 

 In terms of unburned aluminum content, % mass. 
AB2EB 4.5 28.9 30.8 32.8& 10.7 
 In terms of reducing number RN, %. 
AB2EB 0.50±0.04 3.2±0.1# 3.42±0.01 3.64& 1.19 
AB5EB 1.42±0.2 5.0±0.1 3.1± 0.2# 2.37± 0.03 1.81 2.52 

 
*) Calculated with taking into account the mass contribution of fractions in total mass of 
CCP. 
&) The data in extended boxes correspond to the joint fraction with small absolute 
mass. 
#) The probe was non-homogeneous even after grinding. 

In most cases the data presented correspond to the mean result of analyses of two 
independent probes. The figure after sign ± corresponds to standard error of 
determined value. This figure is not written if mass of given fraction of CCP was too 
small to repeat an analysis and only one determination was made.  

 

Tables 6 and 7 report the chemical analysis data for sampled CCP and the 

value of metal combustion incompleteness, η, in terms of unburned aluminum 

content (for propellants with neat Al) and in terms of reducing number, RN. The 

last value is determined for a propellant as RNprop = (RN for alloy)*(mass 

fraction of alloy in propellant). For CCP we calculated separately reducing 



 

numbers for particles with sizes <80 µm and >80 µm, and for whole CCP, in the 

form: RN<80=(RN for particles <80 µm)*mccp<80; RN>80=(RN for particles >80 

µm)*mccp>80; RNccp= RN<80+RN>80. Analogously, mAl
prop ≡ 0.18*0.978 is 

dimensionless mass of aluminum in the propellant AB2EB before burning, and 

mAl
ccp<80, mAl

ccp<80, mAl
ccp = mAl

ccp<80+mAl
ccp<80 are dimensionless masses of 

unburned aluminum in particles <80 µm, >80 µm, and for whole CCP, 

correspondingly (all scaled by Mprop). 

 

Table 7: Chemical analysis data and combustion incompleteness 
 

 In terms of dimensionless mass 
Prop. 

ID 
mAl

prop mAl
ccp mAl

ccp<80 mAl
ccp>80 mAlccp<80:mAlccp>80 η = mAlccp / mAlprop

AB2EB 0.1760 0.0222 0.0061 0.0161 28:72 0.126 
 In terms of reducing number RN (%) 
 RNprop RNccp RN<80 RN>80 RN<80 : RN>80 η = RN ccp/ RN prop

AB2EB 1.9548 0.2460 0.0682 0.1778 28:72 0.126 
AB5EB 2.538 0.6921 0.1589 0.5332 23:77 0.273 

 

DISCUSSION AND CONCLUSION 

It should first be noted that using, as raw material, the most popular in 

Russia (and more cheap than ASD-6) aluminum powder ASD-4 allowed 

obtaining the Al/B alloy AB1003 particles sufficiently small in size. For this alloy 

characteristic size D43 equals 7.5 µm, that is commensurable with the best 

alloys studied in [1].  

The results show that the replacement of Al in the model propellant 

formulations by the Al/B mechanical alloy resulted in changing both the burning 

rate and characteristics of the condensed combustion products. In particular, 

the burning rate increased more sizably at low pressures (1-20 atm) and 

changed weakly at pressure ~80 atm. Therefore, the pressure exponent 

decreased with replacement of Al by Al/B alloy. It is important because this 

result was obtained for the propellant formulation highly loaded with HMX (20 % 

or 40 %) for which the problem of the pressure exponent control is rather actual. 



 

In fact, the propellants in current study demonstrated stronger 

agglomeration behavior as compared with formulations in [1]. The tests showed 

that the agglomeration intensity becomes higher in the case of propellant with 

Al/B alloy. It results in increasing the agglomerate size and in increasing the 

mass contribution of coarse (> 80 µm) particles in CCP. The presence of coarse 

particle is critical for the combustion incompleteness which is also higher for the 

propellant with Al/B alloy.  

The adverse tendency is observed in transformation of the size distribution 

function of fine (<80 µm) particles of CCP. The plots of mass size distribution of 

CCP particles smaller than 35 µm for propellants AB2EB and AB5EB are 

presented in the bottom part of Figure 4. In the case of Al-based propellant 

AB2EB one may recognize 4 characteristic modes localized at 0.2-1.2 µm, 2.4-

3.9 µm, 6.4-8.2 µm and 13.6-17.7 µm. These modes are usually presented in 

the mass size distributions for CCP of traditional aluminized solid propellants 

[10]. In the case of Al/B alloy-based propellant AB5EB first mode not observed. 

This testifies the greater size of “fine” particles for AB5EB propellant which is 

worse from the point of view of two-phase losses magnitude. 

In general, we consider the observed agglomeration behavior as the joint 

effect of energetic binder and HMX. The additional reason of high combustion 

incompleteness observed is presumably the lack of oxidizing agents in the 

propellants under study. The thermodynamic calculations show that for used 

energetic binder it is possible to get more oxygen “balanced” propellant 

formulations, for example, the formulation {20% binder + 11% alloy (Al/B=50/50) 

+ 40% HMX + 29% AP}. Calculated specific impulse for this formulation is 267 

s-1 at Pc/Pa = 70/1 (for AB5EB 258 s-1). Thus, the future plans have to include 

the research work with better balanced formulations containing Al/B alloys. 
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Abstract 
We present our new results on nanosilicon-based composite energetic materials. Two possible explosive 

systems are considered: porous silicon (PSi) as explosive material in combination with common oxidizers and as 

enhancing additive to commonly used high explosives. Up to now PSi has only been produced from bulk Si 

wafers by electrochemical etching in an HF/ethanol mixture. This method is incompatible with the requirements 

of the industrial production. It is simply not possible to produce large amounts of PSi and its production costs are 

extremely high. We demonstrate a new concept of mass-production of PSi. It is based on "stain-etching" of 

commercially available polycrystalline bulk Si powder. This new concept reveals a variety of new possible 

applications for different kinds of explosive employing nanosilicon. We believe that PSi can replace the 

commonly used explosive additive, e.g. aluminum powder.  

In our presentation we will explain the preparation method and discuss the morphology and the physical 

properties of the resulting porous material. We will also present the results of first experiments with PSi and fine 

polycrystalline Si powder as an additive to common high explosives. Furthermore, we determined some typical 

reaction parameters for different combinations of PSi and oxidizers, e.g. the energy yield, the time of chemical 

reactions, the reaction temperature, and the propagation speed of the shockwave. Finally, we will outline the 

advantages of the composite energetic materials including nanosilicon and the variety of their potential 

applications.  
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ABSTRACT 
 

The nitramine gun propellant, containing cyclotrimethylene trinitramine(RDX), has 
received significant attention to meet the characteristics of the low vulnerability and 
high performance in future advanced weapon systems. The evaluation of insensitivity 
for the propellant was performed by the methods of bullet impact, fast cook-off, and 
slow cook-off test. Burning rate exponents and coefficients were deduced from CBT 
data. The burning rates in nitramine composite propellant have the different burning rate 
exponents and coefficients according to the pressure range. The burning rate of LOVA 
propellant with energetic plasticizer is found to be higher than that of propellant with 
inert plasticizer. For the firing tests of 120 mm tank gun, we designed a new ignition 
system. The ignition system has been tested in the ignition simulator. The LOVA gun 
propellant with new designed ignition system has been successfully tested in a 120mm 
tank gun. Pressure-time curves indicated a good ballistic behavior without differential 
pressure. In spite of low vulnerability and low flame temperature comparing to the 
conventional propellants, the maximum pressure of LOVA propellant was no higher 
than that of conventional propellant at the same muzzle velocity. 

 
INTRODUCTION 

  
RDX based gun propellant, which has low vulnerability, was being developed from 

1970 under support by U.S. Army and XM39 composition was developed in the 
beginning of 1980s. Acetyl triethyl citrate(ATEC) was the plasticizer of original XM39 
LOVA gun propellant formulation. ATEC is an excellent plasticizer and imparts 
desirable vulnerability properties. However, it also is a very inert plasticizer and XM39 
is low impetus. Since the development of the original XM39 formulation, there has been 
an emphasis to increase the impetus level of LOVA propellant, with minimal or no 
effect on LOVA vulnerability properties. M43 formulation, BDNPA/BDNPF (Bis (2,2-
DiNitroPropyl) Acetyl/ Bis (2,2-DiNitroPropyl) Formal) replaced ATEC, has 1,160J/g 
impetus higher than NC based propellant at the same flame temperature, and also low 
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vulnerability characteristic.  
DKL(Developed by Korean Laboratory) LOVA propellant, RDX based gun propellant 

with RDX 76%, was developed using plasticizer of BDNPF/ DNPBF/ BDNBF (Bis 
(2,2-DiNitroPropyl) Formal/ 2,2-DiNitroPropyl 2,2-dinitroButyl Formal/ Bis (2,2-
DiNitroButyl) Formal). The coefficient constant and exponent of burning rate were 
obtained by carrying out closed bomb tests. The propellant grain geometry was 
designed through interior ballistic analysis using burning rate equation and 
thermodynamic properties of the propellant.  For the firing test of 120mm tank gun, we 
designed the new ignition system that was constructed K611 primer assembly and 
auxiliary ignition flame tunnel of slot LOVA propellant. The LOVA gun propellant with 
new designed ignition system has been successfully tested in a 120mm tank gun. 
Pressure-time curves indicated a good ballistic behavior without differential pressure. In 
spite of low vulnerability and low flame temperature comparing to the conventional 
propellants, the maximum pressure of LOVA propellant was no higher than that of 
conventional propellant at the same muzzle velocity. Firing tests were carried out with 
120mm APFSDS ammunition and compared with the results of interior ballistic 
calculations. 

 
THERMODYNAMIC PROPERTIES 
 
 Table 1 shows thermodynamic properties of various propellants calculated by 

BLAKE Code for loading density 0.2g/cc. The average molecular weight of combustion 
gas for developed propellant(DKL-01) is 7.3 % lower than that of NC based propellants 
and its flame temperature is 3000K. Its impetus is 1160 J/g. It is conformed through 
closed bomb test and the RF (Relative Force) is 10 % higher than that of M30 
propellant. 

 

Table 1  Thermodynamic Properties of Various Propellants. 
 M30 JA2 DKL-01 XM39 

Flame Temp (K) 3013 3427 3000 2671 
M.W. (g/mole) 23.242 24.794 21.501 20.78 
Impetus (J/g) 1077.1 1149.2 1160.2 1069 
Application 105mm 

APFSDS 
120mm 

APFSDS 
Developed 
Propellant 

Original 
LOVA 

  JA2: NC/DEGDN/NG/ACAR2=59.4/24.8/14.9/0.7 
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BURING RATE 
 
The burning rate of NC based gun propellant has constant burning rate coefficient and 

pressure exponent in used pressure region. On the other hand, RDX based propellant 
has different burning rate coefficient and pressure exponent according to pressure region. 
The burning rate of DKL-01 propellant which uses energetic plasticizer is higher than 
that of XM39 at all pressure region. 

Fig1.  Burning rate vs Pressure for M30, KX39, DKL-00,
           and DKL-01 Propellant with LD=0.145g/cm3 
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Fig. 2    Burning Rate of  DKL-01 at -40,
             21, 52oC of Propellant Temperature
             (CBT,Loading Density=0.15g/cc) 

 
In high-pressure region, pressure exponent of DKL-01 is higher than that of NC-based 

propellant. Fig. 2 shows the typical combustion characteristic of RDX based propellant 
according to pressure at various temperature. In low-pressure region, burning rate 
slightly increases or is consistent with increase of temperature. In high-pressure region, 
pressure exponent increases with increase of temperature.  

 
INSENSITIVITY  

 
Figure 3 represents the still case for sensitivity tests. Table 2 shows the results of 

insensitivity tests. In case of the bullet impact test, the insensitivity of DKL propellant is 
comparable to that of JA2 propellant. The results of fast cook-off show that DKL 
propellant is more insensitive than JA2 propellant, especially using brass case of the 
40mm gun projectile. The slow cook-off test for NC based JA2 propellant shows that 
initial reaction temperature and time are 121 oC and 13 hours, and the time of final 
cook-off reaction is 16hrs 18 minutes. The test for DKL propellant shows that initial 
reaction temperature and time are 131.6 oC and 18 hours 15minutes, and the time of 
final cook-off reaction is 22hrs 55 minutes. From these results, we think that DKL 
propellant is more stable than JA2 propellant.  
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Figure 3  Layout of steel case for the propellant sensitivity tests 
 

Table 2  Results of Insensitive tests 
 Cartridge Case DKL JA2 
Bullet Impact Steel Deflagration Deflagration 

Steel Burning Burning Fast cook-off 
Brass Deflagration Explosion 

Slow cook-off Steel Deflagration Deflagration 
 
 
IGNITION CHARACTERICS  
 

The ignition simulator diagnostics have become an important procedure of the 
development of advanced large caliber gun ammunition. We designed 120mm ignition 
simulator. Figure 4 represents the simulator.  The chamber of the simulator was made a 
transparent case acrylic tube with inside and out side diameters of 150mm and 170mm, 
respectively. The rear end and forward end of the chamber was adapted to the base of a 
real cartridge and the base of an inert projectile. The simulator chamber resembled the 
configuration of the 120 mm gun system. The instrumentation used included four 
pressure gauges; two gages were installed in the breech and two gauges in the forward 
(base). The pressure gauges monitored the pressure histories at the two ends of the 
chamber. 

The solid propellant happens to be difficult to ignite such as LOVA propellant 
significant delays can rise in the propagation of flame through the propellant bed. 
Figure 5 shows the flame spread in the simulator chamber. The flame spreading rate of 
DKL propellant without auxiliary igniter is slower than that of K683 (triple based) 
propellant and JA2 (double based) propellant. Delays in flame spreading often lead to 
combustion chamber conditions that promote large amplitude pressure waves. In the 
ignition simulator test of LOVA propellant, the time delay using standard ignition 
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primer K611 was about 3.5 msec and negative differential pressure was generated at 
1,500psi(figure 6(a)). In the figure, the delay time was longer than NC propellant and 
the differential pressure was generated at lower pressure compare with conventional NC 
based propellant. From these results DKL propellant expected to promote large 
amplitude pressure wave and high differential pressure in gun firings. For reducing the 
delay time, we applied the auxiliary ignite of DKL slot propellant with length of 280mm, 
inside and outside diameters of 2mm and 6mm, respectively (figure 4). Figure 6(b) 
shows the pressure curves of the round with standard primer and auxiliary igniter of 
LOVA slot propellant. The delay time of this ignition system is about 2.0msec and 
differential pressure was not generated over 2,000psi. In the figure, the increasing rate 
of breech pressure is diminished over 2,000psi by chamber rapture at the rear part of 
acrylic tube such as figure 5. Any chamber rapture, the breech pressure phenomenon 
increases rapidly and differential pressure were not occurred.  

 

 

Figure 4. 120mm ignition simulator with auxiliary igniter of DKL slot propellant 
 

 

  Figure 5. Flame spreading in the simulator, 0.5 msec/frame, HSDC 
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                (a)                                (b) 
Figure 6. Pressure curves for DKL-01 propellant with K611 primer  

(a) without auxiliary ignite  (b) with auxiliary ignite(DKL propellant) 
 
 
INTERIOR BALLISTIC CHARACTERICS  
 
Interior ballistic analysis was carried out using IBHVG2 code with burning rate 

equation obtained from Fig. 2. The propellant grain was designed as 19 perforated 
hexagonal shape to obtain maximum propellant performance within permissible 
pressure.   

Propellant performance was evaluated with interior ballistic calculation and firing 
tests with 120mm APFSDS slug projectile. Its performance was compared with those of   
K683 propellant of 120mm K276 APFSDS projectile. 

The left side of figure 7 shows the typical pressurization profiles for 120mm tank gun 
with DKL-01 propellant. It shows the stable ignition and combustion phenomena 
without differential pressure in spite of low vulnerability characteristics of DKL-01 
propellant. The auxiliary igniter of  DKL-01 slot propellant was used as additive 
igniter. It was conformed that the ignite system is very effective for DKL propellant. 
The right side of figure 7 represents the early phase of the ballistic cycle. The figure 
shows the stable ignition pattern. Figure 8 shows muzzle velocity variation with 
maximum pressure for JA2, K683(propellant for K276), and DKL-01 with 120mm 
K683 slug projectile at 21 oC.  Piezo efficiency of DKL-01 propellant is higher than 
that of K683 triple based propellant. It suggests that muzzle energy of DKL-01 increase 
to 5% at the same pressure level. This propellant performance is equivalent to that of 
JA2 propellant in spite of low flame temperature. However, it is difficult to load full 
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charge propellant in the ignition system because of the volume of auxiliary igniter. For 
applying LOVA propellant to 120mm tank ammunition, new ignition system, such as 
high energy primer or electric thermal chemical(ETC) ignition, should be developed for 
stable ignition.      
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Figure 7.  Time pressure curves of DKL  propellant with 7,800g 

         propellant  with auxiliary igniter (B15/a slot DKL) at 21oC, 
           120mm tank 44 caliber gun, K283 slug projectile 
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Fig. 8  Velocity vs. Pressure of JA2, K683, and DKL-01 Propellants 

 with 120mm 44caliber tank gun and slug Projectile(K283) at 21 oC. 
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CONCLUSIONS 
  

DKL-01, RDX based LOVA propellant that has lower vulnerability than NC based 
propellant, high energy, and low flame temperature, was developed. Because the flame 
temperature of this propellant is similar to that of M30, it is possible to use conventional 
gun tube without chromium plating. The propellant has many advantages in spite of 
poor ignition property, so we designed a new ignition system with auxiliary igniter. The 
interior ballistic pressure curves for 120mm gun ammunition applying the auxiliary 
ignition system are stable and do not generate negative differential pressure. Increase of 
5% muzzle energy is possible at the same pressure level. These results will be useful to 
develop a new high energy propellant for the 120mm tank gun system. 

 
 

REFERENCES 
 

[1] R. L. Simmons, 31th International Annual Conference of ICT, 49-1(2000). 
[2] S. Zeman, Propellants, Explosives, Pyrotechnics, Vol. 25, 66 (2000). 
[3] J. H. Lee, 20th International Symposium on ballistics, Vol. 1, 369 (2002). 

 



 - 1 -

Study of Ignition Properties of 120mm Tank Gun Charge 
 

Jeong Hwan Lee and Jong Cheol Lee 
Agency for Defense Development, P. O. Box 35-5, Yuseong, Taejon,  

Republic of Korea(Tech-3-3) 
Tel : 82-42-821-4184, Fax : 82-42-821-2390, E-mail : ljm9763@mmaa.or.kr 

 
 

ABSTRACT 
 

We have designed the simulator for study of ignition properties of 120mm tank gun 
charge.   The simulator studies were conducted on the ignition process charging in 
the JA2 and LOVA propellant for a 120mm APFSDS projectile K276.  
 Ignition diagnostics via a transparent gun chamber simulator have become an integral 
part of efforts in the development of advanced tank gun charge. The diagnostics 
provide insights into the ignition process occurring during the early phase of the 
interior ballistic cycle. The pressure and photographic data we obtained in this study 
are the most important in analyzing the functioning of the ignition of propelling 
charges and the formation of pressure waves. The correlations can help one better 
understand the physical phenomena of the pressure distribution and flame spreading in 
particular, occurring in the 120mm tank gun chamber.  

We have investigated the correlation between the pressure data in the simulator and 
that of the initial phase in the 120mm tank gun chamber. The correlation can enable to 
predict the differential pressure in the gun firing system from the simulator test. 

 
INTRODUCTION 
 
 Simulator diagnostics have become an important procedure the development of 

advanced large caliber gun propellant charge. This diagnostic technique also has been 
a very useful tool for understanding the cause of high amplitude pressure waves 
occurring in the gun firings. 

The simulator was equipped with a transparent acrylic tube that offered 
visualization of the events occurring inside. Pressure rises at the breech (backward) 
and base (forward) ends of the simulator chamber were measured by using PCB 
pressure sensor gauges. 

 Many ignition phenomena occurring during the early phase of the ballistic cycle 
can be observed and analyzed. The data of the pressure curves at the forward and 
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backward ends of the simulator chamber and the flame spreading along the propellant 
bed should be provided us with the information of the ignition phenomena.  

This study is to present many ignition phenomena during the early phase of the 
ballistic cycle of APFSDS propelling charge of double, triple, and RDX based 
propellants for the 120mm tank gun system. The data of the pressure of the simulator 
was compared with the initial pressure curves of the gun firing system. The generation 
of the differential pressure and pressure wave in the gun firing tests was correlated 
with the pressure histories of simulator tests.  

 
EXPERIMENTAL APPARATUS 
 
We have designed the simulator of 120mm tank gun charge similar to real gun 

chamber. Figure 1 represents cross-sectional view of the 120mm tank gun simulator. 
The chamber of the simulator was made from transparent acrylic tubing with inside 
and out side diameter of 150mm and 170mm, respectively. The rear side of the 
chamber was adapted to the base of a real cartridge and its forward end was adapted to 
the fin and boom of the 120mm K276 APFSDS projectile. The simulator, thus, 
resembles the configuration of the 120 mm gun system. 

  
  
Figure 2 represents the experimental arrangement for the simulator diagnostics. The 

instrumentation used included four pressure gauges, a high-speed digital camera, a 
high-speed 16mm camera, and IR detector. The pressure gauges monitored the 
pressure histories at up and lower of the two ends of the chamber. P1, P2, P3, and P4 
represent the position of the pressure gauge (PCB M108) in the figure 1. The times 
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indicate refer to the times after being detected the flame of chamber by IR detector. 
The simulator tests were performed in the steel protect chamber for safety. 

 

Figure 2. Experimental arrangement 

 

RESULT AND DISCUSSION  

 
We have performed the ignition tests of variable propellants, JA2-01 (Double based 

NC/NG/DEGDN=59/15/25), JA2-02 (Double base NC/NG/DEGDN = 59/25/15), 
K683 (Triple Base NC/NG/NQ = 51/30/15), and DKL (LOVA propellant 
RDX/CAB/BDNPFF/NC = 76/12/7.6/4), using simulator of 120mm tank gun charge 
similar to real gun chamber.  

Figure 3 shows pressure profiles for JA2-01 of 7,800g at backward ends (breech) 
and forward ends (base) of the simulation chamber. In the following, P1 and P2 denote 
the pressures recorded by the two gauges installed in the breech end of the chamber, 
and P3 and P4 denote those of in the forward end of the chamber, as showed in figure 
1. The times at the starting points of pressure increasing are indicated as Ti1, Ti2, Ti3, 
and Ti4.  

The zero of time axis in the figure 3 indicates the time when is detected the flame by 
IR sensor. Figure 4 shows the pictures of flame spreading in the chamber. The framing 
rate of the high-speed digital camera was set at 2,000 frames per second. In the figure, 
the front of flame advances to the forward part of the chamber in a pattern nearly 
normal to the chamber axis. The Ti1 and Ti2 in the simulation show about zero and 
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0.18 msec, respectively. The delay time (Ti3-Ti1) of 0.18msec was also observed in 
pictures of flame spreading. In the figure 3, the negative differential pressure (P1-P3 is 
negative) doesn’t show under the 2,500psi in the rounds.         

Fiure 3.  Pressure curves vs time for JA2-01 propellant  
               of 7,900g with a B.S. ignite (K611 primer) 
               in 120mm gun simulator
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Figure 4. Flame spreading for JA2-01 in the simulator, 0.5 msec/frame, HSDC 
 

In figure 5, (a) represents the time-pressure profile for gun round with JA2-01 
propellant, and (b) shows the ignition part of the ballistic cycle of the round. Figure 6 
represents a view of the gun chamber part of the 120mm tank gun barrel. In the 
following, the PA, PB, PC and PD denote the pressures recorded by the four gauges are 
installed at the A, B, C and D positions in the 120mm gun barrel, as showed in figure 6. 
The breech pressure and base pressure in the figures of the pressure profile of the gun 
firing indicate the pressures of PA and PB, respectively. The times at the starting points 
of increasing pressure in B and C are indicated as TiB, and TiC.  

 Figure 7 shows the typical pressure curves in 120mm tank gun round. Position C is 
located at the contact point between gun chamber and the plastic band of ammunition 
cartridge. In the figure, it shows that projectile started at 1,000psi of PB and the PA and 
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PB is over 5,000psi at the time of TiD. The distance between position C and D is 5cm. It 
means that the variation of chamber volume for projectile moving hardly effects on 
interior ballistic pressure pattern in the initial phase of the pressure cycle. In figure 5, 
the delay time (TiC –TiB) of 1 msec is shorter than that of simulator test results of 
figure 3. The pressure of negative differential pressure, PB-PC is negative, is started at 
2,500~3,000psi. The pressure of gun round is lower than that of simulator round. These 
discrepancies result from difference position of detecting pressure. Except for this 
difference, the pattern of initial ballistic pressure curve is similar to that of ignition 
curve in simulator round because the projectile motion is negligible during ignition.       
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           (a)       (b) 

Figure 5.  Pressure curves for JA2-01 propellant, 120mm tank 44 caliber gun, and  
K276 projectile: (a) the full of ballistic cycle  (b) the early phase of the round 

 

 

Figure 6.  Position of pressure sensor gauges in 120mm tank gun   
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Figure 7   The pressure curves in 120mm tank gun chamber 
                  for JA2-01 propellant
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 Figure 8 shows pressure profiles of the simulation chamber for JA2-02 of 8,000g 

and figure 9 shows flame spreading in the round. The delay time(Ti3-Ti1) with 
1.3msec is short than that of JA2-01 in figure 3. It shows that the pressure propagation 
of JA2-02 composition is faster than that of JA2-01. In the figure 9, the front of flame 
advances to the forward part of the chamber in a pattern nearly normal to the chamber 
axis. In the figure, the time of the flame reaching the forward end of the chamber is 
over 1.0msec. It is shorter than delay time in figure 8. It means that pressure 
propagation rate is faster than flame spreading rate.  

The large delay time of ignition between breech and base can lead gun chamber to 
promote large pressure wave. Figure 10 shows the full cycle and initial part of time-
pressure profiles for JA2-02. In the figure the delay time is 1.6msec. Because the delay 
time of JA2-02 is shorter than that of JA2-01 and the slop of PA differs a little form 
from the slop of PB, the interior ballistic cycle of JA2-02 is more stable and the 
maximum negative differential pressure of the round is smaller than that of JA2-01 
round. 

    



 - 7 -

Figure 8.  Pressure vs time for JA2-02 propellant of8,000g
                 fired with a BS  ignite (K611) in 120mm simulator
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Figure 9. Flame spreading for JA2-02 in the simulator, 0.5 msec/frame, HSDC 
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      (a)       (b) 

Figure 10.  Pressure curves for the JA2-02 propellant, 120mm tank 44 caliber gun, 
and K276 projectile: (a) the full cycle of interior ballistics (b) the early phase of 
the round  
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Figure 11 shows pressure profiles of the simulation chamber for triple base K683 
propellant with 8,000g and figure 12 shows flame spreading in the round. In the round 
the ullage appears in the upper side at breach end of the chamber. In the chambers 
without apparent ullage, we have observed that the flame front advanced to the forward 
part of the chamber in a pattern nearly normal to the chamber axis. In the chamber with 
ullage the advancing pattern is influenced by the ullage. The flame spreading is shown 
in figure 12 that flame filled up the ullage space the propellant bed very shortly after its 
first appearance. And then massive propellant ignition started and flame propagated to 
the forward end and the flame reached up part before lower part of forward end.  

Figure 11.  Pressure vs time for K683 propellantof 7,884g
                   fired with a BS  ignite (K611) in 120mm simulator
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Figure 12. Flame spreading for K683 in the simulator, 0.5 msec/frame, HSDC 
 
The delay time of 2msec, Ti3-Ti1, is longer than that of JA2-01 and JA2-02 as shown 

in figure 3 and figure 8. The pressure propagation of K683 composition is slower than 
those of JA2’s as shown figure 11 and 12. The large delay time of ignition between 
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breech and base can lead gun chamber to promote large pressure wave. Figure 13 shows 
the full cycle of interior ballistic pressure and initial part of time-pressure profiles for 
K683. In the figure the delay time, TiB-TiB, is over 2 msec. Because the delay time of 
K683 is longer than those of JA2’s, the interior ballistic cycle of K683 is less stable and 
the maximum negative differential pressure of the round is larger than that of JA2 
rounds. 
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      (a)       (b) 

Figure 13.  Pressure curves for the K683 propellant, 120mm tank 44 caliber gun, and  
K276 projectile: (a) the full cycle of interior ballistics  (b) the early phase of 
the round 

 

Figure 14 shows pressure profiles of the simulation chamber for RDX based LOVA 
propellant, DKL with 8,000g and figure 15 shows flame spreading in the simulator 
chamber. The flame front advanced to the forward part of the chamber in a pattern 
nearly normal to the chamber axis. The slow increasing rate of breech pressure 
connote that the ignition of the propellant is difficult. The flame- spreading rate of the 
propellant is slower than those of any other propellants. And the delay time(Ti3-Ti1) 
is longer than those of any others. Figure 14 shows that the delay time is over 3 msec. 
The negative differential pressure, P1-P3, is generated at low pressure with 1,500psi 
and the increasing rate of P3 is very higher than that of P1. From these results, it’s 
possible that the LOVA propellant cartridge round using this primer can lead gun 
chamber to promote large pressure wave and breech blow. Therefore we didn’t 
perform the gun round for safety. It should be developed a new ignition system for the 
gun firing of the cartridge. We will study to development new ignition system for the 
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120mm tank cartridge with LOVA propellant, such as electro-thermal chemical 
ignition. 

 

Figure 14.  Pressure vs. time for DKL (LOVA) propellant of 8,000g 
       fired with a BS ignite (K611) primer in 120mm simulator  

 

 

Figure 15. Flame spreading for K683 in the simulator, 0.5 msec/frame, HSDC 

 

CONCLUSIONS 
 
We have investigated the correlation between the pressure data in the simulator and 

those of the initial phase of ballistic cycle in the 120mm tank gun chamber. The 
correlation can enable to predict the differential pressure in the gun firing system from 
the simulator test cause of ignition. The pattern of initial ballistic pressure curve in the 
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120mm tank gun chamber is similar to that of ignition curve in simulator. The large 
delay time of ignition between breech and base can lead gun chamber to promote large 
pressure wave. To achieve effective ignition of a propelling charge, the forward end 
pressure should closely follow the breech pressure. 

Gun firing test data and the results of the simulator test indicate that double based 
propellant charge is ignited the most effective by the conventional primer. These 
results will be useful to develop a new ignition system for the LOVA propellant of 
120mm tank ammunition. 
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Temperature and Particle Size Effects on Failure Thickness of 

TATB-Based Explosive 
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Abstract: The failure thickness of one batch fine TATB-based explosive determined with 

the prism test at different temperature is given. The failure process was diagnosed with 

a streak camera and the detonation velocity was determined with ionization probes 

technique. The failure thickness of this batch explosive are 2.53 mm, 3.13 mm and 

4.0mm at 25℃, 5℃ and -30℃ respectively with the density of 1.896g/cm3, but the 

failure thickness of another batch explosive made from different product line with more 

coarse particle is about 4.20mm at 25℃ . Analysis of failure thickness versus 

temperature and particle size is made from the results. 

Keywords: Temperature; Particle Size; failure thickness; TATB 
 
1 Introduction 

Triaminotrinitrobenzene (TATB) - based solid explosives are widely used due to their 

excellent safety characteristics. The high density polymer bonded explosives are used such 

as LX-17, PBX9502 and EDC-35.  An experimental study is given in this paper about 

temperature and particle size effects on the failure thickness of a TATB-Based explosive, 

TB01 with TATB 95wt% and Binder 5wt%, which is a continue study after the 

literature[1]. 

 

2 TATB powders and characterization  

The prisms of TB01 used were two batch of TATB, one was synthesized through a 

Small Product Line(SPL), the other several times Big Product Line(BPL). Particle size 

analysis of TATB samples were done on a particle-size analyzer with a small volume 

module which measures the size distribution of particles from 0.04 to 2000 micrometers. It 

operates on the principle of laser diffraction scanning. To analyze the particle sizes, a 



suspension of TATB sample in water was placed into the suspension fluid (water) in a 

sample vessel. The particle size distributions of SPL-, BPL-TATB are shown in Fig. 1. 

Median diameters of these two TATB powders are 17.41 µm and 12.6 µm for SPL – and 

BPL-TATB respectively. 
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Figure 1. Particle size distributions for SPL- and BPL-TATB 

 

(a) SPL-TATB 

 

(b) BPL-TATB 

Figure 2. Scanning electron micrographs of SPL- and BPL-TATB 

The surface structure of the TATB powders was examined by scanning electron 



microscopy (SEM), using a KYKY2800. Samples were gold-coated for examination at 

room temperature. SEM micrographs of SPL- and BPL-TATB are shown in Fig. 2, taken at 

25 kV. 

3 Prism test 

The experimental configuration is shown in Fig. 3 as in literature [1]. The prisms of 

TB01 were similar to those described by Ramsay [2] and Asay [3]. The size was 150 mm 

long, 50 mm high and 6 mm wide at the base with a 1.2 mm toe, with a 1.8° taper. A 150 

mm long mouse trap line-wave generator was used to initiate a 20mm by 10mm by 150 

booster of TB01, and then a prism.  

The thicknesses at failure were measured from the dent formed in an aluminum witness 

plate. Pin wires were placed at interval across the top and bottom of the prism to register 

the passage of the detonation. The time intervals between corresponding wires, combined 

with the prisms height, gave data of the detonation velocity at various thicknesses.  

 
Fig. 3   Failure Prism Experiment set 

For cold testing, all the samples as well as the initiating system and the measurement 

device were conditioned at the desired temperature. The experimental set-up was cooled in 

a insulating box that liquid nitrogen was released to decrease at the rate of 1℃ per minute 

and reserved for 30 minutes at the desired test temperature. This was controlled by means 

of thermocouples through computer.  
4 Experimental Results and Discussion 

Figure 4 shows a typical photograph of resulting dent in witness plate that the 

breakdown of the detonation can be seen clearly. The detonation velocities obtained at 

different thicknesses is plotted in Fig.5 at -30℃ . It shows that detonation velocity 



approaches stability at about 5mm of thickness in prism. 

 

Fig. 4 Photograph of resulting dent in witness 
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Fig. 5 Detonation velocities in thicknesses of TB01 (BPL-TATB) 
Table 1~3 give the failure thickness results of TB01 that made from BPL-TATB testing 

at different temperature. These results indicate those failure thicknesses of explosive 

BPL-TATB are from 2.53mm at 25℃, increase slightly to 3.13mm at 5℃ and to 4.0mm at 

-30℃. Table 4 gives failure thickness results of TB01(SPL-TATB) at 25℃. 
Table 1  Failure Thickness Results of TB01(BPL-TATB) at 25℃ 

Sample number Density(g.cm-3) Failure thickness(mm) 

1# 1.898 2.68 
2# 1.894 2.52 
3# 1.897 2.38 
Average 1.896 2.53 

 
Table 2  Failure Thickness Results of TB01(BPL-TATB) at 5℃ 

Sample number Density(g.cm-3) Failure thickness(mm) 

4# 1.898 3.24 
5# 1.898 3.22 
6# 1.898 2.94 
Average 1.898 3.13 

 



Table 3  Failure Thickness Results of TB01(BPL-TATB) at -30℃ 
Sample number Density(g.cm-3) Failure thickness(mm) 

DW－2# 1.895 4.0 
DW－4# 1.898 3.9 
Average 1.896 4.0 

 
Table 4  Failure Thickness Results of  TB01(SPL-TATB) at 25℃  

Sample number Density(g.cm-3) Failure thickness(mm) 
10# 1.890 4.11 
11# 1.895 4.30 

Average 1.893 4.20 

Results from table 1 and table 4 show that failure thicknesses of TB01 made from SPL- 

and BPL-TATB are so much different for about 4.20mm and 2.53mm at 25℃ respectively. 

One factor may be that particle size distribution’s diversity of TATB powders. But these 

results indicate that failure thickness may not be determined simply by particle size of the 

TATB powder. Other factors such as particle morphology or crystal polymorph may be 

important as Kien-Yin’s report about shock sensitivity of fine TATB[4]. From the surface 

structure of the TATB powders examined by scanning electron microscopy in Fig.2, the 

surface of SPL-TATB is more tidy, BPL-TATB is more complicated with little hole, little 

extrude and other dislocations. 
 

5 Conclusion 
The failure thickness of TATB-based explosive depends on temperature, for 

BPL-TATB that the failure thickness is from about 2.5mm increased to 4.0mm with 

temperature from 25℃ down to -30℃. 

The fine particle size, particle morphology or crystal polymorph of explosive is all 

important in the role of detonation wave propagation, such as failure thickness of 

TATB-based explosive, TB01.  
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Abstract：Particle velocity profile of submicron TATB explosive/window 

interface is measured using double-sensitivity VISAR. The mean particle 

size of the submicron TATB is about 0.58µm, and the explosive is 

pressed into pellet with 10 mm diameter, 3 mm and 6 mm length. A LiF 

(Lithium Fluoride) single crystal was used as window. The interface 

between the explosive and window is a 0.5-micrometer thick aluminum, 

which is vapor deposited on the LiF window. The results show that the 

interface particle velocity profile of a 3 mm long explosive charge is as 

same as which of a 6 mm long explosive change. On the velocity curves, 

there is a 15~20ns wide spike, which is called Von Neumann spike, and 

following the spike is an about 300ns wide reaction zone.  

Key words: submicron TATB, VISAR technique, interface particle 

velocity, measurement  
                                                        
∗ Subject is supported by the science foundation of China Academy of 
Engineering Physics, contract No. 2002-4210501-3-01. 



1 INTRODUCTION 

In last 20 years, the VISAR(Velocity Interferometer System for Any 

Reflectors) is widely used in detonation and shock physics. By measuring 

the explosive/window interface particle velocity, one can analysis the 

shock initiation, the structure of detonation reaction zone, the detonation 

driving and the react rate of explosives. In measurement, partial 

researcher apply a Fabry-Perot interferometer,[1~4] and the others apply 

VISAR.[5~7] Lithium fluoride single crystal, KBr, KCl, NaCl, and PMMA 

are used as window. For a given explosive, the window is selected 

according to the impetus match of explosive and the window. An 

aluminum foil, golden foil or copper foil is often taken as the reflector. 

The studied explosives include RDX, TNT, HMX, NM, aluminized 

explosives and PBX based TATB.[1~11] 

It is known that TATB is a typical non-ideal explosive with a long 

reaction zone, and it is difficult to determine the CJ point of the reaction 

zone. [1,2,4] Comparison with the general TATB explosives, the submicron 

TATB is more sensitive to the short shock pulse,[12,13] which indicate this 

explosive is a potential candidate explosive for insensitive initiator. 

Recent years, there is a mass of report related to the short shock initiation 

characters about submicron TATB. Unfortunately, there is nearly no 

report about the reaction zone of submicron TATB. The purpose of this 

work is to measure the interface particle velocity of submicron TATB 



explosive by using a double sensitivity VISAR, and then analysis the 

detonation reaction zone structure. The submicron TATB is prepared by 

high-speed gas impacting method,[14] and the mean particle size is 0.58 

micrometers.  

2 EXPERIMENTS 

Fig. 1 is the scheme of experimental setup. The submicron is 

initiated by a copper flyer. In the experiment, the LiF window is attached 

closely to the explosive sample. The void between the explosive sample 

and the window possibly cause problems in measuring the peak velocity. 

In order to turn away the void, the thermo resist silicon oil is spread on 

the explosive surface. 

A double-sensitive VISAR is used to measure the velocity. The 

fringe constants are 392 m·s-1·Fr-1 and 316 m·s-1·Fr-1. Four TekTronix Inc. 

oscillograph are used to record to signals, two of them are model 

TEK694C, and the other two are model TEK744A. 

For a given explosive, the window material should be selected 

according to impedance match between the explosives and window 

materials. If the impedance of the window materials can not match into 

which of the explosives, the distortion will happen to the velocity. 

Actually, there is almost no a material can match into an explosive in 

impedance. LiF is an overmatch, NaCl a relatively good match, KCl a 

slightly under match, and PMMA a strongly under match into TATB. But 



NaCl is strongly deliquescent, it is difficult to be used it in air. PMMA is 

cheap and can be machined easily, but it will soon become opaque under 

shock. Then, we take LiF single crystal as the window material. The 

window is processed into cylinder with 20 mm diameter and 10 mm 

length, and the light axis is 110 directions. 

A 0.5 micrometer thick aluminum film was vapor deposited on the 

window as reflector. 

1-flyer, 2-explosive sample, 3-holder, 4-aluminium foil, 5-LiFwindow, 6-laser beam,  
7-laser beam reflected by the outer surface of the window，8-interface reflected laser 

beam，9-laser detector 
Fig. 1 experimental setup scheme 

3 EXPERIMENTAL RESULTS AND DISSCUSION 

Fig. 2 is oscillograph recorded interference signal.  

 

 

Fig. 2 oscillograph recorded interference signal 



Fig. 3 gives the interface particle velocity profiles. Obviously, the 

interface particle velocity profile from a 3 mm length sample is as same 

as which from a 6mm length sample. Which indicate, under a short pulse 

shock loading, the detonation build up soon in submicron TATB.  
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Fig. 3 the interface particle velocity 

For most explosives, the detonation wave can satisfy the ZND model. 

Take HMX, RDX, PETN and NM for example, on their detonation wave 

profile, there is evident inflections, i.e., the Campman-Juget point.[4,10,11] 

But TATB is different. TATB is a typical non-ideal high explosive. 

[1,2,15,16] For years, the CJ pressure of TATB and PBX based on TATB is 

controversial. For TATB based PBX with charge density of 1.89 g/cm3, its 

detonation CJ pressure is different from 26GPa to 31GPa in different 

reports. 

On the velocity curves in Fig.3, there is no visible inflection, i.e., 

there is no CJ point. Which fits well with the general TATB based PBX. It 

can also see that there is obviously Von Neumann spike on the two curves, 



and the spike is about 15~20ns wide. Following the Von Neumann spike, 

there is a about 300ns wide zone, and the curve become into straight after 

300ns. Then the 300ns wide zone can be regard as the detonation reaction 

zone of submicron TATB, in this rear, detonation reaction takes place and 

the energy is released. This is consistent with reference [2]. 

4 CONCLUSION 

By using a double sensitivity VISAR, the interface particle velocity 

profile of submicron TATB/LiF window is measured under short shock 

loading. The results show that the interface particle velocity profile of a 3 

mm length sample is as same as which of a 6mm length sample. Which 

indicate that, under short shock loading, the detonation wave can build up 

soon. On the particle velocity profile, there is a evident spike with about 

15~20ns wide. Following the spike is a 300ns wide zone, and reaction of 

the submicron TATB take place in this area. There is no obvious CJ point 

on the curves. Which indicate that, like the general TATB based PBX, 

submicron TATB has a wide detonation reaction zone.  
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Abstract:  The internal contact forces and their transferring in simulated explosive are studied by 

combined numerical and experimental methods. Plexiglas discs are used to simulate explosive crystals to 

form 2-dimentional assemblies and dynamic loading to the assemblies is actualized to simulate the 

unexpected mechanical loading scenarios for explosives. The force/stress chains are observed by the shadow 

caustics patterns. The experimental and numerical results show that the force/stress chains are the major 

transferring models for contact forces in heterogeneous media and they shows large fluctuations along their 

spreading paths. It is also found that the high stress localization occurred in the bifurcation point of force 

chains and contacted forces in the major chain decay as a power law along the external impact direction but, 

oscillate in the branch chains.  

Key words: Granular explosive; Contact force; force/Stress chain; Caustics 

1. Introduction 

There are two methodologies as to describe the behaviors of plastic-bonded explosives (PBX’s), i.e., 

continuous and discrete respectively [1]. The former of continuum constitutive theories are capable of 

describing averaged mechanical (stress/strain relations) or physical (exploding or detonation) behaviors with 

representative volume elements (RVE’s), whereas the latter of discrete methods are becoming more and 

more attractive in energetic materials science community due to more facts have been disclosed during the 

initiating and detonating or even in the manufacturing processes of PBX’s. PBX’s, as typical granular 

material, for whom the significant mechanisms of initiating and subsequent detonating subjected to mild 

external impact are hot spots [2][3], which may well result from the stress concentrations among the 

polydisperse explosive crystals, e.g., HMX (octrahydro-1,3,5,7-tetranitro-1,3,5,7-tetrazocine) with much 

higher Young’s modulus compared to soft matrix of high-polymer binder. That is, the mismatch of 

heterogeneous phases of PBX subjected to external loads may cause high-gradient stress and local heat 



cumulating in a small volume such that the chemical energy of explosive crystals is induced irreversibly and 

lead to detonation. Understanding the stress concentrating in PBX’s at micro-meso scale with discrete 

viewpoint is crucial in the safe of PBX’s.  

Force/stress chains are common accepted concept in studying the properties of granular materials [4][5]. 

Traditionally, a visual method of photoelasticity technique [4][6], based on the birefringerice induced by 

stress, is used to visualize force chains in simulated particles made of photoelastic materials. It is easy to 

observe the illuminated chains in the photographs but, it is pretty drowsed to calibrate or computing out the 

forces quantificationally even in well-developed isochromatic patterns or images. One proposed solution is 

to bond strain gages in the vicinity of the contact points to measures deformation and computed the force 

using numerical integrating by the modified Hertz contact equations [7]. And yet, if we look into those 

pictures obtained from photoelastic experiments, we could see many shadow patterns near vicinity of 

contacted points of granule made of optical material used to simulated packing forms of energetic materials 

[8][9]. Fortunately, those shadow patterns are nothing but caustic patterns which show vigorously the high 

concentration of local stresses (or contacted forces) and the geometrical shadow patterns can be used to 

determinate contacted forces. We repot the new application of caustics in the studies of dynamic contact 

forces transferring in simulated PBX and discuss the stress localization in granular assembly as well as the 

formation/evolution of strain forces.    

2. Principle of Caustics 

Caustic patterns created by the reflection or refraction of light from the surface contours of high-gradient 

stress concentrations were used widely to measure intensity of high stress singularity field, especially for 

dynamic crack tip stress field in single continuum or interfacial problem of two phase composite [10]. The 

collimated incident light through a transparent specimen is deflected in the vicinity region of stress 

concentrated. The deviation extent of the light rays relies on both concentration of the stress and the optical 

refractive coefficient of the materials, it forms an envelop of caustic surface consisting of the locus of the 

maximum luminosity points in space behind the specimen. A reference plane (RP) positioned at a distance 

Z0 from the specimen intersects the caustic surface so that a shadow speckle appears surrounded by a bright 

border of caustic curve (Fig.1). Let the x-y coordinate be on the specimen plane (SP) and the x'-y' coordinate 

on the RP, a point P'(r') in the caustic curve with r'=x'+iy' on the RP is related to the point P(r) on the SP by 

r'=r+w, in which the derivative vector w is related to the sum of the principal stresses: 



 )( 2100 σσ +∇−= dcZw                                  (1) 

where d is the thickness of the specimen and c0 the stress-optical constant of the material. 

    
Fig.1 Schematic plan of light path in caustic mapping 

Parameter equation (1) stands for the caustic curve surrounding the optical shadow on the reference screen. 

The corresponding locus of the points on the SP consists of an initial curve that is determined with the 

vanishing of Jacobian determinant: 
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Equ. (2) gives the initial curve on the specimen and the light beams striking the specimen both inside and 

outside of the initial curve is been mapping into derivative points outside the caustic curve. A characteristic 

parameter defined in the caustic curve can be related to concentrated force so that the latter could be easily 

obtained. As for granular material, the contact forces take the roles of concentrated forces.  

3. Experimental and numerical details 

We performed a proof test to show the general view of caustics, i.e., a 7×7 square assembly of circular 
disks with top disk of central column impacted by a drop hammer. The diameter of disk is 20mm and 5mm 
the thickness. A series of distinct caustics between the disks were seen as shown in fig.2.  

               
Fig.2  Square-assembly of 7×7 disks      Fig.3 characteristic length a vs. contact force P 

 
The contact force can be calculated through the geometric dimension of the caustics. Based on the elastic 
theory and caustics principle, as for semi-infinite body subjected to concentrated force P, it could be 



justified that the relation between the P and the named characteristic length a conforms the 

equation: . And we proved it works well under the condition of circular shape plate (thin disc) 

and also we solved the problems for non-diametrical loading where the tangential (friction) and normal 
components were separated successfully [11][12]. 

3* akP =

Here we use mini-disc assemblies to simulate explosive crystals subjected to accident external impact of a 
bullet shoot by small-bore rifle. The experiment is to study the load transfer in the explosive crystals 
assembly and is important to safety as well as reliability for storage of explosive materials. A single disc 
with 5mm diameter and 3mm thickness was made of Plexiglas and amounted 100 discs were stacked in a 
Plexiglas box(fig.4). A rectangle Plexiglas block was preset on the top disc of central line to transfer a 
normal impact load imposed by bullet. A beam of collimated light transmitted the box and discs, deflected at 
the contact points and resulted in shade caustic patterns in a screen plane. When dynamic load was 
transferring in the assembly, high-speed camera focused on the RP and captured the images used to 
determinate contact forces. 

         
Fig.4  Scheme of initial state (10µs)                Fig.5  The caustics patterns (310µs) 

 
Obvious caustic speckles were seen in the figure5, 6,7 and several force chains were bridged to bear the 
external impact, this trend is sustaining and more regular pattern of chains is developing as the elapse of 
several hundred microseconds. See fig.6, fig.7 at 760µs, 1210µs respectively. More interest is that the 
repeated patterns of force chains are seen in figure 6(760µs), which forms a full transfer period.  
 

         

Fig.6 Caustics pattern of force chains (760µs)           Fig.7  Force chains pattern at 1210µs.  



It seems that caustic speckles distribute random in the assemblies at the beginning of the impact but, those 
bigger ones form more regular routes, i.e. major force chains, which dispose symmetrically to the direction 
of external load. At the beginning of load transferring, the discs are to be compacted to eliminate the pre-exit 
clearance, this procedure seems to be great disorder, but subsequently, the impact leads to re-arrangement of 
discs in assembly, some contacted discs form chains in advance subjected to the impact transfer direction. 
That means that just part of the discs takes the role to transfer dynamic load. 

Based on the equation of , the contacted forces P in chains could be computed. The results for 

chain “1”, chain “2” and chain “5” at two times, of 760µs and 1210µs, are shown in fig.8 and fig.9 
respectively. The forces in Y coordinate are relative values normal to that of the first bifurcating point as 
shown in figure, i.e., of which the reference values is set as unit 1(it should be noted that the size of caustics 
of first bifurcating point is varying during the impact history, i.e. the contacted forces is changing 
correspondingly, see, the size of the bifurcation at 760µs of fig6. is less than that at 1210µs of fig.7). It is 
found that the distribution or the decay model of contacted force in major chain, i.e. chain “5” conform the 
power law 

3* akP =

nLP ∝                                        (3) 
Where L represents the contact location or contact points between the disks along force chain and n the 
undetermined coefficient. We find n=-1.2(Some researchers conclude that the distribution of normal 
contacted forces respected to their mean force decay as a power-law on the case of static equilibrium [13]). 
As for experiment values of the contacted forces we obtained, here we emphasize that in major chain the 
power-law works well but not in branch ones where fluctuations induced by external impact is severe. 
  

        
Fig.8 Fluctuations of Contacted forces (760µs)        Fig.9 Fluctuations of Contacted forces ( 1210µs) 

 
The transferring of contacted forces in chain “1” and “2” is nearly conforming same pattern, much higher 
force impulse emerges in sequence point 3 in chain 1, point 3 in chain 2, declining in point “6” for two 
chains and a litter bit rebounds in point “7” approaching the wall of box. Furthermore, the patterns in 
assembly at 760µs and 1210µs seems undergo same transferring model, dynamic forces show fluctuation 
fiercely in every chain, while the whole stress wave pattern of an “umbrella” shape transferred in the 
assembly along the direction of external impact. Where the position of maximum value of chain 5 is near to 
first bifurcating and so is for that in chain 1 and chains respectively. The area surrounded by these three 
points ranged several single disk sizes and show high force gradient.  

4. Conclusion 

(1) We report a new application of caustic method in the studies of granular materials(PBX’s). This shadow 



caustics shows to be very useful to revel the high-gradient stresses in the contact points among the 
materials subjected to impact. 

(2) As for the 2-dimention granular assemblies, the force/stress chains could be observed by the shadow 
caustic patterns. The distribution of chains is effect strongly by the impact ant its direction. Only a few 
disks contribute to forming chains that is just part of assembly is to bear the external impact. 

(3) The caustics method reveals the high force/stress localization among the granular assembly. As the 
prototype of simulated granular material, the explosive crystals, ranging in size from several to a few 
hundred micrometers, distribute in a matrix of high-polymer binder so as to composed PBX’s. The 
micro voids resulted from the intrinsic heterogeneity of PBX may exit in a small volume consisting 
several explosive crystals so as to produced stress localization in case of unexpected external 
mechanical stimulations. Maybe the area near the vicinity of initial bifurcating point is most possible 
area to produce hot spots and consequently initiate the PBX’s.   
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Abstract: In situ FTIR spectroscope is a kind of rising and dynamic technique. The technique, 
which combines the advantages of in situ investigation and accurate structure analysis in FTIR 
spectroscopy can detect the chemical change of materials in different temperatures with real time 
and obtain the relationship between micromechanism of materials and temperature. In this paper, 
thermal decomposition of octahydro-1，3，5，7-tetranitro- 1,3,5,7-tetrazocine (HMX) heated with 
5℃/min was investigated by in-situ diffuse reflection FTIR spectroscopy . The results demonstrate 
the rupture rate of C-N bond is faster than that of N-N bond with increasing temperature, which 
verifies that the cleavage of C-N bond is dominant rupture form. The increase in tension of HMX 
cyclic confirms that intramolecular cyclization occurs in breakage of HMX. Eight kinds of 
gaseous products, CO2、N2O、CO、NO、HCHO、HONO、NO2 and HCN were determined. 
According to the change of C-N bond in condensed phase, the decomposition kinetic equation of 
HMX is kC-N = e34.6exp(-152/RT). 

Keyword: In situ   FTIR spectroscope   HMX   Thermal decomposition  

1. Introduction 
In situ FTIR spectroscopy is a kind of rising and dynamic technique. The technique, 

which combines the advantages of investigation in-situ and accurate structure analysis 
in FTIR spectroscope, can detect the chemical change of materials in different 
temperature with real time and obtain the relationship between micromechanism of 
materials and temperature1-3.  

Octahydro-1，3，5，7-tetranitro- 1,3,5,7-tetrazocine (HMX) is a sort of classical 
nitramine explosive. Its schematic structure was shown in Fig.1. At present, HMX has 
been widely used in war head in weapon, rock propellant, etc., because of its big 
density, high energy and good invariability advantages. Therefore, it is important for 
machining of HMX, HMX assessment in reliability and invariability to study thermal 
property and thermal decomposition of the explosive. 

     

CH2 N CH2

NO2

N NO2NNO2

CH2 N CH2

NO2  
Fig.1 Schematic structure of HMX 

In this paper, structural change in condensed phase and gaseous products of HMX 
were studied by in situ FTIR diffuse reflection spectroscopy in heating process. The 
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composition and relative content of gaseous products were investigated, and the 
decomposition kinetic equation of HMX was calculated according to the change of 
C-N bond in condensed phase. 
2. Experimental section 
  HMX was used after being purified by recrystallization. 
  Infrared spectra in the range of 4000-600cm-1 can be acquired at a heating rate of 5
℃/min with 4 cm-1 resolution with a Nicolet 800 FT-IR spectrometer containing 
diffuse reflection accessory. In the experiment, nitrogen was used as carrier gas, and 
its velocity of flow is 4 ml/min. 
3. Result and discussion 
3.1 Structural change of HMX in condensed phase 
  The FT-IR spectrum of HMX in room temperature was shown in Fig.2. The two 
adsorption peaks at 3036cm-1 and 2984cm-1 appear due to C-H antisymmetric 
stretching vibration and symmetric stretching vibration, respectively. The 
characteristic peaks, 1569cm-1 and 1271cm-1, are of N-NO2 stretching. 830cm-1 and 
1460cm-1 is attributed to N-NO2 deformation and -CH2- deformation, respectively. 
The three peaks 1346cm-1, 1202cm-1 and 1145cm-1 appear due to C-N stretching. 
943cm-1 and 760cm-1 is attributed to ring vibration of HMX. 
 

Fig.2 FTIR spectra of HMX in room temperature 

  The IR spectrum of HMX heated with 5℃/min in 180℃, 220℃ and 270℃, 
respectively, was shown in Fig.3. From Fig.3 it can be seen the IR spectrum in 180℃ 
is accord with that in room temperature, which suggests decomposition of HMX 
would not occur when heated to 180℃. As for the IR spectrum of HMX at 220℃, the 
peaks at 1346cm-1, 1202cm-1 ,1145cm-1 and 830 cm-1 weaken in intensity compared 
with the spectrum in room temperature, indicating the appearance of C-N and N-N 
bond cleavage. Further heated to 270 ℃, the two peaks at 1202cm-1 and 1145cm-1 
disappear and the peak at 830 cm-1 continues to decrease in intensity, suggesting the 
rate of C-N bond cleavage is faster than C-N bond cleavage. The results confirm that 
C-N bond cleavage is dominant form and the N-N bond is retained to a greater extent 
at the expense of C-N bond cleavage7-8. 
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Fig.3 FTIR spectra of HMX with different heating temperature 

  The cleavages of HMX occurring in C-N and N-N bond result in the change in ring 
tension of HMX. The effect of decomposition of HMX on ring tension of HMX was 
shown in Fig.4. Fig.4 shows IR spectrum of HMX at 180℃, 210℃ and 310℃. 
Compared with the spectrum of HMX at 180℃ , the frequency of the C-H 
antisymmetric stretching vibration for the spectrum at 210℃ was found blue-shifted 
from 3036cm-1 to 3054cm-1, indicating the tension increase of HMX. The results show 
intramolecular cyclization largely appears in breakage of HMX due to the cleavage of 
C-N and N-N bond. 

Fig.4 FTIR spectra of HMX in heating temperature 

3.2 Composition of gaseous products from HMX 
Many gaseous products from HMX were released with the cleavage of C-N and 

N-N bond. Fig.5 show the IR spectrum of HMX at 250℃ and 280℃. From Fig.5 it 
can be seen eight kinds of gaseous products, CO2、N2O、CO、NO、HCHO、HONO、

NO2 and HCN, were determined. The infrared frequency and intensity of these 
gaseous products were shown in Table I. 

The relative concentration of gaseous products was analyzed in terms of 
Beer-Lambert equation. 

A=abc     (1) 
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Where A is absorbance, a is absorptivity, b is length of optical path, and c is 
concentration of sample. 

Fig.5 FTIR spectra of HMX with different heating temperature 
Table I Infrared frequency and intensity of gaseous products from HMX 

释放气体 特征峰位（cm-1） 摩尔吸光系数(L•mol-1•cm-1) 
CO2 2340 2580 
N2O 2220 1421 
CO 2148 268 
NO 1872 133 

HCHO 1741 330 
HONO 1700 704 

NO2 1620 1419 
HCN 713 260 

  Fig.6 show relative concentration of gaseous products from HMX in different 
temperature. In the eight kinds of gaseous products, NO、HCN、CO and HCHO have 
higher relative concentration than that of N2O、NO2、CO2 and HONO. Among these 
products, NO has highest relative concentration. 
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Fig.6 Relative concentration of gaseous products from HMX in different heating temperature 
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3.3 Decomposition kinetics of HMX 
  Determining rates and pathways of specific reactions at the surface of a burning 
solid is a chemistry nightmare. Heat and mass transport, thermophysical properties 
and reaction characteristics become intimately mixed. It is no surprise that relatively 
little is known about the chemistry at the surface of a burning solid. However, as 
transport and kinetic codes to describe combustion become increasingly sophisticated, 
the demand has increased for experimental details about the surface reaction zone10. 
The rates of diffusion, vaporization, nucleation, and reaction and the methods of 
measurement and analysis all contribute to the Arrhenius parameters for the surface 
reaction zone. Therefore, the decomposition kinetic equation was shown as follows: 

nHMX kcdt
dCr =−=

    (2) 

  
RT

Ea
Aek

−
=            (3) 

Where C is concentration of reactant, n is order of the process, A is prefactor and Ea is 
activation energy. 
  Surface regression to which eq 3 applies is zeroth-order because fresh reactant 
replaces gasified products at a constant rate10.  

kdt
dC HMX =−

     (4) 

  In the experiment, cleavage of C-N bond is dominant form in decomposition of 
HMX. Therefore, the decrease of C-N bond at 1202cm-1 in absorption intensity was 
used in research of HMX kinetics. Superfacial velocity constant of HMX with different 
temperature was shown in Table II. With increasing temperature, the apparent velocity 
constant of HMX increases. 
 

TableII Superfacial velocity constant of HMX with different temperature  

T（℃） kC-N 
220 0.07 

230 0.2 

240 0.33 

250 0.74 

260 1.17 

 
According to Arrhenius equation, the relationship between InK and T-1 was shown 

as follows: 
Ink = InA - Ea/RT  (5) 

Fig.7 shows Arrhenius plot of HMX. The linear relationship between Activation 
energy(Ea) and prefactor(A) was obtained by fitting date from Fig.5. Therefore, 
Ea=152 KJmol-1 and A=e34.6(equation 6) 

 
Ink = 34.6 – 18325/T (6) 
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T-1×103（K）
 

Fig.7 Arrhenius plot for HMX 

4. Conclusion 
  Thermal decomposition of octahydro-1,3,5,7-tetranitro-1,3,5,7-tetrazocine (HMX) 
heated with 5℃/min was investigated by in-situ diffuse reflection FTIR spectroscopy. 
With increasing temperature, the rupture rate of C-N bond is faster than that of N-N 
bond, which confirms the cleavage of C-N bond is dominant rupture form. The 
increase in tension of HMX cyclic and the emergence of intramolecular cyclization 
are due to the breakage of C-N bond and N-N bond. Eight kinds of gaseous products, 
CO2、N2O、CO、NO、HCHO、HONO、NO2 and HCN, were determined. According 
to the change of C-N bond in condensed phase, the decomposition kinetic equation of 
HMX is kC-N = e34.6exp(-152/RT). 
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Introduction. 

The usage of ultra fine (UF) and nanosized (NS) aluminum powders as a source of thermal or 

chemical energy is of special interest to some energetic systems [1, 2].  

If the production of these energetic systems is implementing in atmosphere of air there is a 

necessity for passivation of a surface of aluminum powder particles to prevent their 

spontaneous ignition in a contact with oxygen of air. Usually passivation is reached by "soft" 

oxidation of a surface of Al particles through formation of surface oxide coatings. These 

coatings intercept process of further oxidation of metal aluminum and provide to Al particles 

sufficient unreactiveness necessary for organization of process of their usage [3]. The 

passivating coatings consist of a mixture of oxides and hydroxides of aluminum. The concrete 

structure of a coating depends on conditions of oxidation of a surface of particles. Usually 

thickness of passivating oxide coating for UF Al particles is equal about several nanometers 

[4]. For powders with the mean size of particles about 100 nm a mass of passivating oxide 

coating is about 15 % from mass of a powder [5].  

The decrease in average size of Al particles results in increase (proportionally to reciprocal 

value average size of particles) of relative amount of inert coating required for passivation of 

powder surface. It can make unprofitable the usage of aluminum UF powders for energetic  

applications.  

The situation can be improved if "reactive" passivating coatings will be use for passivation of a 

surface of UF aluminum powder. On the one hand such coatings should provide a capability of 

safe operation with UF aluminum powder at manufacturing of energetic compositions. On the 

second hand such coatings should participate in process of heat evolution during utilization of 

energetic compositions.  

For example a "reactive" passivating coatings providing the production of energetic 

compositions in atmospheric air at normal conditions should be: 

- chemically inert with respect to oxygen of air and (if it is necessary) to water vapor at the 

conditions of UF aluminum powder storage and operation,   



- gas-tight (providing protection against oxidation of a metal core of Al particles) at 

temperatures of energetic compositions storage for oxygen of air, for water vapor (if it is 

necessary) and for oxidants contained in energetic compositions.,  

 - “reactive” at conditions of utilization of energetic compositions with evolution of thermal 

energy. 

Unfortunately, it is not possible to design universal "reactive" passivating coatings for all 

possible energetic applications of UF Al powder. It should be design directly for each energetic 

application UF aluminum powder.  

The "reactive" passivating coatings can be the films (organic and inorganic) covering a surface 

of Al particles and not containing Al atoms in the film structure or they can be the coatings 

formed with participation of the aluminum surface atoms of powder particles. For example 

coatings on the basis of nitrides, carbides, oxycabides of aluminum, salts of aluminum and 

other compounds of aluminum can be used as “reactive” passivating coatings for different 

energetic applications of UF Al powders.  

The objective of this paper is a investigation of the properties of "reactive" passivating coatings 

of UF and NS Al powders which one were synthesized on the basis of aluminum carbide 

(Al4C3) by means of the carbothermy methods (reaction of carbon or carbon oxides with metal 

aluminum or aluminum oxides at high temperatures). These coatings were designed to 

facilitate the usage of aluminum powders in composition of Al/H2O slurries. Polyacrylamide 

was used as gel agent in these experiments. 

 

Electronic images of Al particles with the surface passivated by aluminum carbide.  

The results of our experiments demonstrate that the passivating coatings designed on the basis of 

aluminum carbide provide effective protection of a metal core of UF aluminum particles from 

oxidation at their contact to atmospheric air at room temperature and natural humidity.  Six-

month usage of manufactured by method Gen-Miller aluminum powder Al-СО2-1 contacting at 

least several times per week to atmospheric air at room temperature and natural humidity has not 

resulted in noticeable decreasing of quantity of metal aluminum in the powder.  

Simultaneously aluminum carbide is reactive with respect to liquid water, to water vapor and to 

oxygen at high temperature. Such reactivity of aluminum carbide determines the systems in 

which aluminum UF powder passivated by aluminum carbide can be effectively used for the 

energetic purposes.  

Fig.1 shows SEM images of Al particles of powder Al-СО2-1 manufactured by a condensation 

method of a Gen -Miller [6] (Moscow). Fig. 2 shows SEM images of Al particles of powder Al-

CO2-CO2 manufactured by the exploding wire method [7] (Tomsk). In both cases the surface of 



aluminum particles was passivated by formation of surface coatings containing aluminum 

carbide. The average size of particles of Al powders and their shape were determined using the 

scanning electron microscopy (LEO EVO 4020).  

 
 
Fig.1. SEM images of Al particles of powder Al-СО2-1 manufactured by a condensation method 
of a Gen -Miller [6] (Moscow) with a surface of particles passivated by aluminum carbide.   
 

� 
  

Fig. 2. SEM images of Al particles of powder Al-СО2-CO2 manufactured by the exploding wire 
method [7] (Tomsk) with a surface of particles passivated by aluminum carbide. 



The carbide of aluminum was detected in composition of surface coating by means of gas liquid 

chromatography analysis of gaseous products of reaction of Al powders with liquid water:   

Al4C3 + 12H2O = 4Al (OH) 3 + 3CH4 (gas) + Q   (1) 

The presence of methane in the composition of gaseous reaction products evidences the presence 

aluminum carbide in composition of solid reactants. Aluminum carbide was detected by means 

of X-ray structural analysis in composition of Al-CO2-CO2 sample also. 

 
Study of Al powders passivated with coatings containing the aluminum carbide by 

derivatography.  

1) Linear heating of Al powders passivated with coatings containing the aluminum carbide in 

inert flow of argon up to 900oC gives no way of identification composition of passivated 

coatings. The only difference observed in properties of Al powders manufactured by a 

condensation Gen –Miller method and by the exploding wire method is the amount of gases 

solved in volume of powders. This amount is larger for exploding wire method.  

 

 

 
 
 
 
 
Fig.3. TG, DTA, T curves for Al 
powder passivated with aluminum 
carbide coatings (sample Al-CO2-CO2) 
linear heating in flow of atmospheric 
air up to 800oC. The collapse of 
coatings starts at temperature up to 
370oC.  
 

 

 
 
 
 
Fig.4. TG, DTA, DTG, T curves for Al 
powder sample passivated with 
aluminum carbide coatings (Al-CO2-1) 
linear heating in flow of atmospheric 
air up to 800oC. The collapse of 
coatings starts at temperature up to 
520oC. Maximum of heat evolution at 
temperature 600oC. 
 

 



2) Linear heating of Al powder samples in flow of atmospheric air up to 800oC demonstrates 

(Figs.3 and 4) that collapse of coatings reaches at temperatures up to 370oC. The temperature 

of collapse can be different for different samples and depends from coating composition.  

3) Linear heating of Al powder samples in water vapor flow up to 900oC shows (Fig.5) that 

reaction of metal Al with water vapor takes place at temperature of collapse of passivative 

coating and is accompanied by gaseous hydrogen evolution. The partial pressure of hydrogen 

near the crucible was measured by Hydrogen Analyzer (AH-1, “AlfaBassence”, Russia [8]) 

analyzing the composition of flow passed the oven of Derivatograph. 

 

 

 
 
Fig.5. TG, DTA, DTG, T curves for Al 
powder sample passivated with aluminum 
carbide coatings (Al-CO2-1) linear heating in 
flow of atmosphere of water vapor up to 
900oC. The collapse of coatings reaches at 
temperature up to 500oC and accompanied by 
hydrogen evolution.  
 

 

Study of evolution of gaseous reaction products for Al/H2O slurry samples heated linear in 

atmosphere of saturated water vapor.  

Fig.6 shows the temperature dependencies of volume of gaseous reaction products (mainly 

hydrogen) formed in reaction of Al/H2O slurries heated linearly in atmosphere of saturated water 

vapour with heating rate approximately 5 degree/minute. Samples composition was 30-32 % UF 

Al powder and 68-70% of water gel (including 3 % of polyacrylamide). Surface of Al powder 

particles was passivated using coatings containing aluminium carbide. The shape of curves of 

temperature dependencies testifies that the reaction between Al particles and gelled water passes 

through two stages, at least. The start temperature of the first stage of reaction (57-72,5оС) 

depends from the composition of a surface passivating coating. The admixture of aluminum 

oxide increases this value. The second stage of reaction is responsible for hydrogen evolution at 

the temperature near 100оС.  

 



 

 
Fig.6. Temperature 
dependencies of volume 
of gaseous reaction 
products (mainly 
hydrogen) evolved in 
reaction of Al/H2O 
slurries heated linearly 
in atmosphere of 
saturated water vapour.  
Curve “Gel” – pure 3% 
gel without Al powder. 
Aluminium carbide 
coatings were used for 
passivation of surface of 
Al particles. 

 

 
Tabl.1. The data characterizing the reactivity of Al/H2O slurry samples (3% polyacrylamide). Al 
powders surface passivated with: aluminum carbide coatings (lines 1-7); aluminum oxide 
coatings (lines 8-10); aluminum oxide and trimethylsilyl coating (lines 11-12).  
 

N Al powder Toini(oC) Tofin(oC) Almet1(%) AlmetO(%) 
(1) (2) (3) (4) (5) (6) 
1* Al-CO2-1 72,3 83,3 ~100% 77.2 
2* Al-CO2-1 72,5 80,9 59,6% 77.2 
3* Al-CO2-1 72,3 78,2 55,00% 77.2 
4 Al-CO2-3 62,2 70,3 77,50% 80 
5 Al-CO2-4 59,6 69,8 76,30% 80 
6 Al-CO2-5 56,9 70,5 73,70% 91 

7** Al-CO2-CO2 64,9 72,8 ~100% 13.6 (20) 
8 Al2-OX 74,5 86 58,0% 85 
9 Al2-OX 75,8 87 46,10% 85 
10 Al2-OX 75,2 86,2 54,50% 85 
11 Al 1-6 76 87,1 49,10% 83 
12 Al 1-6 76 82,5 42,30% 83 

 
* Sample Al-CO2-1 was investigated immediately after slurry preparation (line 1) and 
4-5 hours after slurry preparation (lines 2 and 3). 
**  Al-CO2-CO2  - powder prepared by the exploding wire method [4] (Tomsk). 
Column (3) – temperature of initiation of the first stage of reactions. 
Column (4) – temperature of finishing of the first stage of reactions. 
Column (5) – percentage of metal Al reacting in the first stage of reactions. 
Column (6) – percentage of metal Al in aluminum powder.  

 

Tabl.1 summarizes the data characterizing the reactivity of slurry samples including samples 

covering with aluminum carbide coatings (lines 1-7) and oxide coatings (lines 8-12). Sample Al-

CO2-1 was investigated immediately after slurry preparation (line 1) and after 4-5 hours of 



preliminary exposition of slurry at room temperature (lines 2 and 3). The distinction of values 

Almet1 (percentage of metal Al reacting at the first stage of reaction (column 5)) for line 1 and for 

lines 2 and 3 evidences that the reaction between liquid water and Al particles covered with 

aluminum carbide is remarkable even at room temperature. It means that additional efforts are 

necessary to increase the time of life of slurries at room temperatures. For example, surface 

hydrophobization of aluminum carbide coating may be used.  

For UF powders covered with aluminum oxide coatings the first stage of reaction with liquid 

water starts at temperatures 74,5-76оС (lines 8-12).   

 

Study of Al/H2O slurry samples heated linear in “open system” by derivatography.  

The samples of Al/H2O slurries were studied by method of derivatography in “open system”. 

Samples were placed in crucible plugged by stopper restricting the rate of water evaporation and 

heated linearly in inert argon flow up to 700oC.  

 

 

 
 
Fig.7a. TG, DTA, T curves for 
Al / H2O slurry linear heating in 
inert argon flow up to 700oC. 
Passivative coating reaches the 
collapse at temperatures 97 and 
107oC (maxima of DTA curve). 
The collapse is accompanied by 
hydrogen evolution.  
Al UF powder  passivated with 
aluminum carbide coating 
(sample Al-CO2-1). 
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Fig.7b. Time dependence of 
hydrogen evolution for Al / H2O 
slurry linear heating in inert 
argon flow up to 700oC. The 
hydrogen evolution starts at 
temperature 97.5 oC. Hydrogen 
concentration reaches maximum 
at 108oC.  
Al UF powder  passivated with 
aluminum carbide coating 
(sample Al-CO2-1). 
 



The partial pressure of hydrogen near the crucible was measured by Hydrogen Analyzer (AH-1, 

“AlfaBassence”, Russia [8]). Samples of slurries were investigated immediately after preparation 

(mixture) and after 1, 2 and 3 days of slurry exposure at room temperature in atmosphere of 

saturated water vapor.  

Fig.7a shows the shapes of TG, DTA, DTG curves for fresh prepared sample containing the 

aluminum powder Al-CO2-1 and Fig.7b shows the curve of hydrogen evolution in the same 

experiment.  

Fig.8a shows the shapes of TG, DTA, DTG curves for fresh prepared sample containing the 

aluminum powder Al-CO2-CO2 and Fig.8b shows the curve of hydrogen evolution in the same 

experiment.  

 

 

 
 
Fig.8a. TG, DTA, DTG, T curves 
for Al / H2O slurry linear heating 
in inert argon flow up to 700oC. 
The collapse of passivative coating 
starts at temperatures 76oC. 
Maximum of heat evolution  
appears at 85oC.  The collapse of 
passivative coating is 
accompanied by hydrogen 
evolution.  
Al UF powder  passivated with 
aluminum carbide coating (sample 
Al-CO2-CO2). 
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Fig.8b. Time dependence of 
hydrogen evolution for Al / H2O 
slurry linear heating in inert argon 
flow up to 700oC. The hydrogen 
evolution starts at temperature 
80.3oC. Hydrogen concentration 
reaches maximum at 89oC.  
Al UF powder  passivated with 
aluminum carbide coating (sample 
Al-CO2-CO2). 

 
Comparison of DTA, TG curves and curve of hydrogen evolution for the same samples shows 

existence of several types of active surface places (“hot points”) responsible for passivating 

coatings collapse. The reaction of these “hot points” with water is accompanied by heat and 



hydrogen evolutions and both processes are in good agreement with each other. “Hot points” 

may be different for the different composition of passivating coatings and for UF Al particles 

with different origin.  The observation of “hot points” behavior during the collapse of passivating 

coating can give information about surface composition of UF Al particles with different origin.  

Contact of Al powder passivated with aluminum carbide coating with liquid water in slurry 

composition leads to change of slurry properties. Fig.9 compares the hydrogen evolutions for 

fresh prepared slurry (Al powder Al-CO2-5) and the same sample after 24 hours exposition in 

atmosphere of saturated water vapor at room temperature. It is clear that the ageing of sample 

leads to decrease the temperatures characterizing the process of hydrogen evolution. The total 

amount of evolving hydrogen increases with the ageing of sample. Further ageing of sample 

(more 30 hours) leads to the reverse results. It increases the temperatures characterizing the 

process of hydrogen evolution and decreases the amount of evolving hydrogen. 
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Fig.9a. Time dependence of 
hydrogen evolution for fresh 
prepared Al / H2O slurry 
sample linear heating in inert 
argon flow up to 700oC.  
Al UF powder  passivated with 
aluminum carbide coating 
(sample Al-CO2-5). 
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Fig.9b. Time dependence of 
hydrogen evolution for Al / 
H2O slurry sample ageing 24 
hours at room temperature 
before linear heating in inert 
argon flow up to 700oC.  
Al UF powder  passivated with 
aluminum carbide coating 
(sample Al-CO2-5). 

 
 



 
 
 
Conclusion 

The properties of passivating coatings of Al UF particles designed on the basis of aluminum carbide 

were investigated. The preliminary results show that these coatings can provide effective 

protection of a metal core of UF aluminum particles from oxidation at their contact to 

atmospheric air at room temperature and natural humidity and can be used as “reactive” 

passivating coating in energetic systems with participation of water, water vapor and oxygen as 

oxidants. 

The long-term (several hours) contact of Al UF particles with liquid water at room temperature in 

slurry composition can change the passivating properties of coatings. The additional investigation is 

necessary to secure the effective usage of aluminum carbide coatings in contact with liquid water.   

The comparison of DTA, TG curves and curve of hydrogen evolution for the same samples 

shows existence of several types of active surface places (“hot points”) responsible for properties 

showing by passivating surface coatings. These “hot points” may be different for the different 

composition of passivating coatings and for Al UF particles with different origin.  
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ABSTRACT 
The thermal decomposition of five-membered mono- and bicyclo N-

nitramines in solid state and solution is investigated by the manometric method. 
Products of decomposition are studied by chromatography, 
photoelectrocolorimetry and IR-spectroscopy. The structure-kinetic laws and 
mechanism of limiting stage are established.  The activation parameters of 
limiting stage are defined. 

For the estimation of a primary stage of N-nitramine’s decomposition in solid 
state we used the structural data of X-ray analysis, and for decomposition in 
solution – the semi-empirical calculation structural data of N-nitramines.   

Keywords: thermal decomposition, nitramines, kinetics, decomposition rate 
 

INTRODUCTION 

Nowadays there are many publications devoted to questions of thermal stability of 

cyclic N-nitramines. They are generalized in the reviews [1-3] and monograph [4]. 

However the structural-kinetic laws of thermal decomposition of five-membered mono- 

and bicyclo nitramines remain yet not discovered. 

In present work the kinetic laws of a wide row of five-membered cyclic N-nitramines 

(I-VII) are investigated and generalized with the purpose of finding-out of structure 

(conformation) influence on the rate and mechanism of a limiting stage of 

decomposition.  
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EXPERIMENTAL 

Thermal decomposition of compounds I-VII was studied by a manometric method 

with using Bourdon's manometer [5]. The residual air pressure in a reactionary vessel 

was 10-3-10-2 mm of mercury. Temperature in thermostat was supported constant with 

accuracy ±0,2°С. Research was carried out in a solid phase and solutions of aprotonic 

solvents dibutyl phthalate (DBPh) and dinitrobenzene (DNB), which differ by polarity, ε 

= 6,4 and 20,6, accordingly. The rate constants were calculated over the equation of 

first order reaction and over initial rates, if kinetic curves had a S-shaped form. The 

initial rates found by graphic differentiation of kinetic curves. The rate constants 

definition error did not exceed 7-12 %. An r.m.s. deviation for activation energy was no 

more than 6,5 kJ/mole.  

 

RESULTS AND DISCUSSION 

The information on influence of structure (conformation) upon true reactivity 

(thermostability) of molecules can be received experimentally, studying their 

decomposition either in a gas phase, or in the diluted solution of an inert solvent, 

where there is no influence of a crystal lattice and of decomposition products, or on the 

basis of quantum-chemical calculations. For a preliminary estimation we investigated 

an electronic and geometrical structure of compounds II, III, V and VI by the semi-

empirical method MNDO, AM1 and PM3. The comparison of corresponding mono- and 

bicyclic nitramines II, VI and III, V had shown, that they are similar in structural 

dependencies and differ only with the lengths of bonds with a constancy of bond 

angles [6]. If take into account, that the reactivity at homolysis of compounds II, VI and 

III, V depends on strength of breaking bond N-NO2, which, according to calculations, 

decreases with increase of its length from 1,38 up to 1,42Å, the greatest reactivity will 

have monocyclic nitramines II, VI, and the least one - bicyclic nitramines III, V.  

The experimental research had shown, that thermal decomposition of nitramines I-

II in 2 % (mass.) DBPh solutions proceeded by the first order reaction. At the same 

time for compounds IV, V in 5 % (mass.) DBPh and DNB solutions the weak 

acceleration was observed. If concentration was less than 10 % (mass.) the 

nitramine’s decomposition rate is independent of concentration. Nitramine III did not 

solute in suitable solutions, so we could not investigate only his decomposition in solid 

phase.  
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Unlike solution the thermal decomposition of compounds I-V in a solid phase 

proceeded with the brightly expressed acceleration and characterized by S-shaped 

kinetic curves (fig.1). The decomposition rate was not influenced by change of the ratio 

of a surface of a reactionary vessel to its volume (S/V), that testifies about 

homogeneity of process. At the same time increase of the ratio of sample weight to 

volume of vessel (m/V) lead to decrease of the initial decomposition rate and was 

increase of the time before acceleration (fig.2). This is a sign, that the decomposition 

reaction proceeds in two phases - in solid and sublimated [1]. The more m/V is, the 

more is contribution of solid phase reaction into common rate of process. Therefore 

study of temperature dependence of decomposition rate of nitramines have carried out 

at equal values m/V = (1,1-1,3)·10-3 g/cm3.  

The acceleration observed can be conditioned both by a topochemical nature of 

thermal decomposition in solid phase, and by appearance of a liquid phase in result of 

substance’s pre-melting during transformation on impurities and products of 

decomposition [4,7,8]. For check it with using of Q-1500 thermoanalyzer the TG-DTA 

thermograms were made for samples I, III, V (mass 100 mg, heating rate 5 °/min). It 

follows from thermogram, for example, for a sample V, that the decomposition begins 

about temperature 207°C, and about temperature 220°C the intensive decomposition 

occurs, practically, with a flash. On the DTA curve, except of exothermic peak inherent 

for decomposition of compound V, other peaks were not present. The similar picture 

was observed for compounds I, II. Besides, visual observation over decomposition of 

compounds I and II (by the fast taking out of Bourdon's manometer from thermostat) 

has shown the absence of a liquid phase. All this enables to accept the topochemical 

mechanism of acceleration at decomposition of nitramines I-V. 

In the gaseous decomposition products of compound V by chromatography and 

IR-spectroscopy methods NO, NO2, H2O, N2O and N2 are found out. The main 

gaseous products of complete decomposition of nitramine V are N2 (38 %), CO2 (31 

%) and N2O (18 %). It was found by photoelectrocolorimetry method, that quantity of 

NO2 in gaseous decomposition products at 5 % transformation degree at temperature 

190°C is 0,94 mole per mole of the compound V. In IR-spectrum of the condensed 

residue of decomposition there are no absorption bands of nitrogroup (1560, 1290 cm-

1) and cycle (1600, 1530, 1305 cm-1). The absorption bands of initial nitramine V are 

absent in a spectrum of the condensed residue. Though it was not possible to identify 
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the condensed residue, nevertheless it may believe, that it represents the polymeric 

substance of a linear structure. 

Unlike compound V the main gaseous decomposition product of nitramine I is 

N2O. It contents at the end of decomposition mounts to 0,97 mole per mole of the 

compound I, which entered into reaction. Besides, if at complete conversion of 

nitramine V 8,5 moles of gaseous products, which are not condensed at room 

temperature, are given off, in case of compound I this quantity am about one mole.  

Summarizing above-stated, in a combination with the literary data [3] it is possible 

to accept for nitramines II-V a homolytic mechanism of decomposition with primary 

break of N-NO2 bond. Analyzing activation parameters of decomposition in a solution 

(table), is necessary to note their good consent with this mechanism. Really, the 

activation energy is within the limits of 154,1-170,0 kJ/mole. Its average value is 

162,1±7,9 kJ/mole, that, practically, coincides with dissociation energy of N-NO2 bond 

for pyramidal amine atom of nitrogen [4]. The average value of lgA = 14,78±1,0, that is 

more than 13,5, and typical for homolytic thermal decomposition. The calculation over 

the average values of activation parameters has given for an average constant of 

decomposition rate k150°C=5,83⋅10-6 s-1. The maximal difference in the rate constants 

from average value is observed for compounds III, IV and VI. This difference makes 

about 2 times, that may be conditioned by influence of a chemical structure of 

nitramines. One may see, that it is insignificant. At the same time, if to compare a 

preliminary estimation of thermostability, mentioned above, with experimentally found 

in a solution (table), some discrepancy is found out. So, for example, compounds II 

and V have the least thermostability, and compounds III, VI – the greatest one.  

The consideration of activation parameters of solid phase decomposition of 

nitramines I-V has shown, that they are rather over a wide range. So, the activation 

energy changes from 192,1 up to 210,2 kJ/mole and, basically, cannot be identified to 

energy of homolytic break of N-NO2 bond, because on this reaction the numerous 

collateral factors are imposed which are taken into account in work [13]. As a result of 

it the lowest values of a rate constant in a solid phase are received. 

In parallels to change of activation energy the logarithm of preexponential factor in 

the Arrhenius equation varies from 18,0 up to 20,4. Within the framework of these 

parameters the decomposition rates of nitramines I-V changes, approximately, for four 

orders (table). Such distinction in decomposition rates is caused by different thermal 
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stability of molecular crystals. The more melting temperature of a crystal and the mass 

of molecules in a crystal, the more is required of a thermal energy for excitation of a 

movement of molecules. Thus it is necessary to take into account not only mass, but 

also surface of molecules. The more it is, the stronger are Van der Vaals interactions 

in molecular crystals.  

The attempt to correlate the decomposition rates of nitramines with melting points 

or molecular weights has shown presence of the tendency of reduction of 

decomposition rate with increase of melting point (fig.3) and molecular weight (fig.4). 

It may be seem on the first sight, that melting temperature and thermal stability of 

molecular crystals depends also on the presence of intermolecular hydrogen bonds. In 

our case Van der Vaals interactions only with atoms of oxygen and nitrogen are 

displayed. Those interactions are enough strong according to [14]. Energy of each 

such interaction is about 12-13 kJ/mole. Therefore it is interesting even qualitatively to 

consider influence of intermolecular hydrogen bonds on decomposition rate in a 

number of related in chemical structure nitramines I-III. On the data of X-ray analysis 

the crystal structure of these nitramines has different symmetry and different 

intermolecular interactions [15-18]. As against of compound III, in which cell all oxygen 

atoms  (of carbonyl and nitrogroup) participate in formation of hydrogen bonds. 

Oxygen atoms of nitrogroup of compound I are not involved. The less advanced 

hydrogen bonds net and less molecular weight of compound I conducts to its less 

melting point. Decomposition rate of compound I is for 3,5 orders more than of 

compound III. At the same time decomposition rate of compound I is, approximately, 

for 1,5 order more, than of the compounds II, where intermolecular hydrogen bonds 

are absent [16]. On the basis of above-stated it is impossible to make any conclusion 

about influence of hydrogen bonds on the solid phase decomposition rate of related in 

chemical structure nitramines. Thermal decomposition of compound I occurs, 

probably, not over homolytic mechanism. Its kinetic parameters are, practically, the 

same, as at compound VII, which thermal decomposition includes primary 

intramolecular carrying over of an amine proton to nitramine group [12]. The similar 

mechanism can be offered and for compound I, all the more that it is derivative of 

nitrourea and consequently has more acidic properties, than nitrimine compound VII. 

Carrying over of a proton in compound I is accompanied by break of bond C(O)-

N(NO2) in a cycle with formation of corresponding primary nitramine, decomposed 

further by the known mechanism, giving of N2O [20]. 
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Let's notice also, that by analogy to compound I, nitramine III, which geometrical 

parameters (the lengths of bonds, bond and torsion angles [17]) insignificantly differ 

from those for compound I [15], as already it was marked above, is decomposed 

homolytically with primary break of N-NO2 bond. The reason of this while remains 

obscure. 

CONCLUSION  

Thermal decomposition of studied in this work five-membered cyclic N-nitramines 

(except compound I) in a solution and solid phase proceeds with primary break of N-

NO2 bond with the rate greater for 1-2 orders than six- and eight-cyclic N-nitramines 

[21]. The rate increase with reduction of the sizes of a cycle. Probably it is caused by 

increase of tension energy. The tendency of reduction of decomposition rate of 

nitramines with increase of their melting point and molecular weight is observed. 
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Fig. 1.  Kinetic curves of thermal decomposition of compound V in solid phase 
 
 
 
 

Fig. 2. Influence of m/V ratio, g/cm3, upon thermal decomposition of compound III 
in solid phase at 190°C: 1 - 1,3⋅10-4, 2 – 1,3⋅10-3, 3 – 1,5⋅10-2 
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Fig. 3.  Correlation lgk = f(Tm.p.) at 150°C in solid phase for compounds I-VII. 
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Fig. 4. Correlation lgk = f(Mw) at 150°C solid phase for compounds I-VII. 
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Table. Kinetic parameters of nitramine’s thermal decomposition 

№ Melting 
point 

Mw Decomposition 
conditions 

∆T, °С Еa, 
kJ/mole 

lg A k150°C, 
s-1 

I 135-137 
(with decomp.)

131 solid phase 

solution in DNB 

110-120

110-140

193,4 

131,1 

20,40 

13,25 

3,32·10-4

1,16·10-4

II 211-212 
(with decomp.) 

176 solid phase 

solution in DBPh 

160-185

150-190

192,1 

154,1 

18,01 

13,78 

1,96·10-6

5,67·10-6

III 249 
(with decomp.) 

232 solid phase 

 

185-210

 

203,0 

 

18,46 

 

2,49·10-7

 

IV 160 250 solid phase 

solution in DBPh 

135-155

145-190

203,9 

168,7 

18,22 

15,30 

1,11·10-7

2,96·10-6

V 243-246 
(with decomp.)

294 solid phase 

solution in DNB 

solution in DBPh 

180-200

145-190

140-185

210,2 

170,0 

165,0 

18,00 

15,77 

14,96 

1,11·10-8

6,03·10-6

3,87·10-6

 

VI 

132-133 162 solid phase [9] 

solution in DNB [10]

solution in TNB [11]

110-130

170-210

120-210

197,8 

155,9 

158,6 

18,69 

13,60 

14,00 

1,85·10-6

2,25·10-6

2,62·10-6

 

VII 

152,5 
(with decomp.) 

175 solid phase 

solution in PhB [12]

solution in DNB 

120-140

100-140

110-140

191,4 

132,1 

132,4 

19,98 

13,27 

13,36 

2,23·10-4

9,12·10-4

1,03·10-3
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Alexander M. Astachov1, Andrew A. Nefedov1, 
Alexander D. Vasiliev2, Ludmila A. Kruglyakova1, 
Konstantin P. Dyugaev1, and Rudolf S. Stepanov1 

                                
                               1Siberian State Technological University, 

                                Prosp. Mira, 82, Krasnoyarsk  660049, Russia 

                                2Institute of Physics RAS (Sib. branch) 

                                Akademgorodok, Krasnoyarsk 660036, Russia 
 

ABSTRACT 
The nitroguanyl azide (AzNQ) structure was investigated with the help of ab 

initio calculations and solved by X-ray methods. Kinetics of a thermal 

decomposition was investigated under isothermal and non-isothermal 

conditions by various methods. The decomposition products was investigated 

by mass-spectrometric method. Thermal decomposition of AzNQ begins from 

a decay of azide group. During the decomposition of AzNQ in solutions there 

take place its isomerization into 5-nitraminotetrazole. The AzNQ has good 

energetic characteristics but low thermal stability and high impact sensitivity. 
 
Keywords: nitrimines, azides, nitroguanyl azide, thermal decomposition. 
 

INTRODUCTION 
Nitroguanyl azide (AzNQ) is an interesting high energetic compound. The long 

time its structure, a primary nitramine or a nitrimine, was not known for certain. In 

earlier work AzNQ was considered to be a primary nitramine [1]. As the reaction 

ability, in particular the thermal stability, varies greatly for nitrimines and primary 

nitramines [2, 3], the question of the molecular structure of AzNQ is key to 

understanding its thermal decomposition mechanism. Recently we have shown that 

this compound in fact has the nitrimine structure [4]. 

NH2N3

NNO2

NHN3

NHNO2

incorrect structure true structure
AzNQ

 
In this work, in addition to X-ray data, AzNQ structure was investigated with semi-

empirical and ab initio quantum chemical calculations. All calculations shown that the 
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nitrimine structure of AzNQ single molecule is more preferable than primary nitramine 

one. 

Thermal decomposition kinetics has been studied in various conditions and 

decomposition products, and mechanism of AzNQ thermal decomposition has been 

established. Moreover, the impact sensitivity was studied and AzNQ explosive 

properties are estimated. 
  

INSTRUMENTS AND METODS 
Ab initio calculations were performed at the HF level using the 3-21G, 6-31G, 6-

311G, DZV and TZV basis sets both with and without d-, p-type polarization functions 

and electronic correlations (MP2 and BLYP, B3LYP, SVWN DFT methods). Semi-

empirical calculations are based on the MNDO, AM1 and PM3 methods. The 

GAMESS package [5] was chosen as the calculation tool. The X-ray structure of 

AzNQ was published earlier [4].  

Kinetics of AzNQ thermal decomposition has been studied under isothermal 

conditions by manometric [6], volumetric and spectrophotometric methods. The UV 

spectra were recorded on the Shimadzu UV-1601 spectrophotometer. Thermal 

decomposition under non-isothermal conditions has been studied by TGA method on 

Paulik-Paulik-Erdey Q-1500D TGA/DTA thermoanalyzer (samples weight is 30 mg, 

heating rate 5°/min).  

Gaseous products of thermal decomposition were analyzed in a mass-

spectrometer MI 12-01-V (USSR) with special system for sample input [7, 8]. The 

mass-spectrometer resolution allows distinguishing between molecules and 

molecular fragments with close values of m/e (N2O and CO2, or N2 and CO, etc.). 

The sensitivity to impact of AzNQ was investigated with K-44-II Russian drop-

weight impact machine [9]. 

Energetic and detonation parameters were estimated using thermodynamic 

method with BKW equation of state [10, 11] at various sets of parameters (BKW-

RDX, -R, -RR, -C) and, also, by simple correlation methods [11]. 

 

RESULTS AND DISCUSSION 
Calculated and X-ray molecular structure of AzNQ are shown in Fig. 1. Crystal 

lattice is triclinic with the following parameters: space group P⎯1;   a=9.9302(8), 

b=7.9433(9), c=7.1288(8) Å; α=98.310(10)°; β=110.580(10)°; γ=75.108(9)°; 
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V=507.83(9) Å3; Z=4; dx-ray=1.701 g/cm3. Molecular packing in a crystal is shown in 

Fig. 2. There are two types of symmetry independent molecules in the structure, A 

and B (Fig. 2), which geometrical parameters slightly differ (except bond lengths N1–

O2). The structure of molecules of AzNQ corresponds to the structure of other 

nitroguanidine derivatives. Like the latter, AzNQ molecules have planar conformation 

(stabilized by intramolecular N3–H1…O1 hydrogen bond) and delocalization of π-

electron density in nitrimine molecular fragment (bond lengths C–N, N–N, N–O have 

intermediate values between the bond lengths values characteristic for single and 

double bonds).  

N1

N3

N6

O1

O2

N5

N4

N2
+0.456

-0.910

+0.460

-0.339

-0.485

-0.346

+0.004

+0.927

+0.214

-0.397

+0.416

H1

H2
a b

C

 
Figure 1. AZNQ X-ray molecular structure and atom notation (a), ab initio (6-31G 

basis set) calculated structure and electronic charges at atoms of AzNQ (b). 

a
b

c

B

A

A

B

 
Figure 2. The unit cell of AzNQ. Dashed lines indicate intra- and intermolecular 

hydrogen bonds. 
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The experimental and calculated using some methods bond lengths and angles 

values are shown in Table 1. The average deviations of calculated geometric 

parameters from experimental values are shown in Table 1 also: 

                  ∆average = (
N

i 1=
Σ | xi, exp., A /B average – xi, calc.| ) / N, 

where xi – geometric parameter (bond length or bond angle), N – number of 

geometric parameters. 
 
Table 1. Comparison of experimental and calculated AzNQ bond lengths and angles 

Calculated values Bond 
lengths (Å) 
and angles 

(°) 

X-ray values 
(A / B molecules) AM1 PM3 HF 

3-21G 
HF 

6-31G 
MP2 

6-311G++

  N1−N2 1.353(2)/1.353(2) 1.372 1.401 1.387 1.355 1.403 
  N2−C 1.330(2)/1.334(2) 1.365 1.349 1.311 1.318 1.313 
  C−N3 1.303(2)/1.302(2) 1.370 1.374 1.317 1.322 1.337 
  C−N4 1.392(2)/1.389(2) 1.444 1.414 1.393 1.385 1.405 
  N4−N5 1.257(2)/1.257(2) 1.274 1.290 1.307 1.285 1.251 
  N5−N6 1.110(2)/1.110(2) 1.126 1.117 1.092 1.097 1.148 
  N1−O1 1.229(2)/1.232(2) 1.218 1.223 1.279 1.253 1.240 
  N1−O2 1.237(2)/1.228(2) 1.201 1.203 1.224 1.212 1.220 

∆average   0.031 0.030 0.025 0.016 0.023 
N1−N2−C 118.0(1)/118.0(1) 124.1 127.0 119.1 120.9 117.8 
N2−C−N3 131.7(1)/131.0(1) 128.1 130.7 130.3 130.8 132.1 
N2−C−N4 115.4(1)/115.9(1) 118.5 115.2 117.3 116.4 116.5 
N3−C−N4 112.9(2)/113.1(1) 113.4 113.9 112.4 112.7 111.4 
C−N4−N5 114.0(2)/113.3(1) 120.9 121.1 112.4 114.5 113.9 
N4−N5−N6 170.4(2)/171.9(2) 170.3 169.5 171.8 171.3 172.0 
O1−N1−N2 124.0(1)/123.5(1) 122.6 119.2 121.3 120.9 121.3 
O2−N1−N2 111.4(1)/114.8(1) 116.1 115.8 115.2 116.1 114.1 
O1−N1−O2 121.7(1)/121.7(1) 121.3 125.0 123.5 123.0 124.6 

∆average  3.1 3.4 1.4 1.4 1.2 
–Etotal, a.e.  497.0* 355.4* 512.26 514.93 516.96 

*∆Ho
f (gas) – heat of formation in gas phase (kJ/mol). 
 
All in all, experimental geometry may be replicated in simulations. The AM1 

parameterization shows geometrical parameters to be the closest to the experimental 

values among considered approximations of semi-empirical method. However, the 

semi-empirical methods show significantly greater mean and maximum deviations 

values compared with the ab initio calculation, even when using the smallest (for this 

work) basis level 3-21G. Increasing in the basis size more than 6-31G does not lead 

to any noticeable increase in degree of approximation between calculated and 
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experimental geometric parameters. The molecular geometrical parameters and, 

consequently, the bond lengths deviations calculated using basis 6-311G and TZV 

practically agree with those calculated using basis 6-31G. Using polarization 

functions, as well as compensating for electronic correlation (MP2), not only fails to 

decrease discrepancy, but actually worsens the results. In addition, the using of DFT 

methods results in a larger bond lengths deviation. Earlier we had noticed the same 

features of the level calculation effect for another nitroguanidine derivatives [8].  

Kinetics of AzNQ thermal decomposition has been studied in condensed state 

(solid phase and melt) and in diluted solutions of chloroform, water and dibuthyl 

sebacate (DBS). The isothermal manometric kinetic curves in a solid phase have an 

S-shape appearance whereas in a melt and solutions is satisfactorily described by a 

kinetic equation of the first order (Fig. 3, 4). The activation parameters of AzNQ 

thermal decomposition under various conditions are shown Table 2, and Arrhenius 

temperature dependences are shown in Fig. 5. 
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Figure 3. Kinetic curves of AzNQ thermal decomposition in a condensed state (solid 

and melt) at loading density m/V = 1⋅10–3 g/cm3. 
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Figure 4. Kinetic curves of AzNQ thermal decomposition in 0.5-1% boiling chloroform 

solution (Т=61°С) (a) and in 1% water solution (b). 
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Figure 5. Arrhenius plot for the rate constants of AzNQ thermal decomposition under 

various conditions: melt, manometric method (1); melt, TGA (2); CHCl3 solution (3); 

DBS solution (4); water solution, manometric method (5); water solution, UV-spectro-

photometric method (6). 

 
Table 2. Activation parameters of AzNQ thermal decomposition 

Decomposition 
conditions Method ∆T, °C kT°C⋅104,

s–1* 
Ea, 

kJ/mol lgA R 

Solid 75, 77 0.05577 – – – Manometric 80–90 19.3990 138.5 17.22 –0.999Melt TGA 75–110 – 148.2 18.35 –0.984
1% DBS solution 70–90 19.4490 141.2 17.60 –0.989Manometric 70–100 13.8990 151.0 18.92 –0.9961% H2O solution UV 70–90 18.6890 124.1 15.11 –0.999

0.5-1% CHCl3 
solution Volumetric 61 0.5561 (140.5) (17.22) – 

*kobs. – solid and melt, k2 – solutions. 
 
During the solid phase decomposition after the induction phase, which duration 

decreases as far as the temperature approaches to the AzNQ melting point (80°C), 

the gassing curve is subjected to the kinetic equation of the first order (Fig. 3). The 

rate constant of solid phase decomposition, defined via initial rates of the 

decomposition, two orders less than the values extrapolated from activation 

parameters of AzNQ decomposition in a melt (Table 2). 

Higher stability of AzNQ in a solid phase concerned with the crystal lattice effect. 

However strength of the latter is relatively little, enthalpy of AzNQ sublimation is 61.4 

kJ/mol (mass-spectrometric determination [12]). The decomposition products, 

resulting during induction period, reduce AzNQ melting point and subsequent 

decomposition proceeds in a melt according to the law of kinetic equation of the first 

order (Fig. 3). About that indicates the fact that if a solid phase decomposition do not 
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carry up to full decomposition of the compound, then one may detect that the residual 

product is found in a molten state. 

The thermal decomposition of AzNQ in a melt does not complicated by an effect 

of ratio m/V (sample weight to volume of vessel) on the decomposition rate and does 

not accompanied by condensed residue formation. 

Observable values of activation parameters of AzNQ thermal decomposition in a 

melt (Еа=138.5 kJ/mol, lgA=17.22) are typical for reactions of monomolecular 

decomposition according to the radical mechanism (lgA>13.5) [13]. The activation 

parameters found from TGA data (Еа=148.2 кJ/mol, lgA=18.35) do not contradict to 

the radical mechanism also. Some their difference from values obtained under 

isothermal conditions may be concerned with poor accuracy proper to TGA 

experiments. 

At AzNQ decomposition in solutions, there take place an azide-tetrazole 

isomerization with formation of 5-nitraminotetrazole (5-NATZ) along with irreversible 

decomposition up to gaseous products. The 5-NATZ is more thermostable in 

comparison with AzNQ [14] and insoluble in chloroform and DBS. The 5-NATZ is 

removed from the reaction by means of precipitating during AzNQ decomposition in 

specified solvents. Using UV spectrophotometry there was detected that the 

formation of 5-NATZ in a water solution of AzNQ take place even at room 

temperature, when the thermal decomposition does not observed. 

Parameters of AzNQ thermal decomposition in solution, shown in Table 2, have 

been calculated taking into consideration an azide-tetrazole isomerization (kinetics of 

two simultaneous first order reactions): 

[AzNQ]

[5-NATZ]k1

k2

products of decomposition 
                              d[AzNQ]/dt = −(k1+k2)[AzNQ] = − kobs.[AzNQ], 

                                 where kobs. = k1+k2 is observed rate constant 

                                [AzNQ] = [AzNQ]0exp(−kobs.t) 

                              d[5-NATZ]/dt = k1[AzNQ] =  k1[AzNQ]0exp(−kobs.t) 

                                [5-NATZ] = (k1/kobs.)[AzNQ]0{1−exp(−kobs.t)} 
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In case of manometric and volumometric experiments the observed rate constant 

may be calculated from the expression:  

Vt = V∞{1−exp(−kobs.t)}, 

where Vt is a volume of gaseous products of decomposition in point of time t and V∞ 

is the maximum volume of gaseous products of decomposition. 

In spite of the fact that in different conditions some difference is observed in 

values of activation parameters of AzNQ thermal decomposition (Table 2), Figure 5 

shows that the rate constants are close to one another in all cases. The fact testifies 

the same mechanism of AzNQ decomposition under various conditions. 

The molecule of AzNQ contains two potentially reactive groups: the nitrimine and 

the azide. The AzNQ thermal stability is low – this compound is decomposed 

intensively in a melt at the temperature above 80°С already; the fact is not 

characteristic for other compounds with nitrimine group [3, 15]. Therefore, more 

preferable way of the AzNQ thermal decomposition is the azide groupe primary 

decomposition. 

Thermal decomposition of organic azides is a well known process and in most 

cases it proceeds with the nitrogen molecule elimination and with the singlet nitrene 

formation [6]: 

R−N3 → R−N: + N2 

Besides, it is well known that organic azides, in which the azide group is in 

conjugation with an electron-seeking substituent, have reduced thermal stability [6]. 

Presence of the conjugation stabilizes a reaction transition state and the fact 

increases the rate of decomposition. The C–N3 bond length in AzNQ (1.392/1.389 Å, 

Table 1) is much shorter than in aliphatic azides (1.47 Å for CH3–N3) and indicates a 

conjugation of the azide group with delocalized π-electron density of the nitrimine 

fragment of an AzNQ molecule and, consequently, the AzNQ thermal stability is 

lower in comparison with aliphatic and even with aromatic azides [6]. 

The broad spectrum of gaseous products is generated at AzNQ thermal 

decomposition in а melt: N2O, NO2, NO, HNCO, HCN, N2, H2O. The monoammonium 

salt of 5-NATZ has been detected at AzNQ thermal decomposition in solutions 

(besides 5-NATZ). The fact indicates a formation of NH3 during the process of 

decomposition in solutions. Earlier this was discovered in the work [16]. 
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The formation of 3-nitriminodiaziridine (NDAZ) is a way of nitrene stabilization at 

AzNQ decomposition through the azide group [14]: 

NNO2

N3 NH2

NNO2

HN NH
− N2

NNO2

N NH2
      products
of decomposition

NDAZ  
The method of diaziridines synthesize at decomposition of aminoazides is known 

[17]. According to calculated quantum chemical data [14], characteristic for nitrimines 

intramolecular hydrogen bond N3−H1…O1 in NDAZ is absent, the molecule is 

nonplanar and N−NO2 bond length essentially longer (1.426 Å, АМ1) than usually 

observed in nitrimines. This allows supposition that subsequent thermal 

decomposition of NDAZ proceeds like of secondary nitramines through the initial 

break of N−NO2 bond. In a mass-spectrum of products of decomposition there was 

not detected of NDAZ molecular ion peak (m/e 102). However, there are peaks of 

m/e 46 (NO2) and 56 corresponding to NDAZ decomposition on the way of N−NO2 

bond rupture and peaks of m/e 44 (N2O) and m/e 58 (diaziridin-3-one). These facts 

indicate that the NDAZ decomposition proceeds by two parallel ways: 
NNO2

HN NH

NDAZ

NO2 +

N

HN NH
m/e 56

O

HN NH + N2O
m/e 58

1 2

1_
3 NH3 + 1_

3

+ HNCO1_
2

1_
4 + 1_

4HCN + 1_
2

1_
2 N2 +

N2

HN=NHH2N-NH2 N2HN=NH  
The NDAZ decomposition by the second way probably proceeds through the four-

membered cyclic transition state like 1,1,3,3-tetramethyl-2-nitroguanidine [8]. Highly 

reactive products (diaziridines and their radicals) which are formed at the 

decomposition lead to the resulting observed array of thermal decomposition 

products as a result of secondary reactions. 

In accordance with proposed schemes, at AzNQ decomposition the gas 

formation composes 720 cm3/g (4.2 mol/mol) by first way and 630 cm3/g (3.7 

mol/mol) by second. Some greater value of experimental maximum gas formation at 

the decomposition in a melt 750 cm3/g (4.4 mol/mol) one may explain by oxidation-

reduction reactions between HNCO, NH3 and NO2. 
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Low level thermal stability of AzNQ predetermines its high sensitive to 

mechanical initiation of explosion. The curves of impact sensitivity of AzNQ, 5-NATZ 

and PETN are shown in Figure 6 for comparison. 
f  , %

H , c m

5 -N A T Z

6 0

1 0 0

2 0

4 0

8 0
P E T N

A z N Q

0
0 2 4 6 8 1 0 1 2 1 4 1 6 1 8

N 3 N H 2

N N O 2
N HH N

N N

N N O 2

 
Figure 6. Explosion probability (f) for AzNQ, 5-NATZ and PETN vs drop height of 

load (H); Experimental conditions: 30 mg sample, weight drop hammer 5 kg, plunger 

assembly №1 with two steel rollers (∅10 mm, h = 12 mm) [18]; 25 trials in a point. 
 
It is clear that AzNQ significantly more sensitive explosive than PETN. 

Calculation of initiation by impact critical parameters [9, 19] (with activation 

parameters of thermal decomposition in DBS solutions) gives next values: 

   Pcr. = 386 MPa, Tcr. = 256°C, hcr. = 0.18 mm.  

For comparison, PETN has Pcr. = 480 Mpa, Tcr. = 459°C, hcr. = 0.27 mm [19]. 

Calculated values of AzNQ energetic and detonation parameters (averaged 

values obtained by various methods) are shown in Table 3. Experimental values of 

PETN detonation parameters [10] are shown in Table 3 for comparison. 
 

Table 3. Energetic and detonation parameters of AzNQ and PETN 

Explosives AzNQ PETN [10] 
    Formula CH2N6O2 C5H8N4O12 
    Oxygen balance, % –12.3 –10.1 
        ∆Hf

0, kJ/mol +298.4 [20] –538.9 
         ρ0, g/cm3 1.70 1.77 
         Qexpl., MJ/kg 5.67±0.7% 5.77 
         V0, m3/kg 0.776±0.7% 0.785 
          D, km/s 8.67±3.6% 8.30 
          PCJ, Gpa 30.8±5.8% 33.5 
          TCJ, K 2662* – 4247** 3400 
            γ 3.11±5.4% 2.64 

* BKW-RDX; ** BKW-C. 
 
From Table 3 data it follows that AzNQ is approximately comparable to PETN. 
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CONCLUSION 
In spite of good energetic characteristics, AzNQ has not prospects for practical 

application as energetic compound. Low thermal stability and high impact sensitivity 

(level primary explosives) are obstacles for the application. 
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Abstract 

From the standpoint of the UDD properties some physical and chemical processes in the reaction 

zone of the detonation wave are examined. 

 

Key words: ultradispersed diamond, reaction zone, and high explosives 

 

Introduction 

 

Research into detonation of high explosives is connected with considerable difficulties due 

to non-equilibrium, high chemical activity, and short duration of the reaction zone. For a long 

time the only main stable characteristics of the reaction zone had in fact been the detonation rate. 

The creation of the detonation synthesis ultradispersed diamond (UDD) synthesis technology 

allowed to obtain a new stable characteristics of the reaction zone. This parameter became 

acceptable for the research into the chemical processes.  

The goal of this work is to show that the investigation of the properties and quantitative 

output of the UDD in the experiments allows to obtain a non-contradictory presentation of 

physical and chemical processes in the reaction zone.   

Evidently, the formation of this product requires a considerable amount of energy and a 

chemically active substance and with high probability these conditions take place in the reaction 

zone. Nevertheless, the conclusion about the UDD formation in the reaction zone under non-

equilibrium physical and chemical conditions can be made on the basis of the concrete 

experimental results. This conclusion is recently confirmed by the direct experiments with the 

application of synchrotron radiation (1,2). There are some indirect experimental results 

confirmed this conclusion. Firstly, the high repetition is characteristic of the distribution curves 
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of the UDD for the charges of various shapes and sizes (3). Secondly, the analysis of the 

asymptotic UDD output confirms this conclusion (4). 

It is necessary to add that the experiments obtained in ref. (5) (the case of BNTEA) do not 

correspond to the UDD results. The UDD is a primary product with regard to the detonation 

soot. The experimental arrangement of (5) is not optimal for the UDD preservation (4). 

Therefore it is possible to state that all conclusions of this work (5) are not unambiguous. It is 

possible to assume that there is no complete atomization during HE detonation. 

The attempt to systematize the hydrocarbon shock-wave behavior was made in (7). 

Sometimes the detonation processes were analyzed from the standpoint of this result. During the 

systematization the author of this work was guided by constant ratio of C/H for some groups of 

hydrocarbons and made conclusion about C-H bonds destruction. The first group consisted of 

polyethylene (-CH2-)n,, polypropylene, and poly(4-methyl-1-pentene) that is the substances 

without double bonds and conjunction system. Benzene and polystyrene presented in the second 

group, the third group consisted of the substances with two benzene rings (anthracene and 

phenanthrene) and the last group included pyrene, a substance consisted of 4 rings. The real 

experimental material allows to discuss the structural factor (all these groups have different 

conjunction system). And this structural factor is in complete correspondence with the above-

mentioned data (6). 

Thus, there are not experimental results about complete destruction of C-H bonds for 

the detonation experiments and there is not any experimental information about the complete 

atomization of the HE molecules.  

 

The structural aspects of the synthesis 

 

Research in the UDD output for HE of different nature and for mixtures with organic 

additives showed there was a structural factor influencing on the UDD and condensed carbon 

(CC) output.  

 

About the aromatic ring of HE 

 

After the determination of the optimal conditions for the UDD synthesis some work to 

summarize the experimental results was performed. The principle of the oxygen balance (OB) 

and pressure in the detonation wave were not sufficient for the explanation of these results. The 

comparison of the CC and UDD output for HEs with similar oxygen balance and density (tetryl 

and TNT/RDX-50, picric acid and TNT/RDX-50 and other) showed that there was a structural 
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factor affecting the UDD and CC output. The experimentalists focused their efforts on the 

systematization of this structural influence. 

In (8) the non-aromatic high explosive 2,4-dinitro-2,4-diaza-penthane (DNP) with 

oxygen balance -58.5% (TNT –74%) and density 1.46g/cm3, that has close to TNT detonation 

characteristics, was investigated (Table 1). DNP/RDX 60/40 has OB of –43.7, TNT/RDX 60/40 

has –53%. In spite of the similarity of the thermodynamic parameters the outputs were different. 

 

Table 1. Comparison of the UDD and CC output for thermodynamic analogue of TNT (8).  

 HE Mass, g 
Density, 

g/сm3 

CC/HE,   

% 

UDD/HE, 

% 

UDD/CC, 

% 

1 DNP 100 1.46 2.3 0.2 8.7 

2 DNP/RDX 60/40 100 1.60 7.3 1.9 26.0 

3 DNP/RDX 60/40 300 1.56 7.3 1.9 26.0 

4 TNT/RDX 60/40 300 1.65 11.2 6.4 57.1 

5 DNP/RDX 50/50 300 1.60 6.6 2.1 31.8 

 

The experiments with isotope atoms (3, 10-14) showed non-proportional high 

participation of the aromatic carbon in the UDD formation. This assumption was confirmed by 

experiments on the UDD synthesis from various high explosives (8,15). 

Thus, the first feature of the UDD-synthesis (and detonation process of HE) is a 

structural effect of HE's aromatic ring.  

 

About the methyl group influence 

 

A lot of experimental results showed that the presence of methyl group (or possible 

source of methyl group) in the structure of the original HE (or in mixture HE plus an addition) 

increases the output of condensed carbon (16).  

The mixture hexogen (RDX)/paraffin with mass ratio 78/22 and density 1.45g/cm3 has 

the output of CC/HE – 18.4%. For comparison, the technological scheme TNT/RDX 50/50 under 

the same conditions has 10.2%, UDD/HE for RDX/paraffin is 2.3%, TNT/RDX has 6.8%, 

UDD/CC is 12.5%, and TNT/RDX has 66.7% (16). It should be noted that the thermodynamic 

parameters are not enough for the experimental results explanation. It is possible to substitute 

paraffin for another alkane, but it does not considerably change the high output of the condensed 

carbon.  



24.05.2005 4

The transfer of the methyl group source from HE into the preservation medium took 

place in (17). For these purposes, ethylene and propane-butane preservation medium was 

applied. Under the same experimental conditions chamber of 0.175m3, TNT/RDX-60 with 

diameter 40mm and 0.1kg mass the following results were obtained (Table 2). In case of the 

hydrocarbons (with the potential source of the methyl group) the output of CC and UDD was 

higher.  

 

Table 2. Comparison of the UDD and CC output for some preservation medium (17). 

 Preservation gas Pressure in the 

chamber, MPa 

CC/HE, 

% 

UDD/HE, 

% 

1 Ethylene + propane + butane 0.2 19.8 7.1 

2 Ethylene + propane + butane  0.4 21.6 8.0 

3 Molecular nitrogen  0.2 12.4 4.9 

4 Molecular nitrogen  0.4 12.1 6.2 

 

And, finally, the estimation of the methyl group concentration directly in the UDD 

synthesized from HE with and without methyl group showed significant difference in 

concentration (Table 3). Thus, the tendency of methyl radical formation can be considered as a 

tendency of substance condensation during detonation transformations. 

 

Table 3. Comparison of methyl group concentration for the UDD samples (6,20). 

    Output (D1 – D0)/m 

Mixture of HE, mass ratio, 

Formula 

OB, 

%  

Density, 

g/cm3 

CC/HE,   

% 

UDD/HE, 

% 
1/mg 

Trinitrobenzol – RDX 60/40 
C22.3H19.3N19.3O27.7 

-42 1,690 8.45 5.48 0.0200 

Picric acid - RDX 60/40 
C21.1H18.7N18.7O29.2 

-36 1.67 5.17 2.6 0.0215 

Trinitroresorcin – RDX 70/30 
C21.2H16.7N16.7O31.0 

-32 1.69 5.37 2.4 0.0194 

Picric acid/RDX 40/60 
C18.6H21.5N21.5O28.4 

-31 1.690 4.89 3.00 0.0199 

Trinitrotoluene – RDX 40/60 
C20.4H25.0N21.5O26.8 

-42 1.605 15.0 5.99 0.0251 

Trinitrotoluene – RDX 60/40 
C24.0H24.0N18.7O26.7 

-53 1.608 16.6 4.4 0.0343 

Trinitrotoluene – RDX 60/40 
C24.0H24.0N18.7O26.7 

-53 1.608 16.6 4.4 0.0259 
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The molecular nitrogen influence 

 

For the first time, the assumption about the influence of the molecular nitrogen 

formation on the processes in the reaction zone was introduced in (18). At a later time, this idea 

was developed in (7). This assumption has some reasons, firstly there are no single nitrogen 

admixtures and there is A-defect, consisting of two nitrogen atoms (like nitrogen molecule), in 

the UDD (5,9).  

Secondly, the molecular nitrogen formation results in considerable absorption of heat 

(19) and consequently decreases chemical activity in the corresponding area and supports to 

survive generally any detonation products.  

To a greater extent, the source of nitrogen should be hexogen (RDX) or octogen 

(HMX), firstly these molecules contain considerable amount of nitrogen. Secondly, as the 

isotope methods showed that carbon of hexogen (RDX) or octogen (HMX) takes 

disproportionate part in the UDD formation (disproportionally low), but the optimal conditions 

of the UDD synthesis demand hexogen (RDX) or octogen (HMX) participation. Generally, the 

results described in this work (the UV-spectra, Figure 1) confirm this assumption. 

 

 
Figure 1. The absorption spectra of the UDD-samples in ultraviolet part 250 – 350nm. 

Most typical spectra for the samples synthesized from trinitrophenol – hexogen (Pa/RDX) 

mixture in mass ratio 60/40, and trinitroresorcin – hexogen (TNR/RDX) 70/30, 20/80 mixture. 
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The Possible Physical Processes from the standpoint of the UDD synthesis 

 

It should be noted that from the molecular and kinetic point of view the notion of "a 

shock wave" is not optimal for the consideration of some experimental data obtained during the 

UDD synthesis. For example, under the optimal conditions of UDD synthesis in the TNT/RDX 

the mixture original density of HE is about 1.6 – 1.7 g/cm3; the density of the substance in the 

reaction zone is about 2.0 –2.2 g/cm3. The maximum UDD output equals to about 8-9% of HE 

mass in case of the gaseous preservation atmosphere. But the density of the UDD is about 3.0 – 

3.2 g/cm3. The densities are certainly not additive, but it is necessary to provide 9% of mass with 

3.0 – 3.2 g/cm3 density under the average density of 2.0 – 2.2 g/cm3. It is necessary to state that, 

firstly, the reaction zone should contain some "unloading" area, and, secondly, some parts of 

substance are beyond the influence of the "shock wave". Therefore it is expedient to discuss the 

compression area (this area has some geometric and energetic characteristics). From the 

standpoint of the UDD synthesis a phenomenon consisting of unloading and compression areas 

cannot be strictly named a shock wave.   

The next important problem is connected with the interaction of heterogeneous high 

explosives. According to the UDD experiments the products of TNT and RDX destruction are 

certain to interact in the reaction zone. For example (3), the UDD output from TNT is 2.8% of 

HE mass, from RDX it is less than 1%, but for TNT/RDX 50/50 it equals to 7.2% under the 

same experimental conditions.  

It is possible to change the alloy to pressed HE, but the principle remains the same. The 

hexogen (RDX) or octogen (HMX) should interact with TNT for the A-defect formation (or for 

the transmission of the conjunction energy). And the conclusion about the destruction products 

interaction was made in ref. (6, 20).  

To provide the interaction of different HE in the mixture, the assumption of non-

equilibrium or irregular liberation of energy (the conjunction energy) was introduced (6, 20). As 

a matter of fact it means that the molecules with the conjunction system can only be molecules of 

HE.  

Nevertheless, the results brought up a lot of new problems about the reasons of the 

conjunction system destruction. The conjunction system of a chemical bond adds to the stability 

of the bond but does not reduce it. Theoretically, during the incomplete destruction of the HE 

molecules, it is possible to find absolutely different way of their destruction. 

In order to answer this question and obtain some physical picture from the standpoint of 

the UDD synthesis, the authors propose to start with the non-equilibrium notion. 
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In case of the UDD synthesis it is expedient to consider that the non-equilibrium 

tendency presents the process of the states number increase (or entropy increase). During the 

UDD formation the experimentalists face with the molecular objects or objects which can be 

presented as the molecular ones. The number of states of the molecular system is a function of 

electronic, vibrational and rotational states (the processes with spin in case of the UDD synthesis 

are not principal). In case of an equilibrium system the processes are known to tend to the energy 

minimum. The tendency of the state number increase (the non-equilibrium tendency) depends on 

energy possibilities. 

A. The system examined possesses the energy comparable to the electronic energy (exactly 

energy distributes so that there is locally energy compared to a bond energy). This energy is 

sufficient for the chemical bond destruction. The simplest way to the increase entropy is to 

obtain gas molecules which have different values of impulse (exactly impulse, coordinate, and 

acceleration). And this tendency takes place in the experimental results (the functional groups, 

fragments of organic molecules, etc.).  

B. Energy is comparable to the vibrational energy. Condensed matter would be formed. 

Evidently, it is possible to increase considerably the number of states by the increase of 

the vibrational and rotational possibilities of the molecular system. It is possible to simplify the 

situation. For example, an original structure consists of some fragments of various dimensions 

(one-dimensional, two-dimensional or three-dimensional). What must the dimension of these 

fragments be in order for the system to pretend on a considerable increase of the vibrational and 

rotational states? Disordered or fractal, two- or three- dimensional. In case of one-dimensional 

fragment, the transition to two-dimensional (disordered) variant will undoubtedly increase a 

number of possibilities of the system and a number of states, which requires for description of 

these possibilities. 

In case of two-dimensional fragments, for example, benzene ring, the formation of a 

three-dimensional structure will be preferable. In our case any similar changes of HE molecules 

will cause, with a high probability, the destruction of the conjunction system and the transition of 

the corresponding energy into another form (liberation of energy). In case of aromatic molecules 

of HE it means the appearance of the chemically active carbon. And it is most likely that the 

carbon can be a source of the UDD carbon and the experiments confirm that. 

 

Conclusion 

 

Thus, it is possible to sum up these ideas. The initiation of the original HE creates non-

equilibrium conditions which tend to re-distribute some energy so that to create maximum 
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disorder (maximum increase of entropy). It is easier to create a higher disorder in the volume 

than in the plane (because the vibrational energy is smaller than electronic one). As a result the 

collective (two-dimensional) system of stability (the conjunction energy) of HE molecules will 

be destroyed. The conjunction energy that is high in case of HE molecules transforms into 

another form.  

The irregular liberation of energy forms the compression area and the unloading area. 

In the energy dimension the difference between these two areas is higher than the bond energy. 

This conclusion is based on the stable output of UDD for RDX, HMX, and DNP. C-H bonds of 

these molecules are stable and their destruction can not cause to any effective emitting of energy 

(the carbon of these molecules is beyond of the conjunction system). The UDD output of these 

explosives is small but it is stable. Consequently, some stable destruction of substance takes 

place (from the standpoint of the authors this destruction is the detonation). High level of 

atomization can be performed only in the compression area, but it is less than a half of the HE 

mass. The chemical processes taking place in the reaction zone were described in the previous 

works. From the standpoint of the IR-spectroscopy the function of the hydroxyl group is not 

clear.   
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Abstract 

 Extrusion or injection molding has become a prospective technology for PBX processing. 

We performed the investigation to examine the processability, performance, and sensitivity 

characteristics of the extrudable PBX formulation which has been developed for sheet explosive.   

The new formulation was basically formulated with PETN, copolymer of ethyl acrylate and 

butyl acrylate(HyTemp) and energetic plasticizer. Designed candidate formulations have been 

prepared using paste process and evaluated.  In this paper we describe the formulation study, 

sheet forming process and also present the results of sensitivity and performance tests. 

 

1. Introduction  

Flexible sheet explosive is used for deforming charge in direct energy warhead design, 

cutting device and transfer line[1]. The sheet can be formed in rolling or extrusion process[2]. 

The explosive must maintain the flexibility after sheet forming process to be loaded into 

warhead.  

Typical explosive formulations of interest in sheet applications are PETN, HMX, RDX-based 



compositions[2,3]. This paper presents the development of DXD-19 , PETN-based formulation 

used for sheet explosive. It is an extrudable plastic bonded explosive that is developed to 

provide an explosive with high performance and reduced sensitivity as a deforming charge for 

deformable warhead. 

DXD-19 is composed of PETN, HyTemp binder and plasticizer.  Thermoplastic elastomer 

which does not need curing process was selected to improve explosive characteristics. The 

present study aims to examine the processability, performance and sensitivity characteristics of 

the developed PBX formulation. 

 

2. Experimental  

2.1 Apparatus 

The mixing apparatus was a horizontal kneader system equipped with sigma-type blades. The 

capacity of the kneader was 3 liters. A vacuum pump and chiller system were fitted to recover 

solvent. Heating of the kneader was done by circulating hot water through the jacket in the 

mixing bowl.  A flocculator driven by air motor was operated independently to prepare lacquer 

solution. The sheet forming apparatus was a ram extruder system with a nozzle. Vacuum and 

heating system were also fitted to extruder.  

2.2 Materials 

The used materials are as follows : 

○,1 PETN 

PETN used was M5 grade made by Korean company HANHWA coated with inert plasticizer 

ATEC(acetyltriethylcitrate) before mixing procedure to desensitize. The mean diameter was 13 

㎛ and the particle size distribution is shown in Fig.1 
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Fig. 1. Particle size distribution of PETN 

 

○,2 HyTemp-4454    

   Elastomer used was obtained from B.F. Goodrich Co. in the trade name of HyTemp-4454, 

which was primarily a copolymer of ethyl acrylate and butyl acrylate with a small amount (less 

than 5 %) of chlorine-containing derivative. 

○,3 Plasticizer 

  The nitropasticizer BDNPA/F, a mixture of BDNPA and BDNPF by the 50/50 weight ratio 

was synthesized in Korean chemical company. 2 % of 2-NDPA (nitrodiphenylamine) was added 

as a stabilizer. Inert plasticizer ATEC was obtained as commercial grade material. 

 ○,4 CAB(cellulose acetate butyrate) 

    The reinforcing agent CAB used in this study was CAB-381-20 from Eastman Co., U.S.  

2.3 Procedure 

Solvent-slurry method was designed to prepare DXD-19. The ingredients and composition of 

DXD-19 are shown in Table 1. The first procedure was the preparation of lacquer solution to 

apply binder. Proper solvent should be selected which has a good solubility of binder HyTemp 

and very low solubility of PETN. DCE(Dichloroethane) was finally decided as suitable solvent. 



The mixture of HyTemp and DCE in ratio of 1/25 was stirred in flocculator for 4 hours at 60℃ 

to solve the binder completely. The lacquer solution was put into the kneader and PETN was 

added. The mixture was agitated for 3 hours at 60℃ to disperse PETN particle homogeneously. 

Plasticizer, BDNPA/F and ATEC, and CAB solved in DEC were added to the gel state mixture 

then mixed again to form paste. After mixing the residual solvent was evaporated under low 

vacuum(50 – 70 mmHg) at 60℃. The optimum process parameters have been established to 

produce a half kilogram batch of DXD-19 for this investigation. The final product was dough 

state and could be formed into sheet easily by pressing or extrusion. 

 

Table 1. Formulation of DXD-19 

Ingredient DXD-19 (weight %) 

Nitramine PETN 73 

Binder HyTemp-4454 13 

Nitroplasticizer BDNPA/F 6.2 

Plasticizer ATEC 6.3 

Reinforcing agent CAB 1.5  

 

Fundamental small scale properties were determined for DXD-19 as part of the requirement 

for qualification of explosives.  These tests included ; sensitivity, detonation velocity, thermal 

properties, mechanical properties, sheet forming and performance test.  

 

3. Results and Discussion 

3.1 Mixing and sheet forming 

PETN was coated with 3 wt % of plasticizer ATEC to improve handling safety in mixing 

procedure. At the first stage of the mixing procedure, the mixture in the kneader contains much 

solvent and the mixing was not effective. During the solvent was evaporated under vacuum, the 



explosive material became viscous, thus the kneading action yielded homogeneous dough state 

explosive. The dough has good rheological properties to be extruded in sheet shape with ram 

extruder(Fig. 2).  The extruding mold and nozzle was heated to 40℃ and evacuated to 20 

mmHg before extrusion. 7 MPa of pressure should be applied to the explosive to form into 3 

mm-thick sheet. The sheet showed good surface finish and flatness with no voids. The density 

of the sheet was 1.52 g/cc which was uniform along the sheet[4]. The 3 mm-thick sheet was 

used to characterize the explosive properties of DXD-19.  

 

            
               (a)                                   (b) 

Fig. 2.  Sheet forming facility(a) and extruded sheet(b) 

 

3.2 Explosive Properties 

  3.2.1 Sensitivity 

Impact and friction sensitivities of DXD-19 were significantly reduced[5]. PETN, the 

reference material, has an impact sensitivity of 4.8 Joule measured with Julius Peter's Impact 

Tester while that of DXD-19 was an average of 22.2 Joule which showed the role of soft binder 

as a shock absorber or diverter to the impact energy.  Friction sensitivity of DXD-19 was also 

reduced.  PETN has a friction sensitivity of 6.6 Kgf using Julius Peter's BAM Friction Tester 

while that of DXD-19 was an average of 28.0 Kgf.  Friability test was conducted to assess the 



susceptibility of the explosive to high strain rate break-up and subsequent ignition 

characteristics of the deformed state. An air gun system was used to get the impact velocity of 

150 m/s and the burning test was done in a closed bomb. The response of DXD-19 to friability 

test was observed to be mild with the pressure rise rate of 0.12 MPa/ms. The results of 

sensitivity test are summarized in table 2. 

 

Table 2. Explosive test results of DXD-19 

Test Result Remarks 

Density 1.52 g/cc 3 mm-thick sheet 

Impact Sensitivity 22.2 Joule PETN = 4.8 Joule 

Friction Sensitivity 28.0 Kgf PETN = 6.6 Kgf 

Friability test 0.12 MPa/ms 
Impact velocity 

= 150 m/sec 

Detonation Velocity 7.210 ㎜/㎲ 3 mm-thick sheet 

 

3.2.2 Energetic properties  

Detonation velocity was measured with the sheet of 3 mm thickness using pin method.   

The sheet explosive was ignited with RP 87 EBW detonator without booster. The average value 

of the detonation velocity was 7.210 ㎜/㎲. The performance test of the sheet explosive as 

deforming charges of deformable warhead was conducted[6]. The result of the test is shown in 

Fig.3. The sheet explosive was ignited from left-end and fully detonated. 

 

3.2.3 Mechanical properties 

 The maximum stress under tension of DXD-19 was 2.2 bar and the strain at maximum stress 

was 15.5 %. The value of 15.5 % strain shows the rubber-like elastic property of the explosive. 

 



 

            
             (a)                                          (b) 

Fig.3. Deformable warhead test set-up(a) and result(b) of DXD-19 

 

3.2.4 Thermal properties 

DSC(Differential Scanning Calorimetry) at two temperature ranges and TG(Thermo-

Gravimetry) analysis were performed. The results are shown in Fig. 4, Fig.5 and Fig. 6. 

DXD-19 was proved to be thermally stable up to 145℃(Fig. 4, Fig. 5) at which PETN starts 

to melt and decompose.  Glass transition temperature, Tg, of DXD-19 was measured to be -

57℃(Fig.6) which is low enough for room temperature forming.   

 

   

 

Fig.4. DSC spectrum of DXD-19      Fig.5. TG plot of DXD-19, heating rate 10℃/min 

 
 
 



 

 

 
Fig.6. DSC at low temperature range  
 

4. Conclusions 

Development of a PETN based sheet explosive formulation with thermoplastic elastomer and 

energetic plasticizer was discussed. 

 

• High energy sheet explosive with low sensitivity properties was developed. 

• Dough state explosive can be easily formed into sheet using ram extruder.  

• The extruded sheet has good energetic performance and can be used as the deforming 

charges for deformable warhead. 

 

References 

1. R.M. Lloyd, “Conventional Warhead Systems Physics and Engineering Design : Direct 

Energy Warhead”,1998 

2. Franklin B. Wells, “Development of a High-energy Flexible Sheet Explosive”, AD-

786510, 1974 

3. K.J Scribner, E. von Holtz, R.L. Simpson, “High-Performance, Extrusion Cast 

Explosives with Low Sensitivity”, UCRL-53890, 1989 



4. Y.G. Cheun, J.K. Kim, H.J. Lee : "Development of the lab-scale manufacturing process of 

DXD-19", ADD Report TEDC-419-000996, 2000 

5. Y.G. Cheun, J.K. Kim, H.J. Lee, "The performance and safety evaluation study of DXD-

19", ADD Report TEDC-419-021094, 2002 

6. Y.G. Cheun, J.K. Kim, H.J. Lee, "The Development of Scale-up Process for DXD-19", 

ADD Report TEDC-419-031187, 2003 

 



Relationship between Combustion Heat and Blast Performance  
of Aluminized Explosives  

 

Ki-Bong Lee, Keun-Deuk Lee, Jeong-Kook Kim  
High Explosives Team, Agency for Defense Development 

Yuseong P. O. Box 35-5, Daejeon, Korea 
 

ABSTRACT 
 
The effects of characteristics of aluminized explosives, such as combustion heat, oxygen content, and 

detonation velocity on blast performance in the air, underground, and well confined chamber have been 

investigated. Relationship among these parameters has been analyzed and established. It is concluded that 

the cratering performance underground and internal blast performance in confined chamber are 

proportional to heat of combustion by asynchronous self-oxidation and total heat of combustion of 

explosive, respectively, while air blast performance is proportional to heat of combustion by 

asynchronous self-oxidation and its detonation velocity. This study also describes relationship among 

these parameters as model equations according to detonating circumstances.  

 

Introduction 
 

The magnitude of explosion is determined by the amount of explosion energy and its release rate. 

The explosion is an oxidation reaction completed in very short time and its heat of combustion and 

reaction rate are closely related to explosion energy and energy release rate, respectively.  At same 

distance, the bigger the amount of explosion energy is, the higher overpressure is measured. When energy 

release rate is relatively high, overpressure is pretty high at near position to exploding object but rapidly 

decreases according to the distance. On the contrary, when energy release rate is relatively slow, 

overpressure is low at near position to exploding object but the overpressure decreasing rate is so low that 

overpressure and impulse are relatively high at even farther position[1].  

Heat of combustion of aluminum is pretty high next to boron among metals employed in explosive 

compositions and its reaction rate is relatively slow. Aluminized explosives, therefore, have a high 

detonating energy and also release it for a long time. Owing to theses characteristics, blast wave of 

aluminized explosive lasts long and it sustains a detonating property even at low pressure range. This is 

why aluminum is a very important material in high blast wave required explosive compositions, such as 

underwater, underground, and air blast explosives.  

Combustion of aluminum needs a large amount of oxygen so that aluminized explosives should 

include affluent oxygen in their own components, or be provided with that from around detonating 

circumstances. Accordingly, in order to enhance blast performance explosive compositions have to be 



differently designed according to detonating circumstances considering aluminum content, oxygen 

amount, and aluminum's heat of combustion.  

This study is devoted to the investigation of the effects of characteristics of aluminized explosive, 

such as heat of combustion, oxygen content, and detonation velocity related with energy release rate on 

their blast performance according to detonating circumstances and is showing a model equation 

representing a relationship among these parameter. Detonating circumstances are classified into 

underground, confined chamber, and in the air.  

 

Blast Performance According to Detonating Circumstances 
 

Underground  

A cratering explosive for making a crater on a runway and demolishing a dam detonates after being 

penetrated into underground or a concrete which means it detonates in confined condition under no 

contact with outside oxygen excluded. From this point of view, it could be foreseen that the performance 

of a cratering explosive is closely related to the energy, i.e., heat of combustion generated by its own 

oxygen when it detonates.  

In order to find a relationship between underground performance and heat of combustion, 

underground blast performance test results of five explosives that presented by the Air Force Wright 

Laboratory at the Eglin Air Force Base in USA have been investigated and summarized in Table 1[2]. 

They were measured by the heave test whereby performance is measured by how high a steel plate is 

lifted by buried test item. Analysis of the plate travel height yields the heave energy.  

 

Table 1.  Formulations and Performances of Underground Explosives  

        Tritonal AFX-625 APET-257 RX-35-EK RX-35-DW

HMX  25  39 51 

RDX   25   

TNT 80 25    

AL 20 25 33 30 18 

NTO  25    

AP   30   

TMETN    25 25 

PGN    6 6 

HTPB/DOA   12   

HEAVE 1.00 1.08 1.38 1.42 0.90 

 
Table 2 represents total heat of combustion, needed oxygen amount for perfect combustion, the 

amount of retained oxygen, and heat of combustion by retained oxygen of above five explosives, 



respectively. The major oxidizing elements are carbon, hydrogen, and aluminum among the elements that 

aluminized explosives consist of. Looking into the oxidation mechanism of these elements, there may be 

a quite difference in the heat of combustion between when all elements react simultaneously and when a 

specific element reacts first in an order because all five explosives have insufficient oxygen for perfect 

oxidation.  

If they have enough oxygen to perfectly oxidize their components, of course, the heats of combustion 

in two cases would be same each other. Heat of combustion in the former case was named heat of 

combustion by synchronous self-oxidation(�Hs), the latter heat of combustion by asynchronous self-

oxidation(�Has). For asynchronous self-oxidation reaction, it is assumed that the reaction proceeds in 

order of aluminum, carbon, and hydrogen. Heats of combustion for two cases for five explosives are 

calculated from below equations and represented in Table 2.  

 
Total Heat of Combustion : 

     

Heat of Combustion by Synchronous Self-oxidation :  

 

Heat of Combustion by Asynchronous Self-oxidation :  

 

 

where W is weight fraction, OR and ON are, respectively, retained and needed oxygen based on each 

component weight, and subscripts, i, m, CH mean each component, metal(Al), and carbon/hydrogen, 

respectively.  

 
Table 2.  Various Heats of Combustion for Underground Explosives  

  Tritonal AFX-625 APET-257 RX-35-EK RX-35-DW

Total heat of combustion (kcal/g) 4.35 3.75 4.27 3.94 3.31 
Needed oxygen for perfect 
combustion (%) 110.77 82.88 87.67 87.77 84.88 

Retained oxygen (%) 33.82 30.60 28.24 31.31 36.51 
Heat of combustion by synchronous 
self-oxidation (kcal/g) 1.328 1.383 1.375 1.404 1.925 

Heat of combustion by asynchronous 
self-oxidation (kcal/g) 1.993 2.116 2.356 2.357 1.925 

  



The parameters in Table 2 were used for making a correlation with heave energy in Table 1. Figure 1 

is a plot representing a relationship between heave energy and total heat of combustion that indicates no 

relationship could be made. As illustrated in Figure 2, there is no relationship between heat of combustion 

by synchronous self-oxidation and heave energy, either.  

However, it is noteworthy that there is a good linear relationship between heave energy and heat of 

combustion by asynchronous self-oxidation as showed in Figure 3. This result might say that when 

aluminized explosive detonates oxidation of molecular arises first with producing gas products(CO2, H2O, 

NOx, etc.) and then oxygen within them reacts again with aluminum under high temperature and pressure 

condition resulting in producing Al2O3. In other word, aluminum may be a ruling component in this series 

of combustion reaction process, even though exact reaction mechanism of aluminized explosives is 

indistinct. From Figure 3, heave energy can be described as a function of heat of combustion by 

asynchronous self-oxidation by linear fitting, like a below equation (1).  

 

    

where ∆Has is heat of combustion by asynchronous self-oxidation. Constants in equation (1) vary 

according to test condition or explosive charge weight. The above equation (1) could be utilized as a 

simple tool for the design of a powerful cratering explosive through calculation and comparison of ∆Has 

according to variable contents of aluminum, oxidizer, and molecular explosives in test compositions  

 

 

Figure 1.  A Plot of Heave vs. Total Heat of Combustion 

 



 

Figure 2.  A Plot of Heave vs. Heat of Combustion by Synchronous Self-oxidation 

 

 

Figure 3.  A Plot of Heave vs. Heat of Combustion by Asynchronous Self-oxidation  

 
 
Confined Chamber  

The blast performance in confined chamber, such as bunkers, tunnels is represented by the 

overpressure acquired from internal blast test of explosive. As shown in Figure 4 representing a typical 

pressure reading from internal blast test of explosive, this overpressure is observed for relatively long 

time( ~ 1 second) resulting from the decomposition of energy released by its detonation and from any 

subsequent combustion of hot detonation products[3], and  its wave profile  violently fluctuated 

differently from air blast wave profile because the pressure gauge equipped in chamber resonates due to 

reflections off the walls. Consequently, internal blast performance is determined not by the peak pressure 

but by the quasi-static pressure which is determined by averaging the noise in the signal and extrapolating 

back to time as determined by electric initiation of the detonator[4].  

 



 

Figure 4.  Typical Internal Blast Pressure Wave 

 
A previous study[4] on internal blast of explosives has shown that this pressure(�Pc) is proportional 

to heat of combustion(�Hc) and explosive charge weight(Wc) through the equation (2), (3).  

 

   △Pc = k Wc △Hc  ---- (2)  

   △Pc = a (Wc △Hc)n ---- (3)  

 

where "a" and "n" are empirical constants obtained from experimental data.  

 

We have recently constructed a test chamber with explosion-proof utilizing a existing small tunnel[5] 

and conducted internal blast testing of several explosives. The test chamber is a part of tunnel blocked by 

the reinforced concrete having 1.8m depth and armor plate of 50mm thickness. Its length is 20m and has a 

hemispherical cross-section with 3.6m of diameter and 1.8m of height so that the internal volume of the 

chamber is about 100 cubic meters.   
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Figure 5.   The Test Explosive Setup  



 
Based upon our data, an investigation to find more accurate relationship among these variables has 

been made. Five different types of cast PBXs, such as DXC-09, DXC-10, DXC-18 and two modes of 

DXD-23A were tested and Tritonal was also tested as a reference in comparison with cast PBXs. The 

compositions of each of the explosives are given in Table 3. The explosives were charged in a plastic tube 

with 108 mm of inner diameter and 3 mm of thickness. The length of explosive charge was adjusted the 

total weight of the explosive charge to be 2kg. The cylindrical Pentolite (50/50) booster and RP-87 EBW 

detonator were used to initiate the explosives.  

 
Table 3.  Compositions and Characteristics of Test Explosives  

  TNT DXC-03 DXC-09 DXC-10 DXC-18 DXD-23A 
Mod.1 

DXD-23A 
Mod.3 Tritonal

TNT 100             20 

HMX     38 30 45 33 45   

RDX   20             

Al/boron   25 23 23 38 50 10/20 80 

NTO     24 17         

AP   43   16         

HTPB w/DOA   12 15 14 17 17 25   
Total heat of  
Combustion (kcal/g) 3.58 3.62 4.37 4.05 5.40 6.03 6.88 4.35 

Needed Oxygen for
perfect Oxidation (%) 116.23 79.96 104.26 95.23 113.37 116.84 157.43 110.77 

Retained Oxygen (%) 42.27 33.19 26.85 29.42 21.27 15.85 21.78 33.81 
Heat of combustion by 
synchronous self-
oxidation (kcal/g) 

1.302 1.125 1.251 1.014 1.504 .818 .952 1.328 

Heat of combustion by 
Asynchronous self-
oxidation (kcal/g) 

1.302 1.910 1.988 1.775 1.856 1.322 1.559 1.978 

Impulse  1 1.50 1.69 1.68 0.90 - - - 

Quasi-Static Pressure  - - 1.04 0.93 1.10 1.41 1.44 1.0 
Detonation Velocity 
(km/s) 6.89 5.45 7.45 6.52 7.00 - -   

 
The test results were summarized as a plot representing a relationship between quasi-static pressure 

and total heat of combustion in Figure 6. It is easy to know that two variables are linearly proportional to 

each other as previous studies showed. It is noteworthy that DXD-23A mod.3 explosive with boron 

employed which has pretty higher heat of combustion(14.07kcal/g) than aluminum(7.42kcal/g) to 

increase total heat of combustion shows a reasonable internal blast performance as expected. Imperfect 

combustion takes place if retained oxygen amount of explosive is not enough to perfectly combust its 

elements when it detonates. However, it is thought that when it detonates in confined chamber all 



elements of explosive completely reacts with oxygen within chamber at high pressure and temperature 

condition lasting for relatively long so that the whole energy(total heat of combustion) of explosive gives 

out. Oxygen amount within the chamber is calculated as approximately 28kg which is a considerable 

amount in contrast with needed oxygen amount for perfect combustion of all elements.   

Consequently, internal blast performance of explosive has nothing to do with retained oxygen in it 

and is linearly proportional to its total heat of combustion. From Figure 6, an equation representing a 

relationship between internal blast performance and total heat of combustion of explosive is given, like 

followings.  

 
In order to enhance internal blast performance of explosive, it should be designed to have higher total 

heat of combustion as possible. Accordingly, the design techniques aiming at augmentation of inert 

binder content and employment of metal powder with higher heat of combustion are needed.  

 

 

Figure 6.  A Plot of Quasi-static Pressure vs. Total Heat of Combustion 

 
In the Air  

Blast performance of explosive in the air is expressed as peak pressure and impulse(pressure x 

duration time) at a certain distance from detonating explosive as Figure 7, a typical result shows. Air blast 

performances of five explosives are described as impulse in Table 3. Based upon our data in Table 3, an 

investigation to find a relationship among these variables has been made.  
Figure 9 indicates that air blast impulse has nothing to do with total heat of combustion of explosive. 

In other word, this means that elements(Al, C, H) of explosive don't combust completely when it 

detonates in the air, despite of the oxygen affluent condition, while they completely combust through 

secondary reaction with oxygen around in confined chamber. Accordingly, if they react only with 

retained oxygen of explosive, air blast impulse would be related to heat of combustion by asynchronous 



self-oxidation similarly in underground explosion. However, it was revealed that detonation velocity of 

explosive, as well as its heat of combustion by asynchronous self-oxidation also affects air blast impulse 

as shown in Figure 10.  It is believed from this results that air blast impulse would increase when 

pressure generation rate is much bigger than its vanishing rate, i.e. detonation velocity is higher, since 

pressure vanishes relatively fast in the air.  

Consequently, air blast impulse can be represented as a function of detonation velocity and heat of 

combustion by asynchronous self-oxidation by linear fitting from Figure 10.  

 
where ∆Has is heat of combustion by asynchronous self-oxidation, DV is detonation velocity of 

explosive  

  

 

 

                       Figure 7.  Typical External Blast Wave Profile 

 
 

 

Figure 8.  Spherical test explosive and test set-up for air blast test  
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Figure 9.   A Plot of Impulse vs. Total Heat of Combustion 
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Figure 10.  A Plot of Impulse vs. Heat of Combustion by Asynchronous Self-oxidation 

 
 

Summary 

The effects of characteristics of aluminized explosives, such as combustion heat, oxygen amount, 

and detonation velocity on blast performance in the air, underground condition, and well confined 

chamber have been investigated. Relationship among these parameters has been established and 

represented as simple model equations according to the detonating circumstances. Underground blast 

and internal blast are directly proportional to the asynchronous combustion heat and the total 

combustion heat, respectively. Air blast performance was known to be a function of asynchronous 

combustion heat and the two-thirds power of detonation velocity  
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Abstract

This paper addresses the development for an appropriate igniter with which to 

undertake a research programme into the relationship between igniter energy and 

ignition delay for a range of gun calibres and conditions. The purpose is to improve 

the predictive modelling capability for ignition for the UK MOD and ignition delay is 

seen as an important and sensitive measurand. The essential requirements for the 

igniter are discussed. Experimental results from the fundamental study of a range of 

igniter concepts (known to ignite gun charges sufficiently well) are presented.

Introduction

QinetiQ, funded by the UK Ministry of Defence (Weapons and Platform Effectors

Domain), is participating in a EUROPA Technical Arrangement (TA) on Ignition 

Phenomena. In this project QinetiQ is mainly concentrating on conventional ignition 

of solid gun propellants; French and German institutes are mainly concentrating on 

plasma ignition.

The main effort for the UK component of the TA is a study of the ignition delay as a 

function of igniter energy in closed vessels, and 40 mm and 155 mm gun firings. The 

purpose is to improve the predictive modelling capability and ignition delay is seen as 

an important and sensitive measurand. It is planned to undertake a study of the 

ignition delay using a range of loading densities, charge temperatures and 

environmental conditions (i.e. environment gas pressure and gas composition). Two 

types of propellant will be investigated: a 'conventional' propellant and a nitramine

low vulnerability ammunition (LOVA) candidate propellant. The propellants, supplied 

by Eurenco Bofors, Sweden, are NK1280 and NL008 respectively. The igniter 

material is G12 black powder, similar to that used in the L10 primer for the UK

105 mm light gun. The igniter energy is taken to be proportional to the mass of black 

powder.

The essential requirements of an igniter suitable for delivering the UK component of 

the TA are:

• The ability to be able to vary the igniter energy (mass of black powder);
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• A well characterised time of operation of igniter;

• Uniform axial igniter strength (i.e. no hot spots along the axis);

• Rapid axial expansion (0.5 < axial initiation (ms) < 1);

• Radial symmetry;

• Same igniter design for closed vessel tests, and 40 mm and 155 mm calibre gun 

firings.

An additional (desirable) requirement is:

• No barrier between pyrotechnic material and propellant.

These requirements were set to allow the experiments to mimic the assumptions 

within internal ballistics models, and to reduce the test-to-test variation in ignition 

delay time.

Various igniter designs have been studied in order to achieve these requirements. 

The results of experimental and modelling work towards development of a suitable 

igniter are presented in this paper.

Black powder snakes

It was initially envisaged that a simple black powder 'snake' (a long cloth or paper 

bag filled with a mass of black powder and an electric initiator) would meet the above 

requirements. Such black powder snakes have been successfully used to ignite a 

range of gun charges for research purposes for many years.

However, those used in previous gun firings were initiated at one end (usually the 

breech end) by a small pyrotechnic device. The snakes were known to burn in a 

‘cigarette’ fashion along their length. With a flame-spread velocity of a few tens of 

metres per second, the time for this to achieve initiation along the length would be 

more than a millisecond.

Thus, a new concept to attempt to initiate the snakes simultaneously along their 

entire length was tested. Two types of electrical initiator are reported here: electrically 

heated fine metal wires and carbon fibres. 

The fine metal wires studied were 0.2 and 0.345 mm diameter copper and essentially 

acted as long bridge wires. The electrical explosion of such wires has been well 

characterised in previous electrothermal-chemical launcher programmes [1]. These 

wires are known to ‘explode’ at small locations along their length just after melting. It 

was thought that, when embedded into a black powder primer charge, ‘electrothermal 

ignition’ of the black powder would occur at these points.
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Carbon has a very high melting temperature, in excess of 3000 K. It was thought that 

embedding carbon fibres into a black powder charge would transfer large quantities 

of thermal energy by conduction. The carbon fibres used consist of 12000 individual 

filaments of 7 µm diameter [2].

Figure 1 shows one such black powder snake. The cloth bag (snake) contains 5 g of 

G12 black powder with, in this example, carbon fibres running through the length of 

the snake. The plastic discs keep the snake location controlled.

Figure 1: Snake igniter containing 5 g black powder

A fibre optic array (FOA) was used to measure the operation of the snake igniters. 

The optical fibre array can be seen below the snake in Figure 1. This array was 

tangentially arranged along the length of the black powder snake. The optical fibre 

ends were terminated a short distance from the snake. Light from the initiated black 

powder snake was transmitted via the optical fibres to photodiodes, one located at 

the other end of each fibre. A record of the voltage output from the photodiode allows 

the rapidity of initiation along the length to be assessed.

Figure 2 shows the results for a number of tests using heated carbon fibres and the 

two diameters of copper wire. The error bars in the figure indicate the deviation in 

ignition time from the mean. Mainly, five readings go into each data point. However, 

with the carbon fibres, the brightness of the carbon obscured that of the combusting 

black powder and often saturated one or more of the photodiodes.

The results appear to follow a general trend with the mean ignition time along the 

snake reducing with increased energy. As the energy reduces the time to ignition 

tends to infinity. The carbon might belong to a different statistical group than the 

copper, although this is based on one result (200 J) supported with only one fibre 

optic reading. This might be expected as the energy transfer mechanism for 

exploding wires and heated carbon filaments is different.
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Ignition time of snake igniter 
as a function of initiation electrical energy
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Figure 2: Mean ignition times for 5 g black powder snakes versus discharged 

electrical energy for three materials

Additionally, with more thermal energy added to the system, the deviation in ignition 

time along the snake length is reduced. The FOA indicated that the black powder 

snakes initiated with heated carbon fibres offer a reasonable solution for an igniter for 

the TA at around 850 J of electrical energy, with a deviation in ignition time of 

± 0.3 ms (± 0.25 ms being ideal).

However, for the latter tests, Tests 25 - 30, a fast framing digital camera was used to 

photograph the combustion of the snakes. Figure 3 shows the photographs captured 

with the camera for Test 28 – carbon filaments with 840 J electrical energy. The first 

frame (top left) is at 4 ms, following the electrical discharge, with subsequent images 

progressing down and up, with an inter-frame time of around 0.5 ms. The location of 

the snake is easily identified by the vertical bright strip in the first frame.

The photographs showed that the performance of the snake was disappointing. End-

effects appear to dominate with some ignited material being visible, possibly caused 

by non-uniform ohmic heating of the ends. The velocity of this material is low and 

appears to have little effect on the subsequent rate of ignition of the rest of the snake. 

This starts in the fourth frame at the lower end of the snake and progresses along the 

snake, seemingly with the development of new ignition sites rather than the more 

conventional 'cigarette' burn seen with end initiation. The lower half of the snake can 

be seen to swell and burst, starting at the fifth frame. Other initiation spots can be 

seen to start to appear in the eighth frame. The material does appear to start to 

spread with some radial symmetry, but strongly asymmetric flares develop both 

longitudinally and radially.
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Figure 3: Fast framing camera images of Test 28. Frame 1 is at 4 ms, with interframe 

time of 0.470 ms. The table below corresponds to the frame numbers

1 6 7 12 13 18 19 24
2 5 8 11 14 17 20 23
3 4 9 10 15 16 21 22

Inspection of the recovered cloth bags (Figure 4) supports this. These vary greatly in 

the way they have burst. It is easy to see why the flares develop. The poor operation 

of these bags has remained unnoticed in gun firings because the bag is destroyed by 

the combustion of the charge.

Figure 4: Used cloth bags from black powder snakes.

Using black powder snakes was not going to satisfy the symmetrical requirements for 

the igniter. As such, the method of using snakes in an open environment was 

abandoned.
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Piccolo tubes

Further tests were conducted in an attempt to improve the performance of the igniter 

by confinement. A 5 g snake was fitted within a piccolo tube. The design for the 

piccolo was based on a 105 mm igniter, except the ends were not sealed. The test 

set-up can be seen in Figure 5. The black powder snake cloth bag can be seen 

through the perforations of the piccolo tube.

Figure 5: Piccolo tube test set-up

The performance for this igniter, according to the FOA, was at least as good as the 

snakes in open air. Furthermore, according to the camera images, the performance 

was considerably improved by the confinement. Nevertheless, the performance of 

the igniter was still not within the required specification with unacceptable asymmetry 

in the venting products.

One method often used in piccolo igniters for both guns and mortar munitions to 

evenly distribute the igniter material is to use un-perforated thin card or paper tubes 

within a stronger outer perforated (piccolo) tube. The card/paper material bursts at 

some pressure (a few megapascals), allowing gas to vent into the charge. Allowing a 

small amount of pressurisation to occur within the piccolo is seen to aid in even 

initiation of the charge. However, the design of such piccolo igniters is seen as a 

‘black art’, with little characterisation of these igniters having been performed in the 

UK. Anecdotal evidence suggests that not all the perforations always burst, indicating 

that these igniters may be somewhat variable in their operation.

This method was thus studied next. In an attempt to avoid the asymmetrical strength 

of the sewn cloth bags, paper tubes were used for the snakes. These were stapled, 

and later sewn closed at each end and glued along their length. Although the gluing 

again caused asymmetry, it was thought that the overall weakness of the paper 

would improve the burst.

Three different strengths of material were used for the burst tubes: 1.5 mm thick 

card, 0.2 mm thick card and photocopy paper. The design of the piccolo igniter with 

carbon initiator, paper snake material and 0.2 mm thick card burst material can be 
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seen in Figure 6. (This thin card was self-obturating, with the thicker card being made 

from spirally wound strips of card and plied together.)

Figure 6: Piccolo igniter tube design, with carbon fibre initiator and thin card (self-

obturating) burst tube

It was found that that the material did not burst at every perforation. This was true for 

all paper and card types, with the thicker card seeming to burst at fewer holes. The 

non-burst holes were generally grouped together in lines, possibly indicating that the 

non-burst was related to pressure gradients within the tubes rather than inherent 

variations in strength of the tube material.

It was becoming clear that the criteria for the high performance igniter was not going 

to be easily met by this type of igniter. Following the failure of the series of tests 

described above, a new approach to the problem was explored.

Burst disc concept

The disappointing results discussed above meant that another igniter solution had to 

be sought. To this end, a range of medium calibre gun igniter in-service systems 

were considered. A design concept pioneered by Bofors Defence (Sweden) in a 

modified form (referred to here as the ‘40 mm igniter’ design) was chosen as the way 

forward. The Bofors design patent was filed in 1974 [3] and consists of a 6.8 cm3

volume pressurising chamber filled to a loading density of around 1 g cm-3 with black 

powder. The constant volume pressurising chamber is separated from a perforated 

igniter vent tube by a thin steel 'burst' disc designed to rupture at a given pressure. 

Upon initiation, the black powder combusts, increasing the pressure within the closed 

chamber until the disc ruptures. Combustion products then expand along the igniter 

tube venting through the perforations.

The 40 mm igniter design is shown in Figure 7 (left). The igniter consists of a 

19.4 cm3 (variable) volume pressurising chamber filled to a variable loading density 

of up to 0.8 g cm-3 with black powder. The black powder is initiated with an 

electrically operated pyrotechnic. After the steel burst disc ruptures, combustion 

products expand along the igniter tube, venting through twenty-eight 2 mm diameter 

perforations arranged in seven rows. The ‘projectile end’ of the igniter tube (right-
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hand side of the igniter in Figure 7) is closed. A version of the 40 mm igniter was 

designed to allow for the measurement of pressures not only within the pressurising 

chamber but also at six locations along the perforated igniter vent tube as shown in 

Figure 7 (right). Open air tests have been conducted using a range of steel burst disc 

thicknesses from 0.1 mm to 2 mm, variable pressurising chamber volumes from 

7 cm3 to 19.4 cm3 and G12 black powder masses from 2 g to 10 g, with appropriate 

modelling to allow for a redesign of the 40 mm igniter tube.

  

Figure 7: 40 mm igniter design without (left) and with (right) pressure gauges

Initial tests were concerned with the operation of the high pressure vessel. For these 

tests, the thickness of burst disc was increased to such an extent that it failed to 

burst, making the tests closed vessel mode. These data, together with G12 black 

powder burn rate data and grain size distribution, were used to calibrate the CTA1 

code (a one-dimensional internal ballistics modelling code for guns) [4]. The 

agreement between experiment and modelling was excellent and formed a solid 

foundation for modelling the following tests where the burst disc did rupture.

Some tests were conducted using 6 g mass of G12 black powder combusting in a 

19.4 cm3 vessel and a 0.1 mm thick burst disc. Simulations were conducted, based 

on the dataset used to simulate the closed vessel tests, but adjusting the rupture 

pressure of the burst disc to get good agreement between the measured and 

predicted maximum pressures. The resultant burst pressure of the 0.1 mm thick disc 

was 30 MPa.

Comparison between experimental and modelled pressure results for the 

pressurising chamber was good. The depressurisation of this chamber was well 

modelled. The burst disc was treated as a very light projectile. This means that the 

rupture occurs very quickly and the ‘projectile’ is accelerated down the igniter vent 

tube tube, impacting the end in about 0.5 ms at a velocity of 800 m s-1. Examination 

of the discs which failed to burst and just burst clearly show that the discs bulge in 
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the centre prior to ‘petalling’ from the centre, as opposed to circumferential shearing. 

(This subject is covered below in more detail.) Modelling as a projectile is thus clearly 

not representative. However, there is no mechanism currently in the code for 

modelling the rupture of the burst disc in any other way and no action will be taken 

because the modelling appears to be satisfactory; this effect seems not to be of 

much significance.

The pressure gauges along the igniter tube showed large variations, particularly in 

the timing of the initial pressure pulse and the maximum pressure; agreement with

modelling was not good. Although there was only fair agreement between the 

predicted and measured pressures for all gauge locations along the tube, similar 

trends were predicted. 

Figure 8 shows a sequence of photographs from a typical firing of the 40 mm igniter 

with the initial design of igniter tube into open air. The high pressure vessel is to the 

left and the closed projectile end is to the right in the photograph, so gas flow is from 

left to right. A pressure gradient develops along the tube length such that there is a 

minima at the centre of the tube, resulting in a strong flame at either end (particularly 

the closed end where a stagnation point develops), and a weaker flame structure in 

the centre, as shown in the figure.

Figure 8: Example firing of 40 mm igniter with initial design

This design of the igniter vent tube still failed to fulfil the symmetrical criteria for a 

research igniter. An obvious means to give a more even pressure distribution along 

the primer tube was to increase the vent area in the region of the closed end of the 

primer tube. Simulations indicated that inserting a new circumferential row of holes 

between the last two sets of holes at the closed end of the primer tube should help to 

distribute the maximum pressures more evenly. Furthermore, the simulation 

suggested that the diameters of the last two circumferential rows (one of which was 

the new row) of vent holes needed to be increased from 2.0 mm to 2.8 mm diameter.

The new design of igniter tube was tested. Although an improvement was seen in the 

distribution of igniter products, the venting was still not even enough to be considered 
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uniform. Hence, further alterations to the vent tube design were made using an 

empirical approach.

A final design used seven rows of holes with diameters starting at the breech end of 

2.0, 3.0, 3.5, 4.0, 4.5, 3.5 and 3.0 mm. The holes have been greatly increased where 

the flare was weakest. Figure 9 (which is directly comparable with Figure 8) shows a 

photographic sequence of the output from this final design. Although it is not perfectly 

uniform, there is an acceptable degree of longitudinal and radial symmetry 

throughout the test.

Figure 9: Example firing of 40 mm igniter with final design

Characterisations of time of operation

To enable ignition delay to be well defined during closed vessel tests and gun firings, 

the start and end of ignition needs to be well defined. The completion of the ignition 

event can be taken as a predetermined pressure well above that due to the igniter 

alone. However, the start of the ignition event is more technically challenging to 

define. One of the criteria for the research igniter is to have a well characterised time

for the start of operation. The moment that the burst disc ruptures in the 40 mm 

igniter design being considered is a natural choice; the measurement of pressure 

within the high pressure chamber should allow the burst to be easily identified. 

Intuitively, one would expect a close relationship between the time of bursting and 

the time at which peak pressure occurs, with a small and predictable delay between 

the two.

To demonstrate that this is the case, two methods of identifying the moment of burst 

disc operation have been used: an acoustic probe glued to the outside wall of the 

igniter chamber to ‘listen’ to the burst process, and an ionisation probe located next 

to the first vent hole in the piccolo vent tube to detect the hot igniter products.

The burst pressure, Pb has been compared to the peak pressure, Pp within the 

pressurising chamber for a range of loading densities and burst disc thicknesses of 

0.1 and 0.3 mm. Figure 10 shows that a plot of the peak pressure versus burst 

pressure for this series of tests. It became apparent that there were some tests which 

obeyed the intuitive relationship with a linear relationship of Pp = 1.05 Pb, but some 
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were off this trend line. The data has been arranged by loading density in Figure 10

to highlight that, generally, it was the higher loading density results that were causing 

a problem, with transition occurring at a loading density of between 0.41 g cm-3 and

0.52 g cm-3.  However, some of the higher loading density tests were in agreement 

with the linear relationship. Further investigation of these tests showed that a 0.3 mm 

thick burst disc had been used: all the other ‘awkward’ tests used a 0.1 mm thick 

burst disc. These results indicate that there may be two material failure modes, 

namely, ductile fracture and brittle fracture.
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Figure 10: Comparison of burst pressure to peak pressure in the 40 mm igniter 
design

Ductile fracture is due to growth of voids within the material after a period of plastic 

deformation and brittle fracture due to rapid rates of crack propagation with no gross 

deformation. In these tests, at higher loading densities the strain rate is increased 

such that the material failure mode may transition from ductile to brittle fracture. For 

greater thicknesses of steel burst disc, the loading density must be increased further 

still for this transition to occur. However, due to limitations in the experiment the 

loading density of black powder could not be increased to a level where a 0.3 mm 

burst disc would behave as though it was brittle. It seems that the tests where brittle 

fracture occurs have no relationship and are ‘scattered’. If a material is behaving as 

though it was brittle then the pre-existing surface or interior cracks (at the grain scale) 

serve as the crack nuclei. Stress is concentrated at the tip of these flaws and when 

the resulting stress magnification reaches a critical value, crack propagation results 

[5]. It is because of this dependency on material imperfections that brittle fracture can 
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occur without warning [6] and therefore contains a greater degree of variability than 

ductile fracture. This is reflected in the results displayed in Figure 10.

Although the burst process could not be visualised at the time of rupture, it was 

possible to determine the mode of failure from looking at the disc remains from a 

series of tests where the loading density was low. Remnants of the 0.1 mm thick 

burst discs recovered from these tests supported the above view, with evidence of 

petalling from the tests which lie on the trend line. With the 0.3 mm thick burst disc 

which just failed to rupture, ‘doming’ and heat deformation or ‘bluing’ occurred at the 

centre of the disc, further supporting the theory of ductile fracture post plastic 

deformation for low loading densities.

For the ignition research programme, the black powder masses of 2.5, 6 and 10 g 

are likely to be used in a 19.4 cm3 chamber. To aid test-to-test reproducibility of the 

igniter, a 0.1 mm thick burst disc will be used for the lower masses (0.13 and 

0.31 g cm-3 loading density) and a 0.3 mm burst disc for the 10 g mass (0.52 g cm-3

loading density).

An igniter is required to research ignition delay as a function of igniter energy (black 

powder mass). Success criteria for the igniter have been identified and various igniter 

designs known to give satisfactory ignition in guns have been studied.

The first designs to be studied were black powder snakes initiated along their axis.

Although these met the criterion for rapidity of operation, they were found to be 

wanting with regard to radial and longitudinal symmetry, with visible flares developing 

at discrete locations along their length. Investigation of the remains of the snake’s 

cloth bags showed that the bags had burst at a few locations, allowing igniter 

material to vent at these points.

The snakes were then confined within perforated piccolo tubes. Although this 

confinement made a substantial improvement in longitudinal symmetry of the venting 

plumes, the performance was still not adequate for the purposes of research. The 

use of paper and card burst materials over the holes of the piccolo tubes (as per 

mortar charges) was then explored. However, a significant number of the holes failed 

to burst.

A final solution was found with an in-service igniter based upon a design by Bofors 

Defence (Sweden). This igniter uses a high pressure chamber, separated from the 

igniter vent tube by a thin metal burst disc. Modifications were made to their design to 

allow a range of black powder masses and burst disc thicknesses to be studied. A 

study of an initial design was made in open air tests, with results showing that the 
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performance of the design was inadequate for the research programme. Modelling of 

the pressures within the venting pressurisation chamber was good. However, the 

models failed to adequately predict the pressurisation within the igniter tube and the 

use of the models to improve the design only made a modest contribution to the final 

design which met the criteria for the research igniter. This final design will be tested 

within closed vessel tests and 40 mm gun firings.

A brief investigation of the burst disc rupture process has indicated that there may be 

two modes of operation: predictable plastic deformation and less predictable shear 

failure. There would appear to be a clearly defined transition between the two modes 

based upon loading density and burst disc thickness. For higher loading density 

tests, a thicker burst disc will be used to avoid shear failure.

It is clear that more work is required in the UK if predictive modelling of the operation 

of igniters using a burst disc concept for igniter design is to be undertaken. This area 

would benefit from further research.

It is also notable that just because an igniter works sufficiently well within a gun does 

not mean that the igniter is operating in a uniform manner. The poor operation of all 

the designs highlighted within this study suggests a reason why a high degree of 

optimisation is required to match an igniter system with specific charge designs. This 

reinforces the need to further understand and improve the predictability of igniter 

operation.
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Abstract: 
The knowledge of the sensitivity of energetic material is very important to 

be able to avoid accidents occurring during its handling. The sensitivity of 

energetic material to shock and friction is established according to the 

test procedures of the Bundesanstalt für Materialforschung und -prüfung 

(BAM). The thermal behaviour of energetic material can be investigated 

with Differential Scanning Calorimetry (DSC) and Thermal Gravimetry 

Analysis (TGA). The knowledge of the sensitivity of such material to 

electrostatic discharges is very important. About twenty years ago a 

procedure to measure the sensitivity of explosives to electrostatic 

discharges was created at our laboratories. Some years ago this method 

was compared to other test procedures in an international round robin 

test. It could be demonstrated that it simulates the reality very close. Last 

year the procedure was redesigned. An electronic microcontroller is now 

used for the input of the electrostatic charge. Additionally the final charge 

at the moment of the discharge is measured. A special electronic device 

is warning if no discharge took place. With this new experimental set up 

the sensitivity to electrostatic discharges of several metal powders used 

for pyrotechnic compositions was determined. The measured data are 

compared to data, determined with the old equipment. 
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1. Introduction 
Safety and performance are the most important requirements for 

explosives. Safety can be split up into handling safety, storage safety 

and function safety. This paper only deals with the problem of the 

handling safety of explosives. During handling, manufacturing and 

transport, external stimuli such as impact, friction, heat and electrostatic 

discharges can trigger the reaction of energetic material. A major danger 

of the mentioned environmental influences is electrostatic discharges 

[1,2]. Some propellants and mainly the pure metal powders which are 

used as reducing agents in pyrotechnic compositions as well as 

compositions containing already such metal powders show a high 

sensitivity to electrostatic discharges [3]. In the eighties of the last 

century several serious accidents in Swiss ammunition plants as well as 

abroad could be led back to electrostatic discharges. Based on these 

incidents a test equipment to determine the sensitivity of energetic 

materials and its components was built. Although the test method does 

not take into account all physical parameters of an electrostatic 

discharge, the results enable a classification of energetic materials 

concerning their sensitivity to electrostatic discharges and to work out 

adequate instructions for the handling. 

The electric capacity of a man ranges between 100 and 500 pF. The 

commonly used international value is 200 pF. Depending on the 

humidity, the cloths and the environment, humans can get voltages from 

1000 up to 30000 V [4,5].  

According to E = 1/2CU2        (1) 

E: Energy 

U: Voltage 

C: Capacity 
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A human being can easily get a voltage of 1000 V, this leads to a 

discharge energy of 100 µJ. With 5000 V a discharge energy of 2.5 mJ is 

produced. Experiments showed that under adverse circumstances such 

as low humidity, unsuitable cloths and so on a human being can build up 

a discharge energy in the range of 50 mJ. Therefore the equipment was 

designed to generate discharge energies between 1 µJ and 6 J [9]. 

Designing the equipment it was assumed that the electrostatic discharge 

of a human being handling energetic materials happens by spark and / or 

electric arcs as well as by direct contact.  

A Norwegian investigation to compare several test methods in this field 

showed that the presented test procedure is on a high level [6]. 

 
2.   Experimental Set Up / Improved Equipment 
The experimental set up consists of two electrodes and an electronic 

control unit. The adjusted electric charge is provided and switched to the 

electrode 1 which can be lowered towards electrode 2.  

Electrode 1 is a commercially available pin with an exactly defined tip. 

It has to be replaced after each test. Electrode 2 is a brass plate with a 

defined surface. The rotating sample charger ensures that the surface 

quality of electrode 2 is the same for each test.  

 
2.1 Microcontroller 
The microcontroller communicates with the keyboard and is responsible 

for the optical presentation of the input data. Based on this data it 

controls the external electronic devices and calculates the necessary 

control procedure by comparing measured values as for example the 

correct charge, which has to be emitted.  
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Figure 1: Microcontroller (6 layers) and external electronic device (4 

layers) 
 
2.2 Control Unit 
The microcontroller, the control electronics and the different capacitors 

are part of the control unit. Additionally reference capacitors and a buffer 

capacitor are part of the control unit. The task of some of these 

capacitors is to produce the desired capacity also for small charges. 

However the movable electrode and the sample respectively get only the 

charge of the triggered reference capacitor.  

 
 
 
 
 
 
 
 
Figure 2: Control unit with the keyboard 

The deviation of the energy ranges depends on the chosen energy level. 

Small energy levels show higher deviations than higher levels.  

 

Microcontroller

external electronic 
device 

Control unit

Keyboard 
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Tab. 1: Deviation of the different energy ranges  

Discharge energy  Deviation [%] 

1 to 10 µJ ≤ 3 

18  to 180 µJ ≤ 3 

320 µJ to 3.2 mJ ≤ 3 

5.6 to 80 mJ ≤ 1 

100 mJ to 1 J ≤ 1 

1.8 to 5 J    ≤ 1.1 

 
2.3 Electrodes  
The movable electrode is a steel needle with a well defined radius of the 

tip. 

 
 
 
 

      

Figure 4: Movable electrode holder 
with electrode 

Figure 5: Electrode / tip of the  
electrode 

 

The fixed electrode is a brass plate with the dimensions of 80x80x5 mm 

and a well defined roughness of the surface. 

 
 
 
 
 
 
 
 
 
 
Figure 6: Sample holder with the fixed electrode at the bottom 

10 mm
10 mm10 mm 1 mm1 mm1 mm

Sample holders

Fixed electrode
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2.4 Sample Holder 
The sample holder consists of a revolvable stainless steel plate with the 

dimensions of 80x80x3.5mm which is fixed on the stationary brass 

electrode. There are six sample holes with a diameter of 3mm in the 

plate. Figure 2 shows also the sample holder with 6 sample positions. 

 
2.6 Sample size / Test procedure 

The sample size is 10 mm3. 

Test procedure: 10 mm3 of the energetic material is brought into each of 

the 6 holes on the sample holder [10]. After an energy value has been 

chosen the test procedure is started by moving down electrode 1 at a 

defined velocity in the direction to electrode 2, until to the position where 

the discharge takes place. 

Reporting results: 

The result of the test is determined by various degrees of reaction [11]. 

"No reaction" : sample does not react 

"Burning"  : observation by eye 

"Deflagration" : Bang, part of the sample is still available 

"Detonation" : Bang, no more material is left  

Information requirements for assessment:  

The explosive material is tested with different discharge energies until 6 

samples show no reaction at the same energy level and one or more 

sample show a reaction on the next higher energy level. This energy is 

called "Minimal Ignition Energy" (MIE) [4]. MIE is the smallest energy 

which is able to ignite energetic material by electrostatic discharge. 
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Tab. 2: Typical sensitivities of energetic material mentioned in AOP 7 

 [11] 

Explosive Discharge energy Reaction type 

HMX 1.0 J Burning 

NC E 200 5.6 J No Reaction 

Zirconium Type CX   1.8 µJ Burning / Glowing 

Lead Azide    0.2 mJ Burning 

 

Repeatability of results is within the range of +1 test increment. 
 
3.   Investigated Substances, Compositions 
3.1 Metal Powders 
Tab. 3: Sensitivity of metal powders to electrostatic discharges  

Substance Old equipment 
Electrostatic energy  

Improved equipment 
Electrostatic energy  

Titanium, Type "E" 0.3 mJ 0.8 mJ 
Titanium, Type "S" 1.0 mJ 0.8 mJ 
Zirconium, 1.0 µJ 32.0 µJ 
BaAl4 3.0   J 3.2   J 
 

The comparison of the data in table 3 shows that there are some 

differences concerning the ESD sensitivity measured with the equipment 

built in the 80-ies of the last century and the new data [6,8]. There are 

several reasons for these differences: 

- Changing of the oxid layer on the surface of the particles 

- Particle size, particle size distribution  

- Variation of the relative humidity during testing 

 
3.2 Pyrotechnic Compositions 
The parameters mentioned in paragraph 3.1 to explain the differences of 

the ESD data are also valid in this case. 
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Tab. 4: Sensitivity of pyrotechnic compositions to electrostatic 
     discharges  

Composition Old equipment 
Electrostatic energy 

[mJ] 

New equipment 
Electrostatic energy 

[mJ] 
Ti "E" / Cs(NO3)2   30:70 3.2 1.0 
Ti "E" / Cs(NO3)2  35:65   0.56    0.32 
Mg / Ba(NO3)2      31:69 3.2 1.8 
 

3.3 High Explosives 
Tab. 5: Sensitivity of high explosives to electrostatic discharges  

Substance Old equipment 
Electrostatic energy 

[mJ] 

New equipment 
Electrostatic energy 

[mJ] 
HMX 56  -  1800* > 5600** 
RDX 0.32  -  1.8* > 5600** 
CL-20 > 5600    5600** 
Nitropenta 56* > 5600 
* different particle sizes   
** Samples with well known particle size distribution 
 
In this case the reason for the different sensitivity data of high explosives 

to ESD is the particle size as well as the particle size distribution. It was 

not anymore possible to get knowledge of the particle size of the high 

explosives tested with the old equipment. Therefore well defined high 

explosive samples were used for the experiments with the new 

equipment (Figures 7, 8, 9). 

Another difficulty is the fact that the explosive particles to be tested are 

ejected out from the sample holder during the discharge of high energies 

in the range of 1 to 5 Joules. 
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Figure 7: Particle size distribution of specified reference RDX 

The medium particle size of this reference RDX is 192 µm. 

 
Figure 8: Particle size distribution of specified reference HMX 

Figure 8 shows the particle size distribution of the reference HMX. The 

medium particle size is 341 µm. 

 
Figure 9: Particle size distribution of specified reference CL-20 
The medium particle size of the reference CL-20 is 169 µm. 
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All particle size distribution data were determined by the Malvern 

procedure. 
 
4. Accuracy of the method 
The accuracy of the method was determined by investigating the ESD of 

titanium metal powder type "E" and "S". Type "E" has a medium particle 

size of 9.5 µm and type "S" of 20 µm.             
 
Table 6: Distribution of the reaction events in the energy range of  
 reaction / no reaction of 20 titanium powder samples type "E"    
Energy 

[mJ] 
Sample :  Ti, type "E" 

Behaviour 
1,9                         
1,8          X   X   X X X   X 
1,7        X      X      X 
1,6 X   X  X      X       X X 
1,5  X X     X         X    
1,4 X      X        X      
1,3                   X  
1,2    X       X     X  X   
1,1    X  X X  X            
1,0                     
0,9      X X         X   X  
0,8  X                 X  
0,7                     
0,6                     
0,5                     

                     
     No Reaction                           X   Reaction 

 

The test results demonstrate the importance of the number of samples to 

be tested as well as the number of detected reactions on the different 

energy levels. It has to be noticed that on the energy level of 0.8 mJ only 

two reactions out of 20 samples was detected, on the energy level of  1 

mJ all 20 samples showed no reaction.  
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Table 7: Distribution of reaction events in the energy range of reaction /  
 no reaction of 20 titanium powder samples type "S"    
Energy 

[mJ] 
Sample :  Ti, type "S" 

Behaviour 
1,2                     
1,1     X X     X  X    X    
1,0                   X  
0,9      X          X   X  
0,8         X   X         
0,7                     
0,6                    X 
0,5                     
0,4                     
0,3                     

                     
     No reaction                           X   Reaction 

 

Also for this example the test results demonstrate the importance of the 

number of samples to be tested as well as the number of detected 

reactions on the different energy levels. 

 
5. Summary / Conclusions 
Safety and performance are the most important properties of explosives. 

Before production and handling the sensitivity of explosives to impact, 

friction, temperature and electrostatic discharges must be known. An 

improved equipment to measure the sensitivity of explosives to 

electrostatic discharges was developed. The procedure is based on a 

fixed electrode and a moving electrode which approaches the fixed 

electrode. The energy is built up in capacitors controlled by a special 

microcontroller. The sensitivity of different metal powders used in 

pyrotechnics, pyrotechnic compositions and high explosives to ESD was 

determined. The results were compared with data measured with the old 

equipment several years ago. The investigation showed that several 

parameters as e.g. the tickness of the oxide layer, the particle size and 

the particle size distribution influence the quality of the results. The main 

conclusion of the investigation is that the measured sensitivity data have 
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to be considered as relative values. Therefore it would make sense to 

classify these data in four or five different sensitivity groups as for 

example extremely high sensitive, high sensitive, sensitive, less sensitive 

and not sensitive. At our institution similar classification procedures are 

used for the evaluation of all handling safety data. To have the possibility 

to compare the handling sensitivity data of energetic materials, such a 

sensitivity classification procedure should be used world-wide. 
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Abstract 
A new method for predicting the heat of explosion of aluminised high explosives 

is suggested. The method allows one to evaluate not only the heat of explosion 

but the composition of explosion product as well. The semi-empirical equations 

were developed by processing the total body of experimental data including the 

data obtained for the compositions with nano-sized Al. These equations take 

into account the dependence of the heat of explosion on the oxygen index and 

initial density of explosive. The main advantage of the method suggested over 

the methods developed earlier is that it is valid for a wide range of particle sizes 

of components. The results of calculations, performed for a number of alumi-

nised compositions, containing some well-known and novel explosives, are pre-

sented in the paper. The compositions with nano-sized Al were found to have 

the greater heat of explosion in comparison to the mixtures with micron-size Al 

only in the case of high Al concentration and low oxygen index of base high ex-

plosive. 
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Introduction 
The heat of explosion (EH) characterizes the energy content of high explosive 

(HE). EH specifies the total blast potential and it is a significant parameter 

where open air, underground and underwater explosions are concerned.  

In our experiments EH was measured under unified conditions by the use of the 

calorimetric set-up with the bomb of 5 litres in volume. Explosive charges were 

manufactured by cold pressing from preliminary mixed powders. The weight of 

charges was 40 – 45 g. The charge diameter and the thickness of stainless cas-

ing were 20 and 7 mm respectively. In special cases more large charges were 

used. Prior to a test the bomb was blown out with argon and pumped out. The 

bomb with a charge was placed in a vessel with a calorimetric liquid (distilled 

water). The calorimeter temperature was monitored by the measuring system 

with a resistor thermometer. The energy equivalent of calorimeter was meas-

ured in special run in which benzoic acid was burned in excess of oxygen. The 

EH value of the detonator used was also measured. The error of EH measure-

ments was 1%.  

The addition of Al is known to enhance the energy content of HE. This is the 

generally recognized way of formulating energetic compositions for use in vari-

ous fields of practice. Therewith, all along, there has been the problem of pre-

dicting EH of aluminised HE. Unfortunately, thermodynamic calculations using 

some computer codes can not reproduce experimental data with required accu-

racy. Another way of looking at it is to develop semi-empirical methods. 

The results of investigations of EH for a number of aluminised explosives are 

presented in [1]. The dependence of EH on such factors as charge diameter, 

particle size of ingredients, oxygen content of base HE, initial concentration of 

Al, was studied. It was shown that Al addition significantly enhances EH of HE. 

The semi-empirical method for predicting EH and the composition of explosion 

products (EP) was developed [1]. The expression for evaluating EH was derived 

in the form: 

Q/Qmax = Q1/Qmax1[1 - 0.25(1 - α1/α)α-0.5]     (1) 

α = oxygen index (OI) of base HE; 

α1 = oxygen index of aluminised composition: 
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α1 = c/(b/2 + 2a + 1.5f) for the molecule: CaHbOcNdAlf. 

 

Qmax is calculated using the following order of EP formation: Al2O3 (+ AlN), H2O, 

CO2, C (or O2). The possibility of aluminum nitride formation is taken into ac-

count when the oxygen amount is not enough to oxidize Al completely (high ini-

tial Al concentration and low OI of explosive). The equation (1) is valid for the 

charge density close to maximum one and for Al particle size equal to ~ 20 µm. 

The investigations, performed at various charge densities, have shown that Al 

introduction influences the density-dependence of EH [2]. It follows from the 

data obtained that Al addition gives rise to the density-dependence of EH for 

HEs with OI above 1. In contrast to this, Al addition attenuates the effect of den-

sity on EH in the case of HEs with OI below 1.  

According to the method, suggested in [2], the Al oxidation degree is considered 

as a function of the initial charge density and oxygen indexes of mixture and 

base HE. With the Al oxidation degree, one can evaluate EH using the method 

of calculation of EP composition [1]. The semi-empirical methods, suggested in 

[1] and [2], are valid within the limits of Al concentration (0 - 45 %) and for Al 

particle size equal to ~ 20 µm.  

The great amount of information on EH of aluminised HE has been accumu-

lated in Institute of Chemical Physics of RAS. The semi-empirical method, sug-

gested in the present paper, has been developed by processing the total body 

of experimental data [1 - 5] including the data obtained for the compositions with 

nano-sized Al [4, 5]. 

 

Results 
In order to derive the semi-empirical equations for evaluating EH of aluminised 

compositions, the experimental data presented in [1 - 5] were used. The studied 

compositions contained following explosives: TNT - 2,4,6- trinitrotoluene 

(0.364), nitroguanidine (0.5), RDX - cyclotrimethylenetrinitramine (0.667), HMX - 

cyclotetramethylenetetranitramine (0.667), PETN - pentaerythritol tetranitrate 

(0.857), BTNEN - bis(2,2,2-trinitroethyl)nitramine (1.4), ADN - ammonium dini-

tramide (2). OI of the explosives covered a wide range of values (it is shown in 
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brackets). The weighted mean size of Al particles ranged from 0.2 µm to 150 

µm. Nano-sized Al of 0.2 µm in particle size was produced using the condensa-

tion Gen-Miller technique in Institute for Energy Problems of Chemical Physics 

of RAS [6, 7].  

Pressed samples as well as loose-packed charges were tested. The results of 

investigations of dependence of EH on particle sizes of ingredients are pre-

sented in [4, 5]. As it follows from the results, the effect of Al particle size on EH 

is considerably more pronounced than that of explosive grain size. So, a 

change in HMX particle size from 10 – 30 µm to 200 – 300 µm reduced EH of 

HMX/Al (85/15) mixture by ~ 3% (Al particle size was 7 µm). Furthermore, the 

dependence of EH on HE particle size may be disregarded when the particle 

size of HE is less than that of Al. 

The following equations for calculating EH have been obtained by processing 

the total body of experimental data: 

X = 1.5n(Al0)/n(O0)  

n(Al0), n(O0) = initial number of gram-atoms of pure Al and oxygen respectively  

Y = ratio of oxygen amount, consumed by Al oxidation, to initial oxygen amount 

Y = 3n(Al2O3)/n(O0)  n(Al2O3) = mole number of Al2O3 in EP 

If X ≤ 1, then Y = X(1 – AXB)        (2) 

If X > 1, then Y = 1 – AXC        (3) 

B = 2(1 – A)3  C = 1 + B – 1/A 

A = exp(A1A2A3); 

A1 = -0.37/(d1 + 0.1d)0.15     A2 = α0.5     A3 = ρ + 5 

d1 = weighted mean size of Al particle (µm) 

d = weighted mean size of base HE in a mixture (µm) 

α = OI of base HE  

ρ = density of base HE in a charge (g/cm3) 

(ρ = (1 - β)/(1/ρ1 - β/2.7),  β = initial content of Al additive, ρ1 – charge density) 

 

The expression for calculating “C” has been derived from the condition that the 

first derivatives of the functions (2) and (3) are equal at the point: X = 1. 

Given Y, one can calculate Al oxidation degree, EP composition and EH [1]. 
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The calculation procedure ignores the formation of Al-containing products other 

than Al2O3 (AlF3) and Al. However, the results presented in [8, 9] point to the 

possibility of formation of aluminum nitride at high Al content of mixture. For 

aluminum nitride formation to be taken into account, additional studies should 

be undertaken. 

Figure 1 illustrates the dependence of Y on X for the compositions based on 

BTNEN, HMX and TNT. The calculations have been conducted at HE density in 

a charge - 1.6 g/cm3, HE and Al particle sizes –20 and 15µm respectively and 

the content of pure metal of Al powder - 0.98. The dashed line corresponds to 

the condition that the reaction of Al2O3 formation is dominant.  

As is seen from Figure 1, Y increases with increasing OI of HE. The Y curve 

tends to the dashed line at both low and high X. 
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Figure 1. Calculated Y versus X for the mixtures based on BTNEN (1), HMX (2) 

and TNT (3). Dashed line – the reaction of Al2O3 formation is dominant. 

 

The dependence of EH of HMX- and BTNEN -based mixtures on Al mass con-

tent is presented in Figures 2 - 4. The calculated curves in figures 2 and 3 cor-
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respond to the HMX density equal to 1.7 and 0.8 respectively. At calculations 

the density of BTNEN in a charge was 1.7 g/cm3. Different Al powders were 

used. Al(150), Al(15) and Al(0.2) have pure metal content: 0.99, 0.98 and 0.87 

[7] respectively. (Hereafter, the weighted mean size of Al particles is shown in 

brackets). The experimental data presented in [4] are also shown in Figures 2 - 

4. Furthermore, EH values of the HMX/Al compositions overfilled with Al were 

measured. The mass content of Al(3.6) was 85 and 90%. In these tests the pel-

let of HMX was used as an additional initiator.  
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Figure 2. EH versus Al mass fraction for HMX/Al mixtures. HMX density equals 

1.7 g/cm3. Upper dashed line – the reaction of Al2O3 formation is dominant. Ex-

perimental points for pressed charges: ● – Al(0.2), ▲ - Al(15), ■ – Al(150), ♦ - 

Al(3.6), △ – Al(3.6); for loose-packed charge: ▽ - Al(3.6).  

 

The experimental charge densities slightly differ from those used in calculations. 

It is known that the charge density influences EH. However density-dependence 
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of EH of aluminised HE is rather weak [2]. Therefore we believed that variation 

in charge density within narrow limits doesn’t markedly affect EH. 
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Figure 3. EH versus Al mass fraction for HMX/Al mixtures. HMX density equals 

0.8 g/cm3. Experimental points for loose-packed charges: ● – Al(0.2), ▲ - 

Al(15). 

 

In shots with 85 % Al content, there was observed total casing disintegration, it 

indicates that process proceeded in the form of detonation.  

In the case of 90 % Al content and pressed charges, the process is terminated 

at the seam between pellets. The comparison of experimental heat effect with 

calculated one (for the reacted part of the charge) is evidence for incomplete 

interaction of mixture components in this case (Figure 1). In tests with loose-

packed charges the main part of the casing was not deformed. Most likely the 

process proceeded in the form of burning. The results indicated that practically 

whole oxygen of HMX was consumed by Al oxidation. Therewith the heat effect 

was higher than that corresponding to the pressed charge.  
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Figure 4. EH versus Al mass fraction for BTNEN/Al mixtures. BTNEN density 

equals 1.7 g/cm3. Experimental points for pressed charges: ● – Al(0.2), ▲ - 

Al(15), ■ – Al(150) 
 

As is seen from Figures 2 - 4, a reasonable agreement between calculated and 

experimental values of EH has been obtained.  

The results of experiments and calculations also indicate that the compositions, 

containing nano-sized Al, possess greater EH in comparison to the mixtures 

with Al(15) only in the case of low OI of base HE and (or) high Al additive con-

tent (as with the composition: HMX/Al, 60/40, Figures 2 and 3).  

The decrease of Al particle size should lead to EH increase. However, the de-

crease of particle size results in growth of fraction of oxide film in Al powder. 

Thus, in contrast to micron-sized Al, nano-sized Al has a large content of oxide 

film. The specific surface growth with particle size decrease can increase EH 

when the oxidation degree of pure Al of additive is far from unity (low OI of base 

HE, high content of Al additive). When the oxidation degree of pure Al is close 

to unity (high OI of base HE, low content of Al additive) the controlling factor is 



 9

the content of pure metal of Al powder. In this case replacing common Al with 

nano-sized Al results in EH decrease.  

At present much attention of investigators is given to the energetic nano-

composites. Studies of EH allow one to assess the potentialities of explosive 

nanocomposites for doing work at explosion. It follows from the data obtained 

that uniform distribution of nano-sized Al particles in nanocomposites HE/Al can 

provide the additional gain of EH only in the case that pure Al of additive is oxi-

dized incompletely at explosion of usual mechanical mixture. This condition is 

fulfilled at relatively high content of Al additive and moderate OI of base HE. 

Figure 5 demonstrates the calculated dependencies of Al oxidation degree on 

OI of base HE of a hypothetical formula CHOnN (n – variable). The heat of for-

mation of this HE was taken equal to zero. HE density in a mixture was 1.7 

g/cm3. The content of Al additive was chosen to be 40%. γ1 (Figure 5, a) and γ2 

(Figure 5, b) are the values of Al oxidation degree calculated, respectively, tak-

ing into account only the mass content of pure Al or total mass of additive. At 

calculations for mechanical mixtures the particle size of HE was taken equal to 

20 µm. In the case of nanocomposites with Al(0.2) uniform distribution of Al par-

ticles was suggested. Therewith the linear size of the spacing between 

neighbouring particles of Al was considered as the particle size of HE. This size 

was estimated using the rule of additivity of component volumes. As evident 

from the calculation results, Al oxidation degree (γ1 as well as γ2) increases with 

OI of HE (or “n”). However EH is determined by γ2, which is higher for nano-

composites and mechanical mixtures with Al(0.2) only at moderate values of OI 

of HE (Figure 5, b). At high OI γ1 is close to unity, whereas γ2 tends to the limit, 

determined by the content of pure Al of additive. Therewith the Al(15)-containing 

mixtures are superior in EH to the systems with A(0.2).  

More comprehensive information may be obtained by studying the influence of 

nano-sized Al additive and mixture uniformity on explosive parameters charac-

terised by more limited time of Al interaction with EP in comparison to the time 

of reaction in calorimetric bomb. 
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Figure 5. Al oxidation degree, (γ1, a) and (γ2, b), versus OI of HE: CHOnN, n – 

variable. 1 – nanocomposite, Al(0.2); 2 – mechanical mixture, Al(0.2); 3 - me-

chanical mixture, Al(15) 

 

Table presents the results of calculations, carried out for the compositions, 

which contain, besides above mentioned explosives, following compounds: 

HNE – hexanitroethane (3), HNF – hydrazinium nitroformate (1.333), BFADNEN 

- bis(2-difluoramine-2,2-dinitroethyl)nitramine (1.333), DNG - dinitroguanidine 

(1.143), HNB - hexanitrobenzene (1), DNDAF – 4,4’-dinitro-3,3’-diazenofuroxan 

(1), CL-20 - 2,4,6,8,10,12-hexanitro-2,4,6,8,10,12-hexaaza-isowurtzitane (0.8), 

TNAZ - 1,3,3-trinitroazetidine (0.75), FOX-7 – 2,2-dinitro-ethen-1,1-diamine 

(0.667), 2,4-DNI – 2,4-dinitroimidazole (0.571), TNB - 2,4,6-trinitrobenzene 

(0.444), TATB - 1,3,5-triamino-2,4,6-trinitrobenzene, HNS – 2,2’,4,4’,6,6’-

hexanitrostilbene (0.387). OI is given in brackets. The HE particle size was cho-

sen to be 20 µm. Al(15) was considered as the aluminum additive. Calculations 

were performed at maximum mixture densities. The experimental and calcu-

lated results show that the addition of Al to HEs considerably enhances EH. As 

expected, the maximum EH gains correspond to HEs with an excess of oxidizer 

in their molecules. However, Al concentrations, corresponding to maximum EH 

values, lie within relatively narrow limits (∆β = 30 - 45 % by mass). EH gains for 
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the relatively wide range of OI (0.35 - 0.80) are slightly differ from each other. 

These regularities have already been discussed in the previous papers [1 - 3]. 

 

Table. Calculated maximum EH values of aluminised HEs, containing Al of 15 

µm particle size. 

HE OI of HE ∆β EH, kJ/kg 
HNE 3.000 0.40 – 0.45 12340 
ADN 2.000 0.35 – 0.40 9900 

BTNEN 1.400 0.40 – 0.45 10770 
HNF 1.333 0.375 – 0.425 9940 

BFADNEN 1.200 0.35 – 0.40 10820 
DNG 1.143 0.325 – 0.375 8800 

DNDAF 1.000 0.325 – 0.375 10330 
HNB 1.000 0.375 – 0.425 10440 
PETN 0.857 0.40 – 0.45 9420 
CL-20 0.800 0.325 – 0.375 9070 
TNAZ 0.750 0.35 – 0.40 9200 
HMX 0.667 0.325 – 0.375 8350 

FOX-7 0.667 0.325 – 0.375 7600 
2,4-DNI 0.571 0.325 – 0.375 7640 

BTF 0.500 0.30 – 0.35 8640 
TNB 0.444 0.35 – 0.40 7790 
TATB 0.400 0.30 – 0.35 6420 
HNS 0.387 0.325 – 0.375 7370 
TNT 0.364 0.325 – 0.375 6960 

 
Conclusion 
Thus, EH and EP compositions of aluminised mixtures can be calculated with 

reasonable accuracy using the semi-empirical method developed. The method 

suggested allows one to carry out calculations of EH over a wide range of ex-

plosive oxygen indexes, charge densities, concentrations of Al additive and par-

ticle sizes of components. Nanocomposites can possess greater EH in com-

parison to mechanical mixtures only in the case of high Al concentration and 

moderate OI of base HE.  

This work was performed under the support of the Russian Foundation for Basic 

Research (Grant No. 03-03-32413a), and the Program of the Department of 
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Abstract 

 
Ammonium dinitramide (ADN) is an interesting new oxidizer which has a potential 

both to increase the performance of solid rocket propellants and to reduce the 

signature. It is however; well known that ADN and isocyanates (the curing agents of 

choice) are not fully chemically compatible. There is thus a continuous effort to find 

alternative curing agents and/or new binder systems. In this work we have prepared 

and evaluated a new potential curing system for ADN based on nitrile oxides. The 

nitrile oxides react with double bonds to form iso-oxazoline cross links. 70g of the 

curing agent, 2,4,6-trimethylisophthtalodinitrile-N-oxide (TMPNO), were prepared in 

4-steps from 1,3,5-trimethylbenzene. Curing of TMPNO and poly(butadiene-co-

acrylonitrile) (PBAN) produced rubber material of good quality, however curing of 

TMPNO and PB (polybutadiene) was not successful. Further on TMPNO was found 

not to be compatible with ADN. 

 

Introduction 

 
Ammonium dinitramide, ADN, is an oxidizer that has received much attention during 

the past ten years, mainly due to its potential as an ingredient in minimum- or 

reduced-smoke propellants. It has also been claimed that ADN has a very high burn 

rate, but very few data have been published to support this discussion. ADN is also 

known to be incompatible with several binder ingredients, especially the curing 



agents, and this is one major reason why ADN is not commonly used in solid 

propellants today.  

 

One of the first open papers on ADN-based propellants was published in 1993, where 

Pak discussed several ways of preparing ADN-based propellants1. He mentioned 

curing systems based on nitrile oxides but no details were however given. Other 

Russian papers present the use of nitrile oxides as curing agents of poly(5-

methyl(allyl)-5-vinyltetrazole) and polyester urethanes with unsaturations (i.e. double 

bonds within the main polymer chain)2,3. An example of a polyfunctional nitrile oxide 

reacting with a double bond is shown in Scheme 1.  

 

N

N
O

O

TMPNO

+ n*

N
O

N
O Iso-oxazoline crosslink

 
Scheme 1 Crosslinking reaction between polybutadiene and a difunctional nitrile 

oxide. 

 

A polymer with a high degree of unsaturation, such as polybutadiene, requires only 

small amounts of nitrile oxide in order to form an elastic material. The hardness of 

such an elastomer can also be altered by the use of different amounts of nitrile oxide 

or by the use of a trifunctional nitrile oxide. 

 

Synthesis 
 

The preparation of the desired nitrileoxide 2,4,6-trimethylisophthtalodinitrile-N-oxide 

(TMPNO) was done according to literature as shown in Scheme 24. Mesitylene (1) 

was bromomethylated in acetic acid giving 2,5-bis(bromomethyl)mesitylene (2). 2 

was treated with potassium hydroxide and 2-nitropropane, to give the dialdehyde (3), 



which was further reacted with hydroxylamine to the bisoxime (4). The two steps 

converting the dibromide (2) to the dihydroxylamine (4) were conveniently performed 

in a one-pot reaction. The obtained bisoxime (4) could be further oxidized to the 

desired nitrileoxide (5). This oxidation could either be done by sodium hypochlorite 

in 58% yield4 or N-bromosuccinimide in 83%5 yield. Following a slightly modified 

literature procedure outlined by Kenton4 and Grundmann5 70 grams of 2,4,6-

trimethylisophthtalodinitrile-N-oxide (TMPNO) were prepared in an overall yield of 

65%. 
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Scheme 2 Synthesis of TMPNO 

 
TMPNO is a white crystalline compound which is possible to store at room 

temperature for a long time. The product prepared by hypochlorite oxidation seemed 

to be of lower quality as the product was slightly yellowish. The DSC thermogram 

shows an exotherm for the crystallized material at 154°C (Figure 1).  
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Figure 1 DSC thermogram of TMPNO 

 

Due to the problems encountered with the solubility of TMPNO in the polymer the 

triethylderivative, 2,4,6-triethylisophthtalodinitrile-N-oxide (TEPNO, 10), was also 

prepared. The triethylderivative was prepared by the same chemistry with some 

modifications (Scheme 3). This compound is a liquid and does not suffer from the 

same solubility problems as TMPNO. TEPNO was however, not further evaluated 

due to the compatibility issues encountered with TMPNO. 
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Scheme 3 Synthesis of TEPNO 

 

 

 



Thermal stability 
 

The thermal stability of the curing agent was investigated by heat flow calorimetry at 

80°C. Figure 2 shows the heat flow evolved during 11 days and this result is 

considered as high according to STANAG 4582 procedures6. The test was originally 

designed for energetic materials where a reaction at storage conditions is unwanted. 

TMPNO is intended as a curing agent that should be reactive at temperatures in this 

region and it is therefore not sure that this test gives accurate answers about the 

thermal stability of curing agents. 
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Figure 2 Heat flow of TMPNO as measured by calorimetry at 80°C for 11 days. 

 

Curing 
 

Two different polymers were used when investigating the potential of TMPNO as a 

crosslinking agent, polybutadiene (PB) and poly(butadiene-co-acrylonitrile) (PBAN). 

TMPNO is a crystalline material and in order for it to react with the polymer it needs 

to be dissolved in the polymer itself or in a plasticiser. TMPNO is not soluble in PB 

but it dissolves slowly in PBAN. 

 



In order to improve the solubility in the polymers, several solvents and plasticisers 

were investigated (Table 1). 

 

Table 1 Solubility of TMPNO, PB and PBAN in different solvents and plasticisers 
Solvent/Plasticiser TMPNO PB PBAN 
N-methylpyrrolidone soluble soluble - 
Acetonitrile not soluble - - 
2,4-dinitrobenzene soluble soluble - 
Dioctyl sebacate not soluble - - 
Triacetin soluble not soluble soluble 
Poly(glycidyl azide) soluble not soluble - 
  

TMPNO was soluble in N-methyl pyrrolidone (NMP), 2,4-dinitrobenzene (DNEB), 

triacetin (TA) and polyglycidylazide (GAP). It did not dissolve in acetonitrile and 

dioctyl sebacate. The second step was to investigate whether a solution of TMPNO 

and a solvent/plasticiser was soluble in polybutadiene (PB). The solubility of TA and 

GAP in PB was not good, but NMP and DNEB were soluble in PB. 

 

Curing of polybutadiene with TMPNO dissolved in NMP at 50°C was successful if 

10-15 weight% of TMPNO was used. Curing experiments with TMPNO dissolved in 

DNEB did not work that well and we believe that TMPNO reacts with DNEB instead 

of polybutadiene. This has not been further investigated. 

 

NMP is a solvent and it is therefore not suitable to leave it in the polymer matrix after 

curing. If the solvent evaporates with time it might result in voids which might lead to 

problems during the final use of the propellant. We therefore investigated another 

more polar polymer, poly(butadiene-co-acrylonitrile) (PBAN). 

 

TMPNO dissolves slowly in PBAN and we have therefore used the plasticiser 

triacetin (TA) as a solvent in order to improve the solubility in the polymer. Curing of 

PBAN with TMPNO dissolved in TA at 50°C was very successful and an elastic 

material with good mechanical properties was obtained (Figure 3).  



 
Figure 3 Nitrileoxide cured PBAN rubber material 

 

The best results were obtained if TMPNO was fully dissolved in the plasticiser before 

adding the polymer (Table 2). It was possible to cure PBAN with TMPNO without 

adding a plasticiser but it was difficult to obtain a homogeneous mixture between the 

polymer and the curing agent before the cross linking reaction started. The resulting 

material was partly cured (sticky) and non-transparent. 

 

Table 2 Curing experiments with PBAN and TMPNO at 50°C. Appearance after 24 hours of 
curing. 

PBAN 
(wt%) 

TA 
(wt%) 

TMPNO  
(wt%) 

Comments 

48.7 46.6 4.7 Good mech. prop. 
Non-transparent. 

64.4* 29.7* 5.9* Good mech. prop. 
Transparent. 

68.7* 24.7* 6.6* Good mech. prop. 
Transparent. 

91.7 - 8.3 Sticky. 
Non-transparent. 

*) TMPNO was dissolved in the plasticiser before adding the polymer. 

 

Compatibility 

 
The compatibility between ADN and the binder ingredients were tested in a heating 

test at 75°C for 19 days. (Table 3). It was shown that ADN dissolves readily in all 



ingredients except for TMPNO, which is a solid material. In those cases where ADN 

and TMPNO were in solution, unwanted reactions occurred. The conclusion is that 

ADN and TMPNO are not chemically compatible.  

 

Table 3 Heating test at 75°C for 19 days.  

 Amount (g) 
ADN 0,12 0,11 0,11 0,10 0,08 
TMPNO - 0,02 0,02 0,02 - 
TA 0,13 - 0,14 - - 
PBAN - - - 0,34 0,29 
Reaction ADN dissolves. No change. Colour change 

from red to 
brown/black. 
ADN dissolves. 

Colour change 
from brown/red to 
brown/black. 
ADN dissolves. 

Colour change 
from red/brown to 
darker brown. 
ADN dissolves. 

Appearance 
after 19 days 
at 75°C 

     
 

Conclusions 

 
A new curing agent, TMPNO was synthesized at FOI. It was first prepared in small 

amounts, but was later scaled up to 70 g. The reactions leading to TMPNO worked 

very well in an overall yield of 65%. The thermal stability of TMPNO at 80°C was 

not good. Nitrile oxides give good rubber materials when used as curing agents for PB 

and PBAN. It was however, necessary to have a good solvent that is miscible with the 

polymer to get a reaction (e.g. triacetin). Nitrile oxides are further on not compatible 

with ADN. ADN is soluble in triacetin and similar solvents which make it difficult to 

use such solvents when curing ADN based propellants. Advantages which speak for 

nitrile oxides are stability at room temperature, easy to handle and probably less toxic 

than isocyanates. 
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ABSTRACT   

One of the most interesting energetic molecules developed in recent years is the 

highly energetic polycyclic nitramine, 2,4,6,8,10,12-hexanitro-2,4,6,8,10,12-

hexaazaisowurtzitane (CL-20). Due to difficulty in synthesis, the price of this material 

is very high.  Hence, there is a need for an improved method of preparation. The 

crucial cage formation was envisioned to proceed by condensation of N,N’,N’’,N’’’-

tetranitro-1,1,2,2-ethanetetramine (TNAE) with 1,4-diformyl-2,3,5,6-

tetrahydroxypiperazine followed by nitration to produce CL-20. In this work, TNAE 

was prepared by hydrolysis of tetranitroglycoluril and isolated as the free base. 

TNAE was converted to the corresponding tetra salts with ammonium (ATNAE), 

potassium (KTNAE) or guanidinium (GTNAE) as counter ions. TNAE and its salts 

were characterized and found to be highly energetic with reasonable to low 

sensitivity which makes them interesting as new energetic ingredients.   

Keywords; energetic materials, nitramine, energetic salt, CL-20, TNAE.  
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INTRODUCTION  

Much research attention has been focused by the energetic research community on 

CL-20, which is touted to be the most powerful energetic materials synthesised to-

date.  The calculated detonation velocity and detonation pressure of CL-20 with 

bkwc as product library and at TMD are 10034 m/s and 47.79 GPa respectively1.   

CL-20 was reportedly claimed to be known since 1986, but its synthesis was only 

recently been disclosed2, 3 in a patent and an article.  All currently known methods of 

producing CL-20 are based on a three-step procedures with the same starting 

material, 2,4,6,8,10,12-hexabenzyl-2,4,6,8,10,12-hexaazaisowurtzitane (HBIW) first 

reported4 by Nielsen as shown in the scheme below:  

NN
NN

N
NPhCH2

PhCH2
PhCH2

CH2Ph

CH2Ph
CH2Ph

H O

H O

HCOOH/CH3CN

pH 9

PhCH2NH2 +

Glyoxal
(Ethanedione)

36

HBIW  

In a classical route, HBIW is then reductively debenzylated, in acetic anhydride with 

an acid catalyst (H2, Pd/C), to form 2,6,8,12-tetraacetyl-4,10-dibenzyl-2,4,6,8,10,12-

hexaazaisowurtzitane (TADBIW).  It is then undergo nitrosation and nitration to give 

CL-20.   
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TADB   

The two key issues currently faced for the improvement and optimisation of the yield 

of the production of CL-20 are:  

1. The condensation of amines to give the cage compound appears to be limited 

to benzylamine and certain phenyl-substituted benzylamines.    

2. In the large-scale production of CL-20, the reductive debenzylation-acetylation 

which involves expensive palladium catalysts.  
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A New Synthetic Route to CL-20?  

It was envisioned that cyclisation of N,N’,N’’,N’’’-tetranitro-1,1,2,2-ethanetetramine 

(TNAE) with 2,3,5,6-4-tetrahydroxy-piperazine-1,4-dicarbaldehyde would form the 

desired cage structure for nitration to CL-20.    

NH

NH NH

NH
O2N

O2N

NO2

NO2

TNAE

N

N OH

OHOH

OH

O

O

/  H+

HNO3

CL-20
N

N N

NN

N
NO2

NO2O2N

O2N
O

O  

TNAE was reported5, 6, 7 to be obtained by alkali hydrolysis of Sorguyl, followed by 

acidification.  However, its spectroscopic and thermal properties, stability and 

sensitivity data have not been documented.  

N

N N

N
O O

O2N

O2N

NO2

NO2

NH

NH NH

NH
O2N

O2N

NO2

NO2

SORGUYL
tetranitroglycouril

1. OH-

2.  H+

TNAE   

In this paper, we report the synthesis and characterisation of TNAE and its salts.  
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RESULTS AND DISCUSSION  

TNAE was obtained in good yield from the hydrolysis of Sorguyl and was fully 

characterised by different analytical techniques.   

N

N N

N
O O

O2N

O2N

NO2

NO2

NH

NH NH

NH
O2N

O2N

NO2

NO2

SORGUYL
tetranitroglycouril

H2O, r.t.

TNAE  

The predicted thermodynamic8 and detonation properties9 of TNAE are given in the 

table below.  

Predicted 
Properties   

)(gH o
f∆ 40.9 kcal/mol 

subH∆

 

29.3 kcal/mol 

)(sH o
f∆ 11.6 kcal/mol 

ρ 1.87 g/cm3 

−∆Hd 1373.80 cal/g 
pCJ 39.25 GPa 
pcorr 38.99 GPa 
VOD 8760 m/s 

  

The calculated heat release is 1373 cal/g, which is about 10% larger than those of 

RDX (1253 cal/g) or HMX (1248 cal/g) obtained with the same procedure. The 

corrected PCJ is about 39 GPa, which is slightly smaller than that of HMX (corrected 

PCJ =39.5 GPa, ρ=1.89 g/cc).  The heat of formation ( )(sH o
f∆ ) of TNAE was also 

calculated by another method10 to 12.5 kcal/mol.  This together with the experimental 

density gave the following detonation properties for TNAE with bkwc as product 

library1; PCJ= 37.6 GPa, VOD = 9580 m/s. 
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The potassium (KTNAE), ammonium (ATNAE) and guanidinium (GTNAE) salts of 

TNAE were synthesised in near quantitative yield and fully characterised.  

NH

NH NH

NH
O2N

O2N

NO2

NO2

N

N N

N
O2N

O2N

NO2

NO2

 
NH

NH2 NH3

+NH4

+
K

+

4-

M+
4 M+ = 

TNAE 

The %N, %H and oxygen balance of these new salts were calculated as follows.  

They contained high %N and %H which may have potential as new propellants with 

high specific impulse.      

Calc. 
Explosives MW %N %H OB 

TNAE 270 41.5

 

2.2 5.9 
ATNAE 338 49.7

 

5.3 -23.7

 

KTNAE 422.4

 

26.5

 

0.5 3.8 
GTNAE 506 55.3

 

5.1 -53.8

  

A summary and comparison of the density, peak exotherm, activation energy, 

impact, friction sensitivity and thermal properties of the salts of TNAE are tabulated 

in the figures and tables below. 
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DSC (left Y axis) and TG (right Y axis) thermograms for TNAE, ATNAE, KTNAE and 

GTNAE at a heating rate of 10°C/min. 

     

DSC TGA 
Explosives

 

BAM Impact 
sensitivity 
H50 (kp-m) 

BAM 
Friction 

sensitivity 
(kp) 

 

(g/cm3)

 

Onset 
( C) 

Peak 
( C) 

m.p. 
( C) 

Onset 
( C) 

TNAE 0.76 8.3 1.89 143 145 -  
ATNAE 1.68# >36 1.61 128 133 90 90 
KTNAE 0.43 15.2 2.26 282 284 - 283 
GTNAE 0.47# >36 1.51 224 228 - 188 

# No true explosions were observed for all height.  The mean value is first sign of “something happened” with “discoloration” of 

the sample. 
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EXPERIMENTAL  

TNAE was prepared by hydrolysis of tetranitroglycouril in water. The salts of TNAE; 

KTNAE, ATNAE, GTNAE were prepared by dissolving TNAE in water and adding the 

corresponding base.   

DSC was taken on a Mettler DSC 30 with a ceramic sensor.  Experiments were 

performed in a nitrogen atmosphere.  The flow of nitrogen was approximately 50 

ml/min.  The DSC was calibrated with indium (Mettler Calibration Standard).  The 

samples were put into aluminum cap with pierced lids.  Heating rate is 10°C/min from 

30-300°C unless otherwise stated.  

TGA was taken on a Mettler TGA 850.  The test was performed in nitrogen 

atmosphere at a heating rate of 10°C/min.  Samples were put into alumina cup and 

the flow of nitrogen was approximately 80 ml/min.    

The impact and friction sensitivities were determined according to BAM standard (at 

room temperature ~20°C and RH ~45%).  The impact sensitivity tests were 

measured with a 2 kg drop weight.  Both impact and friction tests were done by using 

an up-and-down method on both sides of the 50% probability level.  The results were 

then calculated at 50% probability.  The numbers of samples tested were 25 in each 

of the tests.    

Densities of new explosives were measured using Micromeritics helium pycnometer.  

The apparatus was calibrated with a calibration standard of a known volume.  The 

density of sodium chloride was measured to be 2.15 g/cm3 (literature value 2.165 

g/cm3). 

CONCLUSION  

TNAE and its salts were synthesised and fully characterised characterized.  The 

salts of TNAE were found to be highly energetic with reasonable to low sensitivity 

which makes them interesting as new energetic ingredients.  
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Abstract 
Compositions that contain aluminium together with HMX or RDX as the high explosive have been 

manufactured safely in a water-slurry process despite the reactivity of aluminium with water.1 The binder 

system that has been investigated is HyTemp together with DiOctylAdipate (DOA) as the plasticizer. This 

binder system was chosen due to the well-known good property for use in IM purposes. The process 

produces granules suitable for pressing and is characterized by composition analysis, bulk density and 

shape. The pressability of the compositions has been investigated as a function of the particle size 

distributions of the nitramine, the amount of binder and the content of aluminium. By using Reduced 

Sensitivity crystals of HMX or RDX, the compositions show a significant reduction in the shock 

sensitivity even though they are Pressable compositions. This observation is in agreement with what is 

observed also for other pressable compositions that have been reported earlier.2, 3 The water slurry 

process have also been used to produce an analogue to the composition designated as PBXIH-18 that 

contains the same binder system. 4 

 

Introduction 
During the last years thermobaric explosives, also known as enhanced blast explosives, 

have received a lot of attention. Compositions that contain metals, such as magnesium, 

aluminium or others, are known to be useful for this purpose. Aluminium containing 

compositions have been known for a long time, and several cast-cured and melt-pourable 

compositions exist. These compositions are suitable for making large calibre charges. 

However, it would probably be more cost efficient to have a pressable composition for 

smaller calibre charges. 

On the other hand, the number of pressable aluminised explosive compositions is rather 

limited. One of the reasons for this is that the standard water-slurry technique has some 

safety concerns due to the reaction between water and aluminium. Because of this 



 

 

restriction to produce aluminised explosive compositions in a water-slurry process, 

mechanically blending of granules of an explosive composition with aluminium powder is 

one of the techniques that have been used instead. One example of such a mechanically 

blended composition is Comp-A3 with 30 % aluminium that has been used in SMAW 

(Shoulder launched Multipurpose Assault Weapon).4 However such mechanically blended 

compositions tend to result in powders of inconsistent quality. Usually, such a blended 

product contains dust of aluminium particles and this inconsistency may give large 

composition gradients through the warhead after pressing. 

Another example of an aluminised pressable composition is reported by Indian Head and is 

designated PBXIH-18.4 This composition consists of HMX and aluminium with a mixture 

of HyTemp and DOA as binder. As far as we know PBXIH-18 contains 30 % of 

aluminium and we know that the theoretical maximum density is 1.968 g/cm3.4 The binder 

is known to be HyTemp with DOA as plasticizer in an assumed ratio 1:3. Therefore, the 

complete composition is expected to be 64.4 % HMX, 30.0 % Aluminium, 1.4 % HyTemp 

and 4.2 % DOA. Furthermore it is known that the HMX shall consist of class 1 and class 5 

in a nominal ratio of 55/45 with possibility of variations from 40/60 to 60/40. The 

aluminium powder is type III, Grade F, Class 7 according to MIL-A-512.4 

PBXIH-18 was intended as a replacement for the non-IM compliant aluminised Comp-A3 

used in SMAW. This composition is also suggested as a thermobaric explosive for use in 

M72 LAW.5 A special slurry mix process have been used to manufacture PBXIH-18 that 

involves a perfluorinated liquid, PF-5080,4, 6 as a replacement for water in the traditional 

water-slurry process. The reason to use the perfluorated liquid is to prevent the reactivity 

between aluminium and water.  

The US Army has developed other examples of aluminised pressable explosive 

compositions. These compositions consist of HMX (or RDX) and aluminium with a 

mixture of Cellulose Acetate Butyrate (CAB) and BDNPA/F as binder.7 A standard 

propellant solvent mix process followed by extrusion of the product is used to prepare 

these compositions. US Army have also developed a CL-20 based aluminised composition 

that also contains CAB and BDNPA/F as the binder.8 



 

 

Dyno Nobel have for several years produced pressable compositions based on RDX, 

aluminium and wax. These compositions are manufactured by using a water-slurry process 

with passivated aluminium. Based on the knowledge from that process it has now been 

developed a process suitable for other aluminised pressable compositions such as 

analogues for PBXIH-18. 

Manufacturing of aluminised explosives. 
Dyno Nobel has since early 2000 been working on developing a safe process for 

manufacturing aluminised pressable plastic bonded explosive compositions based on 

HyTemp and DOA as a binder. The purpose has been to develop a simple mixing process 

that produces the aluminised explosive compositions as homogenous granules without any 

dust present. The work has been focused on compositions containing aluminium and HMX 

or RDX as the explosive. The HyTemp / DOA binder system was chosen due to the 

knowledge that this is a good binder for IM purposes.  

Despite the fact that aluminium is known to be reactive with water it has been found that 

by using passivated aluminium, it is possible to produce these compositions safely in a 

standard water-slurry process. The process can therefore be done with common industrial 

equipment without any extra investments.1 The process has been used on a wide range of 

contents of HMX or RDX and aluminium. Products that contain from 90 to 96 % of solid 

filler (total of nitramine and aluminium) have been tested. The aluminium content has been 

varied from 5 to 50 %, with a focus on 30 %. 

By using passivated aluminium, the water-slurry process has also been used to produce a 

composition analogue to PBXIH-18 as described above. The known way to produce 

PBXIH-18 is to use a perfluorated liquid as a replacement for water.4 This perfluorated 

liquid (PF-5080)6 has some disadvantages compared to water. One disadvantage is of 

course the cost that is quite high for PF-5080. However, recovering of the liquid will 

reduce the cost somewhat but it will be necessary to replenish some of the liquid once in a 

while since you probably loose some liquid for every batch. Furthermore, it will probably 

be necessary with a cleanup step of the liquid between the batches. Some lab-scale 

experiments for reuse of the liquid have been reported and show that it can be possible to 

reuse it.9 However, it still needs to be scaled up. 



 

 

Another disadvantage is the environmental issue. The producer (3M) says in their MSDS 

that this liquid resists degradation in most natural environments since it is a perfluorated 

alkyl compound. They recommend taking precautions to prevent direct release of this 

substance to the environment. 

Characterization of the products. 
Composition analysis, particle size distribution and bulk density 
All the produced batches have been characterized by composition analysis, sieve analysis 

and bulk density (MIL-STD-650 method 201.1.1). Table 1 shows results for some of the 

batches of HMX-containing compositions. The water slurry process has also been used to 

produce analogues of PBXIH-18 described above. The results obtained for this product are 

shown in Table 2.  

The investigations for the RDX-containing compositions have been more limited and some 

of the results are shown in table 3. 

Table 1. Analytical data for some of the HMX-containing batches with 92 and 96 % filler. 
Sieve analysis, % Through USS Sieve # Batch 

# 
% 

HMX 
% 
Al 

% 
HyTemp 

% 
DOA 

Bulk 
density 6 8 12 18 25 40 

1 87.1 1) 5.1 2.3 5.1 1.00 96 75    0 
2 83.3 1) 9.3 1.8 5.6 1.02 100 99    0 
3 78.5 1) 13.8 2.0 5.7 0.96 99 93    0 
4 66.6 1) 25.9 1.8 5.7 1.02 100 100    0 
5 63.0 1) 29.6 1.9 5.5 0.89 100 100 100 71 11 0 
6 62.6 1) 29.8 2.3 5.3 0.83 100 100 100 96 48 1 
7 43.4 1) 49.2 1.9 5.5 0.86 100 99.9 99 97 84 16 
            

8 73.9 2) 22.2 1.0 2.9 0.71 100 100 100 100 94 43 
9 64.8 2) 31.0 1.1 3.1 0.75 100 100 100 99 91 45 

10 57.0 2) 39.2 1.1 2.7 0.84 100 100 100 99 90 43 
11 57.3 38.8 1.0 2.9 1.05 100 100 96 46 11 1 
12 50.7 45.7 1.0 2.9 1.08 100 99 95 48 12 1  

1) 92 % Solid filler. 
2) 96 % Solid filler. 

 
The results given in table 1 show that particle size distribution can vary a little bit. Small 

particle sizes lead to a low bulk density. However, it is possible to improve the process to 

give larger particle sizes, hence a higher bulk density. One example of this can be seen 

from batch 10 and 11, where batch 11 has been produced by a slightly improved process 

and give larger particles and dramatically higher bulk density. The same process as in 



 

 

batch 11 was used in batch 12, which has higher aluminium content, and gives the 

comparable results as batch 11. 

 

Table 2. Analytical data for PBXIH-18 analogues. 
Sieve analysis, % Through USS Sieve # Batch 

# 
% 

HMX 
% 
Al 

% 
HyTemp 

% 
DOA 

Bulk 
density 6 8 12 18 25 40 

131) 62.7 31.7 1.4 4.2 1.00 100 100 85 20 2 0 
141) 62.5 32.1 1.4 4.0 1.09 100 100 97 43 9 0 
152) 65.1 29.7 1.4 3.8 0.79 100 100 100 100 99 84 
162) 64.8 30.8 1.3 3.9 0.89 100 100 100 100 62 1 
171) 63.6 31.4 1.2 3.8 1.10 100 100 93 49 9 0 

1) Produced in a 150 L water slurry mixer 
2) Produced in a 20 L water slurry mixer 
 

The results from table 2 show that all the batches that have been produced fulfil the 

assumed composition specification. The batches produced in the 150 L mixer shows a very 

reproducible granular size distribution and a high bulk density. The batches produced in 

the 20 L mixer give a product with a finer particle size distribution due to different tank 

geometry and stirring capacity. Therefore these batches result into a much lower bulk 

density.  

 
Table 3. Analytical data for some of the RDX-containing batches. 

Sieve analysis, % Through USS Sieve # Batch 
# 

% 
RDX % Al % 

HyTemp 
% 

DOA 
Bulk 

density 6 8 12 18 25 40 
18 75.3 19.1 1.3 4.3 0.73 100 100 100 100 93 38 
19 65.6 28.3 1.4 4.8 0.75 100 100 100 99 89 32 
20 55.7 38.4 1.4 4.5 0.77 100 100 100 99 91 38 

 

The shape of the granules. 
Optical microscopy has been used to check the shape of the granules for some of the 

batches that contain HMX. Some pictures are presented in figure 1 and show that 

increasing the amount of aluminium tend to make the granules more irregular. Apparently 

the particle size seems to decrease when the aluminium content increase. However, it is 

possible to change some of the production parameters to influence the shape and size of the 

granules as mentioned above. Notwithstanding, even with 30 % aluminium the granules 

show a very good shape and are at least as good as those reported for PBXIH-18.4 With a 

lower aluminium content the granules are well rounded and the shape of these granules are 

close to what you usually observe for PBXN-9. Another important observation from these 



 

 

pictures is that the aluminium is well blended inside the granules and it is never observed 

any dust of aluminium particles in any of the batches that have been produced. 

 
5 % Aluminium 

 

 

10 % Aluminium 

 

15 % Aluminium 

 

25 % Aluminium 

 

30 % Aluminium 

 

50 % Aluminium 

 

Figure 1. Optical microscope pictures of HMX-based compositions with 92 % solid filler 
and 8 % HyTemp/DOA binder. 

 

Pressing studies. 
Compositions based on HMX. 
Pressing studies have been performed for a wide range of the batches. In all these studies 

pellets with about 26 grams composition and a diameter of 25.4 mm (1 inch) have been 

pressed. This gives a ratio of the diameter to height of approximately one to one. The 

pressings have been performed at ambient temperature and with vacuum. 



 

 

The influence of the particle size distributions for the crystals that are used in the 

composition have been investigated in order to evaluate the optimal pressability. Figure 2 

show comparison of the pressing curves for some of the HMX-based compositions that 

contain approximately 30 % aluminium. The bimodal mixture with 1:1 ratio of coarse to 

fine HMX seems to have the best pressability while using a monomodal distribution of 

coarse crystals have the worst pressability. A monomodal distribution of a crystal that is in 

between the coarse and fine has also been investigated. This crystal size distribution seems 

to have a pressability that is close to what is observed for the composition containing 4:1 

ratio of coarse to fine crystal size distribution. 
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Figure 2. Comparison of pressing curves by variations in the particle size distributions for 
the HMX. 

Another parameter that has been investigated is the pressability of the composition as a 

function of the quantity of aluminium. Some of these pressing curves are shown in figure 3 

while figure 4 shows the density obtained at a pressure of 1960 bar by increasing the 

aluminium content. The results presented in figures 3 and 4 are for compositions that 

contains a 1:1 ratio of coarse to fine. These figures show that aluminium content of 5, 10 or 

30 % tend to have somewhat better pressability than other aluminium contents. Strangely 

enough, the pressability at 15 and 25 % aluminium has worse pressability than higher 

content of aluminium. The reason for this is not clear and is caused by some unknown 

reasons. However, the effect is quite clear from the figures but further investigations is 

necessary. At high aluminium content the difference in the pressability at low pressure 



 

 

versus high pressure seems to be much larger than for lower aluminium content, at least 

this is the case for the composition with 50 % aluminium. 
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Figure 3. Comparison of pressing curves by variations in the aluminium content for the 
HMX-based composition. 
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Figure 4. The densities obtained at 1960 bar by increasing aluminium content for the 
HMX-based composition. 

 
The amount of solid filler is increased to 96 for some batches for the HMX-based 

composition. The content of aluminium in this composition have been varied from 20 to 40 

%. The pressing curves for some batches containing 20, 30 and 40 % aluminium are shown 

figure 5. 

By comparing the pressing curves in figure 5 with those in figure 3 it is obvious that the 

pressability for the composition with lower binder content is not as good as when the 

binder content is higher, as expected. This is particularly evident at low pressure. For 

instance, this can be seen by looking at the density obtained for the composition containing 



 

 

30 % aluminium. At a pressure of 500 bar the composition with 8 % binder have a density 

that is over 98 % TMD. At the same pressure the composition with 4 % binder have only a 

density of about 88 % TMD. A plausible explanation for this is of course that with higher 

binder content the composition is easier to mould and therefore get a higher % TMD. 
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Figure 5. Pressing curves of HMX-composition with 96 % filler and 4 % HyTemp/DOA 
binder. 

 
Some initial pressing studies for the PBXIH-18 have shown some inconclusive results due 

to some problems in the pressing equipment. Therefore further investigations are 

necessary. 

 

Compositions based on RDX 
More limited investigations have been done for compositions containing RDX. However, 

some pressing curves have been obtained also for the RDX-based composition. Figure 6 

shows some pressing curves for compositions that contain 20, 30 and 40 % aluminium. 

One characteristic that is observed for the RDX-based compositions is that the maximum 

density for the composition seems to be reached at a fairly low pressure. Already at about 

1000 bar the density seems to be independent of increased pressure and the maximum 

density for the composition seems to be reached. 
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Figure 6. Pressability of some RDX-containing compositions with 94 % solid filler and 6 
% HyTemp/DOA binder. 

 

Shock sensitivity 
Reduced Sensitivity RDX or HMX (RS-RDX and RS-HMX) were used in some of the 

batches and these showed an improved sensitivity in a small-scale water GAP-test 

compared with standard crystals. It has presented earlier that the Reduced Sensitivity RDX 

also shows improved sensitivity for pressable compositions despite what has been claimed 

by others that the reduced sensitivity is obtained only for cast-cured compositions.2 It has 

also been presented that it is possible to obtain the same reduction in the sensitivity for 

HMX as what is obtained for RDX.3 A comparison of the results for the BICT water GAP-

test (21 mm, small scale gap test) by using standard versus reduced sensitivity HMX or 

RDX are shown in figure 7 and 8 respectively. From the results presented in figure 7 and 8, 

the BICT water GAP-test show an increase in the shock resistance for these compositions 

with about 50-60 % when the reduced sensitivity crystals are used instead of the standard 

crystals. 
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Figure 7. Comparison of the crystal qualities of HMX in the BICT GAP-test for a PBX 
with 30 % aluminium. 
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Figure 8. Comparison of the crystal qualities of RDX in the BICT GAP-test for a PBX 
with 30 % aluminium. 

 
Summary and conclutions 

��It has been found that it is possible to manufacture aluminized explosive 

compositions by the standard water-slurry technique. 

o By this water slurry process it has been produced PBXIH-18 that fulfil 

the assumed composition specifications. 

o Up to 50 % or more aluminium content is possible to achieve by this 

process. 

��The granules have a rounded shape without any indications of uncoated aluminium 

or explosive particles present. 

o The aluminium particles seem to be well distributed inside the granules. 

��Pressability depends on: 

o Particle size distributions for the nitramine. 

o The solid filler content  

o The content of aluminium. 

��Use of Reduced Sensitive HMX or RDX shows a 50-60 % increase in the shock 

resistance for these pressable compositions. 
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ABSTRACT 
 

QinetiQ, funded by the UK Ministry of Defence, is participating in a EUROPA 

Technical Arrangement on Ignition Phenomena. In this project, QinetiQ is 

concentrating on conventional ignition of solid gun propellants. A key requirement in 

understanding the mechanisms causing propellant ignition is to characterise the 

reaction products from the igniter. There are various energy transfer processes that 

may contribute towards ignition: radiation, conduction and convection from hot 

gases, radiation and conduction from solid particles, and energy transfer via the 

latent heat of species condensing onto the propellant surface. Therefore it is 

important to know the type and distribution of product species from the combustion of 

the igniter material. 

 

This paper describes the application of the NASA-Lewis CEA2 (Chemical Equilibrium 

and Applications) code to model a number of igniter mixes to determine the product 

species and, in particular, the energy released due to phase changes. The igniter 

mixes modelled include black powder and thermites. 

 

INTRODUCTION 
 

QinetiQ, funded by the United Kingdom Ministry of Defence, is participating with 

French and German research institutes in a EUROPA (European Undertakings for 

Research Organisation, Programmes and Activities) Technical Arrangement (TA) on 

Ignition Phenomena. The technical objective of this TA is to study the ignition and 

combustion of conventional and novel (low vulnerability ammunition 

[LOVA]/composite) solid propellants by conventional igniters (black powder), 

pyrotechnic igniters and plasma in order to improve the understanding of ignition 

phenomena. Key to the TA is the development and the incorporation of improved 

ignition and combustion submodels into internal ballistics codes in order to improve 



the prediction of ignition delays and initial charge temperature effects (temperature 

coefficients). In the TA, QinetiQ is concentrating on conventional ignition, French and 

German institutes are concentrating on plasma ignition. 

 

A key requirement in understanding the mechanisms causing propellant ignition is to 

characterise the reaction products from the igniter. There are various energy transfer 

processes that may contribute towards ignition: radiation, conduction and convection 

from hot gases, radiation and conduction from solid particles, and energy transfer via 

the latent heat of species condensing onto the propellant surface. Therefore it is 

important to know the type and distribution of product species from the combustion of 

the igniter material. To support experimental work that is measuring properties of the 

product species, thermodynamic modelling has been conducted, firstly to predict the 

product species and secondly to determine the energy budget of cooling products. It 

has been suggested that energy released due to phase changes, particularly 

condensation, may be an important factor in the ignition process [1, 2]. In particular, 

[2] asserts that metal vapour deposition, from plasma, is the cause of ignition of solid 

propellants in electrothermal-chemical (ETC) guns. Forced cooling of the vapour 

within a thermal boundary layer close to the propellant surface would lead to forced 

condensation and thus enhance the energy transfer process. 

 

THERMODYNAMIC MODELLING 

 
At the commencement of the work, QinetiQ had access to several thermodynamic 

chemical equilibrium codes, the best of which was the NASA-Lewis CEA2 (Chemical 

Equilibrium and Applications) code [3]. CEA2 calculates the products of combustion 

and associated thermodynamic data given a set of starting conditions. The code was 

used to see if it could be used to obtain the amount of energy released during phase 

changes of igniter products as they cool. 

 

Water and copper 
To gain confidence in using CEA2, preliminary modelling was performed to test that 

CEA2 showed consistent results when using its assigned temperature and pressure 

function. Hydrogen and oxygen were entered as the starting materials at a pressure 

of 0.1 MPa (atmospheric pressure). The final temperature was then incrementally 

increased and the mole fractions of the products were recorded. This was then 

repeated in reverse (i.e. cooling instead of heating) to ensure the same amounts of 



products were given as the output. The programme proved to be consistent in its 

results. 

 

Further exercising of the CEA2 code was conducted investigating the predicted 

energy of water as a function of temperature. The predicted energy was 

independently calculated using constant pressure heat capacities given in a data 

textbook [4]. It was hoped that this could be compared with results from CEA2. 

Unfortunately, CEA2 only predicts values of the enthalpy for water in the gaseous 

phase. However, CEA2 uses polynomial expressions to calculate thermodynamic 

properties (enthalpy, specific heat and entropy) at various temperatures. So recourse 

to these polynomials was made and, by looking up the correct coefficients for water, 

data for the full temperature range was acquired. Figure 1 compares the variation in 

the energy profile of water with temperature using the textbook and CEA2 

polynomials. The agreement between the two methods is very good. The small 

disagreement over the temperature range 373-1000K is due to the use of a constant 

heat capacity for water vapour for the textbook values. 
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Fig. 1: Energy profile for heating 1g of water at atmospheric pressure 

 

Copper was also explored in a similar way. Values of constant pressure heat 

capacities for copper are known over a large temperature range at atmospheric 

pressure. By varying the final temperature, direct comparisons of the heat capacities 

were made. Values for the heat capacities agree well with data from the National 

Institute of Standards and Technology (NIST). 



 

For both copper and water it was noted that the CEA2 code could not converge to a 

set of products below temperatures corresponding with the boiling points; polynomial 

expressions had to be used below this temperature. This failing of the code was used 

to test the values of the pressure dependent boiling temperature for copper. Values 

of the boiling temperature of copper at various pressures have previously been 

obtained from the Atomics Weapons Establishment, Aldermaston, using their code 

Genera [2]. The temperature that CEA2 stopped working at a particular pressure was 

compared with these known boiling temperatures of copper. Data from Genera 

matched up remarkably well with CEA2 over the range of pressures considered 

(Figure 2). 
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Fig. 2: Boiling temperature of copper 

 

A hypothetical 'ignition mix' of copper and water was modelled over the temperature 

range 1300-300K at atmospheric pressure. In this temperature range, copper is a 

solid but water makes a phase transition from gas to liquid. The CEA2 

thermodynamic polynomials were used to gain an energy breakdown profile. Figure 3 

shows that with this scenario, condensation plays a significant role in the energy 

budget with 37% of the energy being due to the condensation of water. If water were 

to condense above the ignition temperature of propellant, then steam would be an 

ideal choice of material for an igniter! 
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Fig. 3: Energy budget of copper and water cooling from 1300K to 300K 

 

Aluminium and copper oxide 
A realistic igniter mixture (30:70) of aluminium and copper oxide was modelled in a 

similar way to the water and copper mix. The mix was assumed to react to 

completion with no side reactions occurring giving only aluminium oxide and copper 

as products. Polynomial coefficients for the products were used and the energy 

changes identified at atmospheric pressure and over a temperature range of 6000K 

to 500K. The boiling temperature and melting temperature were taken from [4]. 

Figure 4 shows that with this igniter mix, condensation still plays a significant role in 

the energy budget with 56% of the energy being due to condensation and a further 

5% due to solidification. 
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Fig. 4: Energy budget of aluminium and copper oxide mix cooling from 6000K to 
500K 



The mix of aluminium and copper oxide was modelled using the CEA2 code (as 

opposed to using the coefficients) but it would not converge below 2042 K so a 

comparison could not be made. However, the code did indicate that there might be 

other reaction products than those assumed above which might significantly affect 

the energy balance. 

 

Use of earlier versions of CEA2 showed that satisfactory results can be obtained for 

mixtures that form gaseous products with some condensed species. However, 

convergence is not achieved when products are predominantly condensed. The 

CEA2 code (version dated 25/11/03) is slightly more robust but still cannot model 

mixtures that produce predominantly condensed products. 

 

Black powder 
The work was repeated for black powder. It was found that for a given mix (14.5% 

carbon, 75.5% potassium nitrate, and 10% sulphur) CEA2 worked throughout the 

temperature range of 3000K to 300K and at pressures of both 0.1MPa and 5MPa. 

Despite the code having difficulties with other compositions, CEA2 worked 

successfully with black powder. The products of combustion were inspected over the 

temperature range and the condensing species were identified as: 

 

• K2CO3  (gas → liquid → solid) 

• K2SO4  (gas → liquid) 

• K2S  (liquid → solid) 

 

Knowing the mole fractions and the enthalpy of the products, it was possible to work 

out the latent heats of condensation/solidification of the species undergoing a phase 

change using the data from the output of CEA2 directly. The values for the enthalpy 

change calculated from the code were verified using the thermodynamic polynomials 

for the phase change of K2CO3 from liquid to solid at 0.1MPa. However, with black 

powder the phase change from gas to liquid does not appear to take place at a 

distinct temperature; the two species coexist over a large temperature range (~200K) 

with varying mole fractions of both species. Furthermore, K2CO3(g) does not 

condense to a liquid but decomposes to other products. This means that there is no 

latent heat of condensation to calculate. Analysis of these products and the relevant 

amounts of each suggests that once the products are formed, further reactions occur 

during cooling to produce K2CO3(l). These side reactions must be exothermic if an 

energy balance is to be achieved and this energy may be a significant proportion of 



the overall energy. Figure 5 shows the varying mole fractions of K2CO3 with 

temperature. It is clear that the liquid form of K2CO3 does not come from the 

condensation of the gas phase. Instead it must have been formed from the additional 

side reactions occurring within the products. 
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Fig. 5: Variation in mole fraction of K2CO3 with temperature 

 

For the solidification of K2CO3 at 0.1MPa, calculations show that the energy 

associated with the phase change is only 3% of the total energy. 

 

Penner’s primer mixture 
Penner’s primer (953) is a mixture of boron and potassium nitrate (30:701) with an 

unspecified amount of polyurethane as a binder [1]. This mixture has been 

investigated in a similar manner to black powder. However, CEA2 could not converge 

to a set of product species at temperatures below about 1800K. Over the 

temperature range 3000K to 1800K, the only products that condensed were 

 

• B (gas → liquid → solid) 

• B2O3 (gas → liquid) 

 

                                                           
1 A comment in the reference states that the mixture is 70% boron and 30% potassium nitrate. 
Discussions between the authors and pyrotechnics experts indicate that this proportion is probably 
incorrect and that the percentages stated in the main text are correct. 



Of these phase changes, only the boron (liquid → solid) phase change is significant, 

as the mole fractions of the other products are very small. Additionally, the small 

amount of boron gas decomposes in a similar way to the K2CO3 in black powder. 

 

The latent heat of solidification of boron was calculated to be 4600J/g. Taking into 

account the mass of boron then the fraction of the total energy that is associated with 

the solidification of boron is 4%. It is worth noting that although the initial mass of 

boron was 30%, only 30% of this has remained as boron; the other 70% has reacted 

to form other products including B2O3(l), BN(cr) and KBO2. 

 

Reference [1] states that black powder (specification Y593) contains 52% condensed 

elements and 9% condensable elements at 5MPa and a flame temperature of 1994K. 

By contrast, Penner’s primer mixture contains 72% condensable elements and 19% 

condensed elements at 5MPa and 2483K. Penner implies that the condensable 

elements liberate a large amount of (latent) energy when they condense on the 

propellant surface. So the 4% of the total energy that is liberated due to the 

solidification of boron, reported in the previous paragraph, appears to contradict 

Penner’s work. However, as with the mix of aluminium and copper oxide, the 

inclusion of many complex additional side reactions could be causing the differences. 

If these other reactions are neglected, i.e. the only products allowed are boron and 

potassium nitrate, then Figure 6 shows that a substantial amount, 76%, of the total 

energy is transferred during condensation. 
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Fig. 6: Energy breakdown on cooling Penner’s primer mixture 

 

 



REAL thermodynamics code 

Towards the end of the work reported in this paper, QinetiQ purchased the REAL 

thermodynamics code [5]. The Moscow State Technical University and Glushko 

Thermocenter of the Russian Academy of Sciences have developed this software. To 

date, predictions using REAL have been compared with those obtained from the 

CEA2 code and found to be in good agreement. More importantly, for the mixtures of 

aluminium and copper oxide, and Penner’s primer, which result in predominantly 

condensed products, REAL works satisfactorily down to temperatures of 300K, unlike 

CEA2. 

 

Preliminary analysis of Penner’s primer indicate that 18% of the energy available in 

cooling from 3000K to 300K is in the form of latent heat and liberated during the 

condensation and solidification processes. Most of this latent heat energy is released 

during the condensation and solidification of KBO2 (potassium metaborate). 

 

CONCLUSIONS 
 

The CEA code can be used to determine latent heats at any pressure if the code 

works over the desired temperature range and there is a distinct temperature where 

the phase change occurs with no overlap of coexisting species. The likelihood of the 

code working over the desired temperature range is good for igniter mixes that 

produce gaseous and condensed species, such as black powder, but very poor for 

igniter mixes, such as Penner’s, that produce predominantly condensed species. 

 

For mixtures of copper and water, and aluminium and copper oxide, CEA2 predicts 

that a substantial amount of the total energy is released in condensation of product 

species. This supports the theory described in [2] of metal vapour deposition being 

the cause of ignition for plasma in ETC guns. However, for black powder and 

Penner’s mixture of boron and potassium nitrate, little energy has been predicted to 

be released in condensation over the range in temperatures for which CEA2 works. 

 

Significant energy is likely to be released in exothermic side reactions, which Penner 

may have included in his estimation of condensation energy. Such energy may also 

be released by cooling black powder. If forced cooling occurs close to the surface of 

propellant, then the rate at which these side reactions occur might be enhanced 

 



Use of the CEA2 code is limited for mixtures containing predominantly condensed 

species; the code fails to converge to a set of product species. However, the REAL 

thermodynamics code appears to be much more robust and offers considerable 

potential for chemical systems producing predominantly condensed species. 

 

Further investigations using REAL should include the following tasks: 

 

• Discovering the complex side reactions that occur within the products of the 

ignition mix. If these processes can be identified, it should be possible to 

calculate the energy changes associated with these reactions. 

• Consideration of alternative igniter mixes that, when combusted, produce 

gaseous products that do not decompose at the temperatures and pressures 

of interest, but condense. 
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Abstract

Flame retardants are added to propellants to prevent muzzle flashes which sometimes appear
after firing. This muzzle flash is unwanted as it is a danger for the soldiers and it increases the
detectability of the weapon’s position.

To prevent this muzzle flash potassium salts are added to the propellant. They reduce this
unwanted effect nearly independently from their corresponding anion. Therefore it seems to be
practical to introduce potassium salts with a positive oxygen balance to increase the oxygen
balance and improve the susceptibility to ignition of the propellant. Potassium nitrate appears to
be the ideal flame retardant from this point of view.

In the first part of this study [1] we compared the effect of four different flame retardants (potas-
sium nitrate, potassium sulphate, sodium oxalate and potassium hydrogen tartrate) on the ageing
behaviour of propellants, measured by microcalorimetry, vacuum stability and stabilizer depletion
on a total of 75 different experimental propellant samples. It turned out that potassium nitrate is
less compatible with nitrate esters than other potassium salts, especially when nitroglycerin is
present. This is due to its oxidizing properties. Therefore it doesn’t seem to be practical to use
potassium nitrate in double base propellants stabilized with 2-NO2-DPA, TPA or DPA.

The effect of oxygen on the ageing behaviour was studied by varying the air/propellant ratio
tested in microcalorimetry, followed by stabilizer depletion analysis. This oxygen effect has
recently been studied in other propellants as well [2]. The major influence is visible when the
propellants are stabilized with DPA, the smallest effects were observed on propellants stabilized
with centralite I and akardite II.

The present work shows the combination of oxidative effects on propellant decomposition. The
first (inherent) oxidative effect derives from the liberation of nitrous oxides from the propellant
itself (NO2 is reduced to NO by oxidising Nc). The second oxidative effect comes from oxygen
itself. The oxidation of propellants by atmospheric oxygen is always the first step in the decompo-
sition process. An accumulation of oxidative potential by potassium nitrate and oxygen should be
therefore much more severe than the presence of only oxygen or of only potassium nitrate. But
the incompatibility of KN with nitrocellulose/nitroglycerin is not of oxidative nature, as an accu-
mulation of oxidative decomposition is not observed when oxygen and KN are present at the
same time.

1 Introduction

From many recent experiments we know that oxygen is one of the main reaction partners of
nitrocellulose based propellants at elevated temperatures (T > 60°C). We have investigated the
influence of limited amounts of oxygen (by measuring heat flow curves with reduced loading
density) on the decomposition characteristics of propellants many times. Therefore the question
arose whether this influence of oxygen would be more pronounced if oxidizing additives like KNO3



are present in the propellant. To compare this effect we have also investigated the identical set of
propellants which contained K2SO4 instead of KNO3.

2 Samples

The set of samples that we investigated is identical to that of the previous study [1]. We have fo-
cussed our interest on three of the stabilizers (2-NDPA, DPA and TPA). The stabilizers Ak II and
C I were not included in this study because their heat flow signal is very flat and does not exhibit
maxima or minima to be studied. Table 1 shows the samples selected for this study. The amount
of flame retardants was around 0,8 %.

Table 1. Samples taken for investigation

Stabilizer Salt NG

2-NDPA K2SO4 0% 15% 30%

2-NDPA KNO3 0% 15% 30%

DPA K2SO4 0% 15% 30%

DPA KNO3 0% 15% 30%

TPA K2SO4 0% 15% 30%

TPA KNO3 0% 15% 30%

Thus, 18 samples were tested. They were named according to their ingredients (e.g. STAB-15-
DPA/KS is a DPA stabilized sample with 15% of NG and additional potassium sulphate (= KS)). In
figures 1-6 the number reflects the weight of the sample (e.g. STAB-30-TPA/KN 1.6 means the
TPA stabilized sample with 30% NG containing potassium nitrate (KN); 1.6 g weighed into the
TAM ampoule)

3 Experimental Part

Microcalorimetric measurements (HFC)

were conducted with a Thermal Activity monitor („TAM“) from Thermometric AB, Sweden. The
measurements were performed in sealed 3-ml-ampoules. Each sample was weighed in five
different amounts: 0.4 g, 0.8 g, 1.6 g, 2.4 g and completely filled (amount around 3 g). All samples
were measured at 89 °C. Usually the measurements were carried out for five days, but several
samples had to be stopped before that time to avoid an ampoule lid burst.

HPLC analyses

The preparation of samples was performed by dissolution in acetonitrile, addition of methanol and
subsequent precipitation of nitrocellulose by adding water (volumes approx. 10 ml acetonitrile, 40
ml methanol and 50 ml of water for a 100 mg sample). TPA stabilized samples were extracted in
a Soxhlet extractor using dichloromethane.

HPLC analyses were performed after HFC measurements using a Gynkotek [Dionex] HPLC
system under following conditions: Column: Lichrospher 100 RP 18, 5 µm, 250/20/4 mm, solvent:
MeOH/H2O 67:33 flow rate: 1.2 ml⋅min-1, temperature: 25°C. Under this conditions a baseline
separation of all daughter products of the stabilizers were achieved.



4 Results

4.1 2-NDPA stabilized samples

All 2-NDPA stabilized samples show a first maximum, followed by a long more or less constant
heat flow region. The duration of the first maximum depends directly on the amount of available
oxygen.

After some time a constant increase of heat production rate is observed. This increase is much
steeper when more NG is present in the sample. An additional rate increase is observed when KS
is replaced by KN. The increase ends in a second maximum which corresponds to the complete
consumption of the stabilizer 2-NDPA.
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4.2 DPA stabilized samples

Typically DPA stabilized samples show a first maximum followed by a first minimum. Then an
increase into a second maximum is observed. During the second maximum the stabilizer DPA is
completely consumed. After that a slight decrease is observed.

Higher oxygen access is accompanied by an increasing oxidation peak which occurs during the
period of the first minimum of completely filled samples. Figures 3 and 4 show typical examples of
this behaviour.
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4.3 TPA stabilized samples

The typical HFC curve of a TPA stabilized sample has a sharp first minimum followed by an
increase into a second maximum. This increase may have two characteristic steps with different
rate increase (samples with KS) or it may have a constant rate characteristics (samples with KN);
the latter ones have thus a much earlier second maximum.

The reduction of loading density leads to a much more pronounced first maximum which lasts for
more than 5 days in the case of STAB-0-TPA/KS; 0.4 g (compared to just 0.21 days in the case of
STAB-30-TPA/KS; 2.5 g).

0

50

100

150

0 1 2 3 4 5 6

t [days] at 89°C

P
 [

µW
/g

]

STAB-15-TPA/KS 0.4 STAB-15-TPA/KS 0.8 STAB-15-TPA/KS 1.6

STAB-15-TPA/KS 2.4 STAB-15-TPA/KS 2.5

Fig. 5. HFC curves of STAB-15-TPA/KS (five different sample amounts)

0
50

100
150
200
250
300

0 1 2 3 4 5 6
t [days] at 89°C

P
 [µ

W
/g

]

STAB-0-TPA/KN 0.4 STAB-0-TPA/KN 0.8 STAB-0-TPA/KN 1.6

STAB-0-TPA/KN 2.4 STAB-0-TPA/KN 3.2

Fig. 6. HFC curves of STAB-0-TPA/KN (five different sample amounts)



5 Discussion

5.1 Duration of oxidation reaction

The duration of the oxidation reaction depends directly on the oxygen/propellant ratio. With a
lower weight of the propellant, the duration of the oxidation period increases. Table 2 collects
some of the results of the measurements (data set of propellants STAB-2-NDPA/KS). They are
very typical examples and can be found with the other propellants as well (see also fig. 7).

The influence of KN on the duration of the oxidation peak is different: Whereas this time increases
with single base propellants (especially with 1.6 and 2,4 g samples) it decreases with double base
propellants.

Table 2. Duration of oxidation peak of different samples (STAB = 2-NDPA, salts = KS and KN)

NG [%] 0 0 0 0 0 15 15 15 15 15 30 30 30 30 30

E [g] 0,4 0,8 1,6 2,4 3,1 0,4 0,8 1,6 2,4 2,8 0,4 0,8 1,6 2,4 3,0

t [d] KS - 3,18 1,28 0,78 0,56 5,1 1,93 0,76 0,46 0,40 3,38 1,13 0,44 0,25 0,20

t [d] KN 4,71 2,96 2,18 1,44 0,51 2,07 1,02 0,54 0,33 0,27 1,34 0,66 0,33 0,20 0,13

Values in italics are estimated values
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The reverse point of view of the sample weight is the free volume within the ampoule. It can be
calculated by subtraction of the volume of the propellant (weight/density) from the complete
volume (3.2 ml) of the ampoule. The following figure demonstrates that a correlation of the
duration of the oxidation reaction with the free volume within the ampoule is also possible.
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5.2 Heat of oxidation reaction

With the increasing duration of the oxidation period (and increasing amount of available oxygen)
the heat of the oxidation reaction increases. Interestingly this heat is nearly independent of the
NG content, the flame retardant type and the stabilizer used as table 3 shows.

Table 3. Heat of oxidation reaction as a function of loading amount (all values in J/g)

NG [%] 0 15 30

E [g] 0,4 0,8 1,6 2,4 full 0,4 0,8 1,6 2,4 full 0,4 0,8 1,6 2,4 full

Stabilizer Salt

2-NDPA KS - 21   9,1 5,6 4,2 44 20   9,7 5,1 4,4 39 19   8,9 4,9 2,9

2-NDPA KN 40 26 13,8 8,2 3,7 44 23 10,0 5,8 4,6 44 24   9,9 5,6 2,6

DPA KS 39 26 13,7 8,0 5,5 44 26 11,7 6,5 5,1 40 22 11,3 5,8 4,8

DPA KN 47 28 14,5 8,1 6,5 41 26 11,4 7,0 5,6 41 23 11,5 6,7 5,1

TPA KS - 19   8,8 5,1 3,2 42 20   8,3 4,6 4,4 40 18   7,3 3,6 2,1

TPA KN - 22   9,6 5,6 3,4 43 23   9,3 5,0 4,0 43 21   7,8 3,7 1,6

- means that the oxidation reaction has not been finished at the end of the measurement

5.3 Influence of nitroglycerin content

As already mentioned additional nitroglycerin means decreasing stability. This is reflected by
higher heat production rates and earlier times to reach certain events (e.g. 2nd maximum). An
internal incompatibility between NG and NC (or, with other words, a decreasing stability of double
base propellants vs. single base propellants) is responsible for this behaviour.

A comparison of the decomposition times between the three types of propellant (0% NG, 15% NG
and 30% NG) is shown in table 4. Two examples of the effect of the NG content on the
acceleration of decomposition are presented in figs. 9 and 10.



Table 4. Times to reach a decomposition degree of 25 J/g as a function of NG content and
stabilizer used (all values in days; all values taken from samples with 2.4 g)

NG 0 % 15 % 30 %

Stabilizer salt - - -

2-NDPA KS 5,35 4,37 2,89

2-NDPA KN 4,15 1,29 0,76

DPA KS > 6 3,57 2,34

DPA KN 4,16 2,73 1,63

TPA KS 5,20 3,72 2,37

TPA KN 2,83 1,49 0,84

Values in italics are estimated

The acceleration of the ageing by the change of a single base propellant to a propellant with 15%
NG depends on the stabilizer used, the loading density and on the flame retardant present. A
further acceleration of the ageing occurs if the NG content is further increased from 15% to 30%.
Table 5 shows that the acceleration factor between the ageing behaviour of single base
propellants and those with 15% NG is about 1.8 (it is much higher with STAB-15-2-NDPA/KN).
The increase of the NG content up to 30% leads to a further acceleration of a factor of 1.8.
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samples 1. 6 g)



Table 5. Acceleration of various parameters a) by addition of NG. All values are non dimensional
ratios.

Stabilizer salt 0 % → 15 % NG 15 % → 30 % NG

2-NDPA KS 1,7 1,6

2-NDPA KN 3,0 1,5

DPA KS 2,0 1,6

DPA KN 1,7 1,8

TPA KS 1,6 1,9

TPA KN 2,0 1,9
a) averages of acceleration of time for the oxidation peak, time to reach 10 J/g, 25 J/g and 50 J/g, time of
2nd maximum; all loading densities regarded.
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Fig. 10. Comparison of STAB-0-TPA/KN, STAB-15-TPA/KN and STAB-30-TPA/KN (all samples
2.4 g)

5.4 Influence of replacement of KS by KN

As known from the previous part of the study [1] KN accelerates the decomposition reaction in all
its parts. Therefore this work gives an opportunity to quantify this incompatibility and to evaluate
the combination of oxidative effects caused by potassium nitrate and by oxygen.

Table 6 shows the acceleration of decomposition of samples with potassium nitrate in comparison
with potassium sulphate containing ones. Table 7 shows the acceleration factor for different
propellant types. Figs. 11 to 14 show typical examples. A main feature of the replacement of KS
by KN appears in the later part of the HFC curves when the main stabilizer has been completely
consumed. The increase of heat generation rate is much higher than the acceleration of certain
decomposition stages. This can be clearly seen in fig. 13 and in table 8.

No additional oxidation peak (as present when more oxygen is available) can be detected. The
principal curve characteristics remain unchanged.



Table 6. Acceleration of decomposition reactions a) of different propellant types by replacement of
KS by KN. All values are non dimensional ratios.

NG 0 % 15 % 30 %

Stabilizer KS → KN KS → KN KS → KN

2-NDPA 1,1 2,1 2,6

DPA 1,2 1,1 1,3

TPA 1,5 1,9 2,1

a) averages of acceleration of time for the oxidation peak, time to reach 10 J/g, 25 J/g and 50 J/g, time of
2nd maximum; all loading densities regarded.
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Table 7. Increase of heat flow by replacement of KS by KN after t = 2.9 days (all loading densities
averaged). All values are non dimensional ratios.

NG 0 % 15 % 30 %

Stabilizer KS → KN KS → KN KS → KN

2-NDPA 1,9 7,5 7,3

DPA 1,7 2,8 4,2

TPA 2,4 5,5 5,2
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Fig. 13. Comparison of STAB-15-DPA/KS and STAB-15-DPA/KN (both samples 2.4 g)
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5.5 Evaluation of stability according to STANAG 4582

The chemical stability according to STANAG 4582 is evaluated by the highest heat generation
rate within a time equivalent of 10 years at 25°C (here: 3.83 days at 89°C). Table 8 shows the
evaluation, also regarding the different maximum heat generation rates at different loading
densities.

All KS containing samples are stable, although some of them show a first maximum of more than
314 µW/g. The replacement of KS by KN leads to a reduced stability. Whereas single base KN
containing propellants pass the criterion of STANAG 4582 most of the double base propellants
fail by far. If propellants of this composition were to be qualified they would not pass this important
stability test.

Table 8. Evaluation of chemical stability according to STANAG 4582

E [g] 0.4 0.8 1.6 2.4 full 0.4 0.8 1.6 2.4 full 0.4 0.8 1.6 2.4 full

2-NDPA/KS S S S S S (S) (S) (S) S S (S) (S) (S) (S) S

2-NDPA/KN S S S S S N N N N N N N N N N

DPA/KS S S S S S (S) S S S S (S) S S S S

DPA/KN S S S S S (S) N N N N N N N N N

TPA/KS S S S S S S S S S S S S S S S

TPA/KN S S S S S S N N N N N N N N N

Explanation: S = stable, (S) = stable, but first maximum > 314 µW/g, N = not stable

5.6 Combination of oxidative effects of low loading density and potassium nitrate

As could be shown before a reduction of sample mass leads – due to the higher amounts of
oxygen in the TAM ampoule – to a longer oxidation period. A replacement of KS by KN leads to
higher heat generation rates and earlier stabilizer depletion. But there seems to be no combi-
nation of these negative effects, which would lead to a more rapidly accelerated decomposition.
Just an addition of these factors is visible. This is proven by the fact that no principal change of
heat flow curve pattern can be observed when KS is replaced by KN. Therefore a support of oxi-
dative decomposition reactions by KN does not seem to happen. Therefore the main reaction of
KN with Nc/NG is not an oxidation reaction. The more rapid decomposition can be understood as
an independent combination of oxidation by oxygen and incompatibility between Nc/NG and KN.

5.7 Stabilizer depletion aspects

As being observed in other cases the stabilizer depletion rate is influenced by several factors:

• Stabilizer type

• NG content

• Presence of KS or KN

• Amount of available oxygen

The stabilizers DPA and TPA are much more rapidly consumed as 2-NDPA. This is as usual.
With increasing NG content the stabilizer depletion rate increases. A more detailed investigation
has been presented in [3]. This NG sensitivity is more pronounced with DPA than with TPA or 2-
NDPA. The replacement of KS by KN leads to a faster stabilizer depletion (in the range of 10%).
The most important point of those listed above is the amount of available oxygen. This affects

NG [%] 0 0 0 0 0 15 15 15 15 15 30 30 30 30 30



both the depletion rate but also the distribution of the reaction products. Figs. 15 + 16 show two of
many examples. The most important effect of oxygen is the oxidation of N-nitroso derivatives of
DPA into their N-nitro analogues which are unstable and rearrange to C-nitro derivatives.

The oxidation sensitivity of the stabilizer depletion product distribution rises in the order TPA → 2-
NDPA → DPA.

STAB-0-2NDPA/KS

0,0
0,1
0,2
0,3
0,4
0,5
0,6
0,7

0 1 2 3

amount of propellant [g]

[%
]

2-NDPA
N-NO-2-NDPA
2,2'-DNDPA
2,4'-DNDPA
2,4,4'-TNDPA

Fig. 15. Distribution of stabilizer depletion products as a function of available oxygen (all samples
aged for 5,1 days at 89°C)
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Fig. 16. Distribution of stabilizer depletion products as a function of available oxygen (samples
aged for 3,6 to 5 days at 89°C)



6 Conclusion

The flame retardant potassium nitrate (KN) is incompatible with nitroglycerin (and to a much
smaller extent also with nitrocellulose). Propellants containing KN show a much higher heat gene-
ration rate than propellants impregnated with potassium sulphate (KS). The incompatibility effect
is much more pronounced with stabilizers like 2-NDPA and TPA than with DPA, Ak II and C I [1].
Nevertheless a direct interaction between KN and the stabilizers is not very likely.

All propellants are sensitive towards oxidation by air. This can be demonstrated by the increase of
the oxidation reaction enthalpy with increasing amount of air. This increase is nearly constant
independent of the NG content, of the stabilizer used or the potassium salt within the propellant.
The difference in the shape of the heat flow curve between different stabilizer types reflects the
differently formed intermediate species during the decomposition of the propellant which directly
depend on the antioxidative ability of the stabilizers.

The combination of oxidative decomposition and incompatibility reaction leads to an additive
response in the heat flow signal. A (multiplicative) accumulation of decomposition reactions is not
visible. This underlines the different nature of the two decomposition processes. If the effect of KN
was of oxidative nature, one would expect similar reactions of the propellant, independent of
whether oxygen or KN are present.

Therefore one must assume that the effect of KN is to speed up the nitrate ester decomposition
process, under the formation of nitric oxides, radical scission products and oxidiseable organic
molecules. This is documented for example with the sample STAB-30-DPA/KN. As long as the
strong antioxidant DPA is present the heat flow level remains nearly at the same level than with
STAB-30-DPA/KS. As soon as the stabilizer is used up the heat generation rate of the 2nd

maximum rises up by about a factor of two (from 0 → 15 % of NG) and again by a factor of two
(from 15 → 30 % of NG).

References and Notes

[1] Jan Petržílek, Stephan Wilker, Gabriele Pantel, Lutz Stottmeister, Jan Skládal, „Compatibility
studies of flame retardants in propellants“, ICT-Jahrestagung 35, 97 (2004).

[2] Stephan Wilker, Pierre Guillaume, Michel Lefebvre, Sammy Chevalier, Laurence Jeunieau,
Gabriele Pantel, Uldis Ticmanis, Lutz Stottmeister, „Stability analyses of rolled ball propellants -
Part I – (Chemical stability)“, ICT-Jahrestagung 34, 83 (2003).

[3] Jan Petržílek, Stephan Wilker, Gabriele Pantel, Lutz Stottmeister, Jan Skládal, „Stability
analyses of propellants in dependence of their NG and stabilizer content“, 4. Symposium „New
trends in research of energetic materials“ Pardubice 369-392 (2001).



Annex

Table A. Details of measurements of samples stabilized with 2-NDPA
NG [%] 0 0 0 0 0 15 15 15 15 15 30 30 30 30 30
Salt KS KS KS KS KS KS KS KS KS KS KS KS KS KS KS
E [g] 0,4 0,8 1,6 2,4 3,1 0,4 0,8 1,6 2,4 2,8 0,4 0,8 1,6 2,4 3,0
V [ml] 3,0 2,7 2,2 1,7 1,26 3,0 2,7 2,2 1,7 1,45 3,0 2,7 2,2 1,7 1,33
t [d] 5,1 5,1 5,1 5,1 4,0 4,9 5,0 5,0 5,0 7,1 4,8 4,8 4,8 4,8 4,1
Q [J/g] 26 27 24 24 20 43 32 33 29 41 46 44 42 41 33

t 1.max [d] - 3,18 1,28 0,78 0,56 5,1 1,93 0,76 0,46 0,40 3,38 1,13 0,44 0,25 0,20
P 1.max
[µW/g] 559 642 329 181 127 578 507 366 289 238 371 406 380 368 331
Q 1.max
[J/g] - 21,4 9,1 5,6 4,2 44,0 19,8 9,7 5,1 4,4 38,6 19,3 8,9 4,9 2,9
P 1.min
[µW/g] - 35 38 41 448 - 44 59 53 51 53 69 85 87 87

t 10 J/g [d] 1,60 1,18 1,55 1,99 1,93 0,54 0,65 0,82 1,52 1,66 0,47 0,41 0,61 0,91 1,11
t 25 J/g [d] 4,84 4,34 5,30 5,35 - 2,15 3,24 3,67 4,37 4,64 1,72 2,06 2,64 2,89 3,08
t 50 J/g [d] - - - - - - - - - - - - - - -
t 100 J/g [d] - - - - - - - - - - - - - - -
Explanation to all tables in the Annex:

Values in italics are estimated values

-: no data available

Table A (continued). Details of measurements of samples stabilized with 2-NDPA
NG [%] 0 0 0 0 0 15 15 15 15 15 30 30 30 30 30
Salt KN KN KN KN KN KN KN KN KN KN KN KN KN KN KN
E [g] 0,4 0,8 1,6 2,4 3,1 0,4 0,8 1,6 2,4 2,8 0,4 0,8 1,6 2,4 3,1
V [ml] 3,0 2,7 2,2 1,7 1,26 3,0 2,7 2,2 1,7 1,45 3,0 2,7 2,2 1,7 1,26
t [d] 4,8 4,8 4,8 4,8 4,1 4,0 4,0 4,0 4,0 3,3 5,0 5,1 3,9 2,9 2,3
Q [J/g] 40 56 44 38 34 95 120 113 128 108 214 250 189 153 110

t 1.max [d] 4,71 2.96 2,18 1,44 0,51 2,07 1,02 0,54 0,33 0,27 1,34 0,66 0,33 0,20 0,13
P 1.max
[µW/g] - 140 189 194 144 360 413 403 325 290 464 492 441 425 346
Q 1.max
[J/g] 40,0 26,0 13,8 8,2 3,7 44,0 23,0 10,0 5,8 4,6 44 23,6 9,9 5,6 2,6
P 1.min
[µW/g] 74 109 49 39 47 183 185 144 138 132 259 300 236 223 179

t10 J/g [d] 1,85 1,45 1,49 1,96 1,75 0,50 0,44 0,54 0,63 0,66 0,30 0,28 0,33 0,39 0,46
t25 J/g [d] 3,32 2,87 3,72 4,15 3,42 1,17 1,15 1,35 1,29 1,29 0,72 0,71 0,79 0,76 0,82
t50 J/g [d] - 4,52 - - - 2,38 2,12 2,20 1,99 1,96 1,55 1,31 1,29 1,20 1,26
t100 J/g [d] - - - - - 4,10 3,47 3,60 3,22 3,10 2,69 2,23 2,18 2,00 2,08



Table B. Details of measurements of samples stabilized with DPA
NG [%] 0 0 0 0 0 15 15 15 15 15 30 30 30 30 30
Salt KS KS KS KS KS KS KS KS KS KS KS KS KS KS KS
E [g] 0,4 0,8 1,6 2,4 2,9 0,4 0,8 1,6 2,4 2,9 0,4 0,8 1,6 2,4 2,8
V [ml] 3,0 2,7 2,2 1,7 1,39 3,0 2,7 2,2 1,7 1,39 3,0 2,7 2,2 1,7 1,45
t [d] 5,0 5,0 4,9 4,9 4,1 5,0 5,0 3,8 5,0 6,1 5,0 5,0 6,2 6,2 4,3
Q [J/g] 39 30 23 18 13 68 66 37 45 65 97 87 103 86 57

t 1.max [d] 4,9 4 2,64 1,62 1,15 2,32 1,8 1,25 0,83 0,63 1,27 0,96 0,68 0,53 0,45
P 1.max [µW/g] 325 180 153 112 109 324 223 198 144 128 660 301 248 190 179
Q 1.max [J/g] 39 26 13,7 8,0 5,5 44 26 11,7 6,5 5,1 40 22 11,3 5,8 4,8
P 1.min [µW/g] 94 50 36 31 30 97 129 65 52 55 165 156 101 67 73
t WP [d] - - 4,08 4,74 - - - 2,33 2,87 3,09 - - 1,31 1,69 1,92

t10 J/g [d] 1,60 1,70 1,80 2,40 2,80 0,66 0,79 1,01 1,62 1,64 0,48 0,45 0,56 1,24 1,27
t25 J/g [d] 3,50 3,90 - - - 1,50 1,73 2,9 3,57 3,63 0,87 1,14 1,71 2,34 2,45
t50 J/g [d] - - - - - 2,99 3,77 - - 5,20 1,94 2,73 3,13 3,81 3,84
t100 J/g [d] - - - - - - - - - - 5,23 - 6,01 - -
WP = point of inflection at the increase into the 2nd maximum

Table B (continued). Details of measurements of samples stabilized with DPA
NG [%] 0 0 0 0 0 15 15 15 15 15 30 30 30 30 30
Salt KN KN KN KN KN KN KN KN KN KN KN KN KN KN KN
E [g] 0,4 0,8 1,6 2,4 3,1 0,4 0,8 1,6 2,4 2,9 0,4 0,8 1,6 2,4 3,0
V [ml] 3,0 2,7 2,2 1,7 1,26 3,0 2,7 2,2 1,7 1,39 3,0 2,7 2,2 1,7 1,33
t [d] 5,0 5,2 5,0 4,6 4,8 6,0 6,0 6,0 6,0 4,0 5,2 5,2 4,0 3,2 2,0
Q [J/g] 51,0 66,6 51,3 34 26,2 148 172 142 135 52 285 303 222 125 35

t 1.max [d] 4,52 2,98 2,27 1,4 1,26 2,00 1,62 1,20 0,85 0,71 1,01 0,83 0,62 0,52 0,51
P 1.max [µW/g] 174 156 102 94 91 478 346 219 224 121 891 442 263 208 182
Q 1.max [J/g] 47,0 28 14,5 8,1 6,5 41 26 11,4 7,0 5,6 41 23 11,5 6,7 5,1
P 1.min [µW/g] 94,0 108 54 41 38 210 239 74 59 57 427 388 132 87 77
t WP [d] - - 3,33 3,75 4,33 - - 2,05 2,45 2,95 - - 1,08 1,47 1,72

t10 J/g [d] 1,57 1,41 1,48 1,92 2,32 0,87 0,80 1,01 1,40 1,62 0,42 0,43 0,51 0,95 1,23
t25 J/g [d] 2,89 2,76 3,59 4,16 4,7 1,51 1,57 2,33 2,73 3,19 0,75 0,87 1,20 1,63 1,89
t50 J/g [d] 4,88 4,46 4,92 - - 2,43 2,50 3,15 3,45 3,93 1,22 1,30 1,57 1,99 2,3
t100 J/g [d] - - - - - 4,40 3,92 4,63 4,86 - 2,09 2,02 2,25 2,76 -



Table C. Details of measurements of samples stabilized with TPA
NG [%] 0 0 0 0 0 15 15 15 15 15 30 30 30 30 30
Salt KS KS KS KS KS KS KS KS KS KS KS KS KS KS KS
E [g] 0,4 0,8 1,6 2,4 3,3 0,4 0,8 1,6 2,4 2,5 0,4 0,8 1,6 2,4 2,9
V [ml] 3,0 2,7 2,2 1,7 1,14 3,0 2,7 2,2 1,7 1,64 3,0 2,7 2,2 1,7 1,39
t [d] 5,1 5,1 5,0 5,0 4,1 4,9 5,1 5,0 5,0 6,9 5,6 5,6 5,6 5,6 4,0
Q [J/g] 21 20 21 24 20 42 33 33 39 60 49 48 53 57 39

t 1.max [d] - 4,64 2,09 1,14 0,73 4,94 2,54 1,23 0,71 0,63 3,73 1,24 0,54 0,30 0,21
P 1.max [µW/g] - 48 110 98 92 122 102 122 144 159 224 203 189 191 176
Q 1.max [J/g] - 18,7 8,8 5,1 3,2 41,8 20 8,3 4,6 4,4 39,7 18,2 7,3 3,6 2,1
P 1.min [µW/g] - 27 31 31 31 46 47 38 38 41 56 74 75 74 62
t 2.max [d] - - - - - - - 5,0 4,2 4,0 - - 2,36 1,99 1,82
P 2.max [µW/g] - - - - - - - 113 125 137 - - 119 150 150
Q 2.max [J/g] - - - - - - - 33,5 29,7 30,8 - - 23,2 20,2 17,6

t10 J/g [d] 2,72 2,40 2,48 2,31 2,21 1,22 1,26 1,66 1,72 1,60 0,74 0,66 0,92 1,05 1,17
t20 J/g [d] 4,89 5,15 4,82 4,26 4,11 2,30 2,52 3,42 3,14 2,93 1,33 1,52 2,08 1,98 2,05
t40 J/g [d] - - - - - 4,57 - - 5,17 4,82 3,79 4,50 4,16 3,81 4,13
t100 J/g [d] - - - - - - - - - - - - - - -

Table C (continued). Details of measurements of samples stabilized with TPA
NG [%] 0 0 0 0 0 15 15 15 15 15 30 30 30 30 30
Salt KN KN KN KN KN KN KN KN KN KN KN KN KN KN KN
E [g] 0,4 0,8 1,6 2,4 3,2 0,4 0,8 1,6 2,4 2,9 0,4 0,8 1,6 2,4 3,7
V [ml] 3,0 2,7 2,2 1,7 1,2 3,0 2,7 2,2 1,7 1,39 3,0 2,7 2,2 1,7 0,89
t [d] 5,0 5,0 5,0 5,0 4,0 5,0 5,0 3,6 3,6 3,9 6,0 6,0 4,4 3,0 0,56
Q [J/g] 24 32 52 65 53 96 143 99 112 132 201 247 198 135 8,5

t 1.max [d] - 3,56 1,63 0,98 0,58 2,86 1,52 0,85 0,52 0,41 2,00 0,81 0,42 0,24 0,16
P 1.max [µW/g] 68 82 76 73 108 233 248 143 122 132 534 429 255 232 159
Q 1.max [J/g] - 21,7 9,6 5,6 3,4 43,4 23,1 9,3 5,0 4,0 43,2 20,6 7,8 3,7 1,56
P 1.min [µW/g] - 58 59 52 48 144 168 94 76 78 120 264 167 122 124
t 2.max [d] - - - - - - - 3,59 1,99 1,81 5,73 3,87 0,97 0,81 -
P 2.max [µW/g] - - - - - - - 480 496 511 625 574 566 684 -
Q 2.max [J/g] - - - - - - - 99,4 45,5 43,3 190 148 27,1 23,7 -

t10 J/g [d] 2,54 1,82 1,70 1,59 1,39 0,97 0,84 0,93 0,92 0,84 0,53 0,49 0,54 0,53 -
t20 J/g [d] 4,30 3,27 2,85 2,47 2,19 1,48 1,35 1,51 1,34 1,22 0,79 0,79 0,83 0,75 -
t40 J/g [d] - - 4,31 3,75 3,42 2,62 2,29 2,14 1,87 1,74 1,73 1,43 1,24 1,11 -
t100 J/g [d] - - - - - 5,11 3,96 3,60 3,31 3,14 3,99 2,86 2,50 2,32 -
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ABSTRACT 
On the basis of Recombination Reaction Networks computer simulation of the pathways for 

nitroamino-1,2,4-triazols decomposition reactions have been elaborated. Subsequent estimation 

of the thermo-chemical preference of these or other decomposition pathways has been estimated 

using DFT B3LYP 6-31G* quantum chemistry method. The schemes obtained have been collated 

with the available experimental data. 

 

INTRODUCTION 
Polyazaheterocycles with nitraminogroups are widely used as power-consuming 

compounds for various applied purposes. To use these compounds the information about their 

thermal stability is needed for determination of the temperature interval of power-consuming 

compounds safe production and use. The ascertainment of thermolysis mechanism allows to 

predict stability of compounds and for the prospect hypothetic ones to estimate the advisability 

of their synthesis. Meanwhile theoretical description of multi-step thermolysis is quite a 

complicated and hard-working problem. In this connection we suggested a methodology of 

organic compounds thermolysis channels computer modeling /4-8/ based on representation of 

thermolysis process as Recombination Reaction Networks (RRN) scheme. In this work the 

methodology is used for C-nitramino-1,2,4-triazole (1) and N-nitramino-1,2,4-triazole 

thermolysis process simulation. 
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INVESTIGATION METHODS 

Possible channels of organic compounds thermolysis prediction methodology is based on 

chemical statements that allow to formalize the process and to carry out the computer generation 

of decomposition schemes without any initial assumption about them.  

On the basis of experimental data of thermolysis mechanisms generalization we have 

elaborated empirical rules which give us the opportunity of possible nitramino-1,2,4-triazoles 

thermolysis reactions modeling. Rules represent the system of expert formulations and are 

collected in the generators of conversions with some selection criterions of possible reactions 

which are characteristic for this or other chemical classes.  

The methodology was realized as a program CASB /4/ for generation of RRN. As a result 

the whole set of formally probable reactions of thermolysis is formed.  

Then using the quantum chemical method of density functional (DFT) with hybrid 

potential B3LYP /9/ and a standard valence-split basic 6-31G* /10/ activation energies of the 

first step decomposition process reactions are calculated. The calculations were executed using 

GAUSSIAN 98 /11/ in Computing Centre of Zelinsky Institute of Organic Chemistry of Russian 

Academy of Sciences.  

 

DISCUSSION OF THE RESULTS 

For the C-nitramino-1,2,4-triazole (1) it formally may be 28 tautomeric forms and 

rotational isomer, which are represented in Table 1. According to our calculations tautomer (1a) 

is the most thermodynamically stable one in the gas phase with the total energy (Etot) -502.0856 

a.e. Tautomers of nitramine, nitrimines (1d-2) and (1d-1) are the most close to (1a) with  (Etot) 

for 0.0002, 0.0014, and 0021a.e are correspondingly less then for (1a).  

While nitrimines (1d-2) and (1d-1) are thermochemically most stable tautomers, 

nitrimines (1e-1) and (1e-2) are on the contrary the least stable compounds from the ones 

considered before. Total energies of nitramines (1f-h) aci-forms are 0.0075-0.0261 a.e.  

 
Table 1.  Energy characteristics of tautomers and rotational isomers of C-nitramino-1,2,4-
triazole (1a-h). 

Compounds 
Total 

energy  
(E), а.е. 

Energy of 
tautomeri–

zation*, 
kcal/mol 

Compounds 
Total 

energy 
(Etot), а.е. 

Energy of 
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zation*, 
kcal/mol 
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* The energy of tautomerization (1a) in corresponding tautomer was calculated by formula 

[(E + ZPE)х – (E + ZPE)у]×627.5 kcal/mol /13/, where ZPE is a correction for the energy of 

zero-point oscillations, where x is compounds (1a) and y is other compounds. 

The existence of nitramino-1,2,4-triazole (1) in the form of this or other tautomer, 

probably, will depend on reaction conditions, that is why we have generated some channels of 

thermolysis for all probable tautomers (1a-h). It turned out the decomposition channels of 

tautomers 1a-c, 1d-e and 1f-h are similar. Thus, three probable ways of decomposition for 

tautomers 1a-c are observed. They are homolytic cleavage of nitro-group (channel 1), 

dissociation of N-N bond in heterocycle (channel 2) and C-N bond dissociation (channel 3) (Fig 

1). It was shown earlier /12/ that for heteroaromatic bond C-N dissociation energy (23.7-34.3 

kcal/mol) is more expended than for the transanular N-N bond dissociation and therefore the 

probability of heterocycle decomposition is not very high. As a rule, nitro-nitrite rearrangement 

is not considered to be a probable decomposition pathway since according to /13/ this 

rearrangement for N-nitroderivatives is thermochemically not preferable compared with the 

homolytic nitro-group cleavage. 
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Fig. 1. Scheme of the first step thermolysis modeling for 1-H-3-nitro-1,2,4-triazole (1b). 



For determination of the thermochemial preference of this or other thermolysis pathways 

of compounds (1a-c) activation energies of the first step of decomposition process have been 

calculated (Table 2). It has been found that the radical cleavage of nitro-group is more preferred 

where Ea is from 26.6 kcal/mol to 30.1 kcal/mol. Power inputs for the rest of decomposition 

pathways (channels 2,3,4) are more than twice exceed those for NO2 radical cleavage. 

In many cases stated rules for thermolysis reactions hold when change from the gas phase 

to the liquid one, though in the latter case some new pathways are probable connected with 

solvation, ion-formation and complexation processes. Nevertheless according to the data /14/ 

thermolysis of (1) activation energy in aqueous solution is 32.2 kcal/mol and in ethylene glycol 

solution is 27.1 kcal/mol, which is quite close to the calculated energy for the gas phase. 

Four possible pathways of decomposition have been found for tautomers (1d-e): NO2 

elimination (channel 1), a cleavage of the N–N bond within heterocycle (channel 2), and two 

ways of the C–N cycle bonds homolysis (channel 3 and 4) (Fig. 2). As it follows from activation 

energy for the reactions proceeding on the first step of compounds decomposition, homolytic 

cleavage of nitro-group is the most favorable process. In this case, power inputs in the most 

termochemically stable tautomers (1d-2) is 53.1 kcal/mol. That is in accordance with the  

experimental data for thermal decomposition (1) in solid state (Ea=53.0) /14/.  
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Fig. 2. Scheme of the first thermolysis modeling step for 3-nitrimino-1,2,4-triazole (1d). 
 

 
Probable thermolysis pathways of tautomers (1f-h) are cleavage of hydroxyl radical 

(channel 1), dissociation of N-N bond in heterocycle (channel 2) and endocyclic C-N bond 

dissociation (channel 3) with formation of N2O (channel 3) (Fig. 3). 
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Fig. 3. Scheme of the first step thermolysis modeling for tautomers (1g). 
 
The most thermochemically favorable channel of thermolysis is homolytic cleavage of 

hydroxyl radical. The value of activation energy for this process is in according to the structure 

of tautomers and varies from 40.1 kcal/mol to 53.2 kcal/mol.  

For dissociation of transannular N-N bond (channel 2) in (1f-h) from 67.7 kcal/mol          

(1h-3) to 74.6 kcal/mol (1g-5) is expanded. Energy inputs for endocycle C-N bond dissociation 

with N2O throwing are higher (up to 83.5 kcal/mol (1h-1)).  

 
Table 2. Activation energy of the reactions at the first step of (1a-h) tautomers decomposition. 
 

Number of a channel Number of a channel Tautomer 
1 2 3 4 

Tautomer 
1 2 3 

1a 27.9 68.1 87.1  1g-1 46.5 72.5 78.4 
1b 30.1 69.8 84.1  1g-2 40.1 71.7 72.0 
1c 26.6 69.8 87.2  1g-3 47.6 72.7 74.5 

1d-1 52.5 73.4 90.8 90.5 1g-4 47.4 72.8 74.3 
1d-2 53.1 73.1 91.3 91.1 1g-5 45.3 74.6 76.2 
1e-1 46.8 62.6   1g-6 40.9 71.1 71.8 
1e-2 39.7 51.4   1g-7 48.3 71.6 74.7 
1f-1 50.9 70.7 82.3  1h-1 51.9  83.5 
1f-2 42.3 68.9 73.7  1h-2 42.5 68.4 74.1 
1f-3 47.5 69.7 74.9  1h-3 47.3 67.7 74.8 
1f-4 48.4 70.9 75.8  1h-4 48.5 71.7 76.0 
1f-5 44.5 70.7 73.8  1h-5 52.8 73.7 78.8 
1f-6 47.1 73.8 78.5  1h-6 53.2 68.3 79.2 
1f-7 46.8 73.3 78.2  1h-7 44.4 68.3 74.0 

 
N-nitramino-1,2,4-triazole can exist in 6 tautomeric forms and rotational isomer, which 

are represented in Table 3. In gas phase thermodynamically most stable is tautomers (2а) with 

the totall energy -502.0284 а.е. which is for 0.0059 а.е. less than the total energy of the nitrimide 

(2в). Nevertheless in crystalline state compound (2) has the structure of nitrimide (2в) but not 

nitramine (2а) /14/. Total energies of aci-forms (2с) are for 0.0109 – 0.0234 а.е. more than the 



total energy of nitramine 2а, which is evidence to their less thermodynamical stability. The 

energy of 2a compound tautomerization correlates with the tautomers thermodynamical stability.  

 
Table 3. Energy characteristics of tautomers and of rotational isomers for (2a-c). 

 
 

Compounds 

Total 
energy, 
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To get a clear description of C-nitro-1,2,4-triazole (2) thermolysis mechanisms we have 

generated some channels of thermolysis for all probable tautomers (2a-h). 

Three possible pathways of decomposition have been found for tautomers: NO2 

elimination (channel 1), way of the C–N cycle bonds homolysis (channel 2) and a cleavage of 

the N–N bond within heterocycle (channel 3) (Fig. 4). Activation energy for the reactions 

proceeding on the first step of compounds decomposition (Table 4) is evidence of considerable 

thermochemical preference of homolytic nitro-group cleavage (channel 1) with activation energy 

Ea=25.8 kcal/mol in comparison with the rest of decomposition channels.  

 
N

N

N

HN NO2

N

N

N

NH

N

N

N

N

N

N

HN NO2

OHN2O

1 2
3

NO2

 
Fig. 4. Scheme of  thermolysis first step modeling for 3-nitramino-1,2,4-triazole (2a). 



Probable 4-nitrimide of 1,2,4-triazolium (2b) decomposition pathways are nitro-group 

homolytic cleavage (channel 1), endocycle dissociation (channel 2) and transannular N-N bond 

dissociation. 
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Fig. 5. Scheme of thermolysis first step modeling of 4-nitrimide-1,2,4- triazolium (2b). 
 
 
In contrast to the nitramine (2a), according to our calculations (Table 4) 

thermochemically most preferable decomposition pathway for compound (2b) is dissociation of  

endocycle N+-N- bond (channel 2, Ea=38.3 kcal/mol). 

Probable decomposition pathways of tautomers (2c) are cleavage of hydroxyl radical 

(channel 1), endocycle N-N bond dissociation (channel 2) and dissociation of transannular N-N 

bond. According to calculation results represented in Table 4, thermochemically most preferable 

way is the homolytic dissociation of endocycle N-N bond (channel 2). Depending on tautomers 

structure power inputs for bond decomposition are from 27.0 to 34.4 kcal/mol. 
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Fig. 6. Scheme of thermolysis first step modeling for tautomers (2c). 
 
Experimental data of compound 2 thermolysis activation energy in the gas and solid 

phases are not available. According to the data /14/ nitramine (2) thermolysis activation energy 

in the liquid phase is 40.05 kcal/mol (in water), 29.33 kcal/mol (in phenyl  benzoate) and 19.63 



kcal/mol (in isopropanole). Thus the solvent most likely determinates decomposition 

mechanism. It’s noteworthy that experimentally found Ea is quite close to the calculations for 

different tautomers. 

 

Table 4. Activation energy (Ea) of the reactions proceeding for the first step of (2a-h) tautomers 

decomposition reactions. 

Number of a channel Number of a channel Tautomer 
1 2 3 

Tautomer 
1 2 3 

2a 25.8 40.7 65.3 2c-2 49.4 34.4 68.8 
2b 59.2 38.3 49.3 2c-3 39.0 27.0 65.0 

2c-1 48.2 33.3 68.4 2c-4 42. 1 30.4 67.1 
 
 

CONCLUSION 
 
As a result of computer generation of probable nitramino-1,2,4-triazoles thermolysis 

pathways we have got a whole series of formally probable reactions. Activation energies 

calculations of obtained thermolysis reactions allow us to select the most thermochemically 

preferable ones. Represented data can be used for estimation the thermochemical stability of the 

compounds and for the subsequent thermochemical and kinetic analysises of thermolysis 

reactions. 

The authors are grateful to Dr. A.A. Porollo for the assistance in this work. 
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ABSTRACT 
 

An RF ID-tag is a small radio frequency (RF) transponder. It contains a tiny radio receiver, and a 
tiny radio transmitter that broadcasts an identifying code. One must use a special reader, which contains a 
relatively powerful radio transmitter. 

As RF ID-tag systems become more common, we must be aware of the hazard to electro explo-
sive devices (EEDs). Examples are electrically fired squibs, igniters, detonators, and systems that contain 
them. When the special reader activates an RF ID-tag, at the same time the reader can induce an electric 
current, in any nearby wire. If the package contains detonators, then the reader might induce enough cur-
rent in the leadwires of a detonator to fire it. In other words, in some cases, an RF ID-tag reader might 
cause an explosion. 

The RF power output of the reader is not, in general, a useful parameter in evaluating this hazard. 
Interactions between the reader and a detonator are in the induction region (near field) of the transmitting 
antenna. 

In evaluating this hazard, we must rely on laboratory tests of induced current. Results will differ 
for each type of reader. We also must know the safe or no-fire current level that characterizes the detona-
tors. 

In any case, where we do not know enough to evaluate the potential hazard, we should not use RF 
ID tags on packages containing EEDs. 

 

1 Introduction 
A radio frequency identification (RF 

ID) tag is a tiny radio transmitter. It sends a 
coded message to a nearby radio receiver, or 
“reader.” In other words, the tag identifies 
itself. 

Figure 1: RF ID Tag Operation 

 
 
In Figure 1, we show an RF ID tag 

as a small black pellet on a package at the 
left. The RF ID tag identifies itself by a 
number – in this picture, the number is 
1415926. The RF ID tag sends out a coded 
electromagnetic signal, which we represent 

as a wiggly line. The reader has a vertical 
whip-type antenna. The reader receives the 
signal from the RF ID tag. The reader de-
codes the number, which it displays. 

When we attach the RF ID tag to a 
package, we can use it for shipping, and for 
inventory control. We connect our reader to 
a computer. The computer program uses the 
received code number to find necessary in-
formation about the package. For instance, 
the computer can determine what might be 
the package destination (for shipping), or the 
package contents (for inventory). 

In Figure 1, we show an “active” 
tag. It contains a small battery, with a lim-
ited lifetime. These are not common. 

Most RF ID tags are “passive,” 
which means they contain no battery or 
other power source. A passive tag obtains its 
operating power from the reader. 



 

 

 

Figure 2: Passive Tag 

 
 
Figure 2 shows a reader for a pas-

sive tag. The reader contains a radio trans-
mitter that is much more powerful than the 
transmitter in the RF ID tag. The reader 
transmits RF energy in all directions – we 
represent this by the heavy black arrows 
coming out of the reader’s antenna. The 
reader bathes the nearby RF ID tag in elec-
tromagnetic radiation. The passive RF ID 
tag thus obtains enough energy to transmit 
its code number back to the reader. In other 
words, the reader activates the tag. 

2 Possible Hazard 
We do not want the reader to acti-

vate what is inside the package that carries 
the RF ID tag. The package might contain 
electro explosive devices (EEDs) - for ex-
ample, electric detonators. We do not want 
the reader to fire a detonator. 

Figure 3: Package with Tag and Detonator 

 
 
Figure 3 shows a package with an 

RF ID tag on the outside, and an electric 
detonator on the inside. The detonator leads 
are in the form of a coil. People who pack 
electric detonators for shipment or for stor-
age commonly coil the leads. In Figure 3, 
we see a reader with its powerful radio 

transmitter – it irradiates both the tag and the 
detonator. 

The detonator leads form an RF 
pick-up coil. The reader induces electric cur-
rent in these leads. Will there be enough cur-
rent to fire the detonator? We are concerned. 

Figure 4 shows the parts of an elec-
tric detonator. Lead wires come in from the 
left, and go through an insulating plug. A 
very fine metal bridge wire goes from the 
end of one leadwire to the other. Electric 
current in the lead wires will heat this bridge 
wire. A blob of sensitive pyrotechnic mix-
ture covers the bridgewire. Secondary ex-
plosive material fills most of the volume 
inside the metal case. 

 

Figure 4: Electric Detonator 

 
Can an RF ID tag reader heat the 

bridge wire? Can it fire a detonator inside a 
package? The answer depends upon three 
things: the type of reader, the coupling to the 
detonator, and the detonator sensitivity. We 
will discuss each of these points. 

3 Readers 
There are many different kinds of 

readers for passive RF ID tags. We list some 
of the assigned operating frequencies, and 
corresponding wavelengths, in Table 1. Al-
though most are not so strong, a few readers 
have as much as 10 watts RF power output. 

 

Table 1: RF ID Frequencies 

Radio Band Wavelength 

125 kHz 2.4 km 

148 kHz 2.0 km 

13.6 MHz 22 m 

433 MHz 69 cm 

900 MHz 33 cm 

2.4 GHz 12 cm 

 



 

 

Most readers have dipole antennas, 
which emit RF power all around the horizon. 
This can be a magnetic dipole (loop an-
tenna), or electric dipole (whip antenna). 
The RF power is not focused like the beam 
from a flashlight. We say that the transmit-
ting antenna is not directional. It means that 
the reader can communicate with any RF ID 
tag that is nearby. It is not necessary to 
"point" the reader at the tag. Of course this 
is a very great advantage, and makes RF ID 
tag systems very useful. 

By way of contrast, we will mention 
an optical bar-code ID system. An optical 
reader must point directly at the printed bar 
code, in order to read it. In some situations, 
this will not work, because one does not 
know exactly where the bar code is. Thus, 
an optical bar-code ID system may not be 
useful as an RF ID system. 

4 Coupling 
Can an RF ID tag reader fire an 

electric detonator? The answer will depend 
upon the separation distance. How far away 
is the reader? The basic criterion is the 
wavelength. Table 1 gives wavelengths for 
common RF ID tag readers. If the electric 
detonator is more than one wavelength 
away, then it is in what we call the "far-field 
region," and it is safe. 

Detonators in packages, like the one 
we show in Figure 3, travel in trucks all over 
the world. They often pass near radio trans-
mitters of every kind. The detonator in the 
package has coiled, shunted leads. That lead 
configuration protects the electric detonator 
against far-field electromagnetic radiation. 

Near-field coupling is potentially 
more dangerous. Figure 5 is an example. 

 

Figure 5: Magnetic Coupling 

 
 
The package is at the left. It contains 

a detonator with coiled, shunted leads. On 
the surface of the package is an RF ID tag 
(short black line). In this case the reader 
uses a magnetic-dipole antenna, which is a 
multi-turn loop. The reader is very close to 
the package: this is the near-field region, 
where magnetic coupling dominates. The 
alternating magnetic field from the reader 
coil induces electric current in the detonator 
leadwires. The current flows through the 
bridge wire, heating it. This could be dan-
gerous. Figure 6 is a photograph, from 
www.rfidinc.com, which shows a commer-
cial reader with that kind of antenna. 

 

Figure 6: Reader with Loop Antenna 

  
 
Coiling and shunting the detonator 

leadwires does not protect the detonator 
against magnetic pick-up. If the leadwire 
coil is the same size as the reader's antenna 
loop, as we have shown in Figure 5, there 
will be enhanced pick-up. 



 

 

The only way to avoid this kind of 
magnetic pick-up is to keep the RF ID tag 
reader at least one wavelength away from 
the detonator. Table 1 gives the safe dis-
tances. It is necessary to know the operating 
frequency of the reader. 

In many cases it will not be possible 
to keep the reader in the far field. It will be 
necessary to bring the reader close to (i.e. 
less than one wavelength from) the package. 
In that case we must find out what the cou-
pling can be. 

We must determine how much elec-
tric current the reader's antenna can induce 
in the lead wires of a nearby detonator. The 
reader's specifications will tell its frequency 
and total RF power output. Unfortunately, 
those values do not allow us to calculate 
near-field magnetic current induction. We 
must perform a test. 

 

Figure 7: Test Pick-Up 

 
 
Figure 7 shows how we test for 

safety in our laboratory. At left is a thermo-
couple temperature meter. Wires lead from 
the temperature meter to a tiny thermocou-
ple that we have placed on the bridgewire of 
an electric detonator. We have removed all 
the explosive material from this detonator. 
To the right, in Figure 7, is the RF ID tag 
reader, with its output coil. 

To perform the test, we first turn on 
the reader. Then we coil the detonator lead-
wires in every configuration. We watch the 
bridgewire temperature. We arrange the 
leadwires to get the highest temperature. 
That is, we get the closest – or best – cou-
pling possible. That will be the maximum 
RF power that a detonator can possibly pick 
up from this reader. This is a worst-case test. 

If the temperature is high enough to 
fire the detonator, then we conclude that this 

type of RF ID tag reader is unsafe to use 
around electric detonators. If, on the other 
hand, the maximum temperature is not very 
high, then we can be sure that this reader is 
safe for use around electric detonators. 

We must perform this test for each 
different type of reader that we might use on 
packages containing electric detonators. 

5 Detonator Sensitivity 
Different designs of detonators re-

quire more or less electric current to fire. 
For each design, there is a safe value – we 
call this the no-fire current level. For a 
commercial electric detonator, it might be 
0.2 ampere. For the T61 carbon-bridge deto-
nator, the no-fire current level is 0.0012 am-
pere. For safety’s sake, we must not use a 
reader that might induce that much electric 
current into the detonator’s leads. 

6 Recommendation 
In order to be safe, we must know 

that our RF ID tag reader will not induce 
enough electric current, into leadwires of a 
detonator, to fire it. 

For that assurance, we need two 
pieces of information: 

First, we must know how much 
electric current the reader can induce, as a 
worst case. That means we must perform the 
test in Figure 7. We must do this for every 
different type of reader that we intend to 
use. 

Second, we must know the “safe” or 
“no-fire” level of electric current that char-
acterizes our detonators. 

If the maximum induced current is 
less than the no-fire level, then we are safe. 

Unless we can make that statement, 
we should not use passive RF ID tags on 
boxes that contain electric detonators. 
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ABSTRACT 

A novel azido poly-isocyanate curing agent (namely as EO03) was synthesized via 

additional reaction of azido polyether polyol with hexamethylene diisocyanate (HDI). 

The reaction conditions and post processing steps were studied. 

There was an exothermic peak at 252.89oC referring to the thermal decomposition 

of azide group in differential scanning calorimetry (DSC) plot of EO03 and the glass 

transition temperature (Tg) was found at –47.13oC.Thermal decomposition peak of 

GAP/EO03 was found to be at 254.56oC and the Tg was found at –45.78oC. 

To estimate the potential utility in azido solid rocket propellants, an energetic nitric 

acid ester plasticizer, triethylene glycol dinitrate (namely as TEGDN), was added to 

GAP/EO03 system as an energetic plasticizer of 15%, 30% and 50%, respectively. It 

was homogeneous even as the amount of TEGDN was equal to GAP/EO03 system. 

There were two peaks found to be at 213.05oC and 250.89oC in DSC plot of 

GAP/EO03/50%TEGDN. The two exothermic peaks referred to the thermal 

decomposition of TEGDN and azido group respectively. 

KEYWORDS: azido curing agent, synthesis, compatibility, thermal properties, 

mechanical properties 
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Introduction 

In the manufacture of solid rocket propellant, a polymeric substance, mostly azido 

hydroxy-terminated prepolymers, is frequently employed as a binder to hold together 

fuel and oxidizer compounds of the propellant. The addition of curing agents to these 

prepolymers causes cross-linking between the functional groups of the prepolymer, 

resulting in a polymer. The polymers physical properties vary with the degree of 

cross-linkage. This degree can be varied by the amount and type of curing agents 

added. In general, it is desired to cure the prepolymer to degree such that the resulting 

polymer has the physical properties of an elastomer. 

However, the mechanical property of the azido solid rocket propellant is weak 

because of the structure of azido binder [1-5]. Employing suitable energetic curing 

agents is one of the practical ways to improve the energetic level, physical integrity 

and other technical performances of solid rocket propellants. And some two and three 

functional groups energetic poly-isocyanate curing agents have been developed [6-8]. 

In this study, a new 4- functional groups, namely as EO03, is introduced and the 

formula is shown as follow. 

C C H 2O C H 2C H O

C H 2N 3

H
4 4

C H 2N 3

C H 2C H OC H 2OC

O

n
( ) ( )n

H D I
C N H( )C H 2 6N C O

 
                                                          n=2-5 

1 Experimental Procedure 

1.1 General 

All reagents and organic solvents were of analytical quality and used as purchased. 

FTIR spectra were recorded for neat samples on a Nicolet-60SXR-FTIR (USA) 

spectrometer in the frequency range 400-4000 cm-1. Molecular weight was determined 

on a WATERS 150 GPC. The glass transition temperature (Tg) were performed on a 

PE DSC-2C at a heating rate of 10oC/min, differential scanning calorimetry (DSC) 



and thermal gravimetric analysis (TGA) were performed on TGA2950 and DSC 2910 

(TA, USA) at a heating rate of 20oC/min and 10oC/min respectively. Mechanical 

properties were tested on an Instron 4500. 

1.2 Synthesis of EO03 

Hexamethylene diisocyanate (HDI) was heated to 80 oC and acetic ether solution of 

dibutyltin dilaurate was added, and then the azido polyether polyol was added 

dropwise. After adding the azido polyether polyol, the solution was stirred for an 

additional 6 h at 80 oC. Continuous extraction was selected to separate HDI. 

2 Results and Discussion 

2.1 Synthesis of EO03 

The influence of HDI amount on the NCO% of EO03 is shown in table 1. When 

NCO/OH (mol ratio) is more than 4/1, the NCO% shows a good agreement between 

the calculated values and the measured values of EO03. There are probably some 

by-products of cross-linking when NCO/OH (mol ratio) is 3/1. It indicates that EO03 

is close to the designed structure. 

Table 1 Influence of HDI amount on the NCO% of EO03 

NCO/OH/(mol/mol) Mw(calculated) NCO%( calculated) NCO%( measured) 

3/1 1516 11.08 9.41 

4/1 1516 11.08 10.35 

6/1 1516 11.08 10.41 

The reaction of HDI with alcohol is rather slow without catalysts because of 

isocyanate group linked to the aliphatic skeleton. In general, higher temperature 

would increase the reaction rate. Such method suffers from several shortcomings. 

There would be dangerous of energetic material decomposition besides the formation 

of branched by-products. In this study, the additional reaction is carried at 80 oC for 

safety and moderate reaction rate. 

The excessive amount of HDI was distilled in vacuum in previous literatures[8]. 



Honestly, there were potential dangerous in this procedure. In this study, continuous 

extraction is selected to remove the excessive HDI. Being an extraction solvent, 

n-hexane has following advantages: 

·favorable dissolution to HDI 

·insolubility to EO03 

·lack of reactive –H and 

·low boiling point 

The influence of the excessive amount of HDI on post processing step is summed 

up in Table 2 and Run 2 is acceptable. 

Table 2 Influence of the excessive amount of HDI on process of postprocess 

 NCO/OH/(mol/mol) Reaction time /h Post-managing time 

/h 

Yield /% 

Run 1 3/1 6 46 89.1 

Run 2 4/1 6 72 93.6 

Run 3 6/1 6 106 93.8 

FTIR spectrum is shown in Fig.1 and the corresponding structures of characterized 

wavenumbers are shown in Table 3. FTIR spectrum indicates the characteristic 

absorptions of urethane and isocyanate groups at 3676, 2273 and 1273 cm-1, and there 

are no other obvious differences from the azido polyether polyol. It suggests that the 

polymer chain remained except HDI reacting with the end OH groups. 
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Fig. 1 FTIR spectrum of EO03 

 



Table 3 Corresponding structures and its characteristic absorptions 

Structure  -NH- -NCO -N3 -NHCOO- -C-O-C- 

Wavenumber/cm-1 3349 2273 2101/1282 1723 1132 

2.2 Thermal properties of EO03 

There is a peak at 252.89 oC in the ranging of 200-300 oC from Fig. 2, which 

corresponding the decomposition of azido group. And the glass transition temperature 

(Tg) is found at –47.13 oC from Fig.3. 

 
Fig.2 DSC plot of EO03 

 

Fig.3 Glass transition temperature of EO03 

2.3 Application of EO03 

2.3.1 Thermal properties of GAP/EO03 elastomers 

There is a decomposition peak at 254.56 oC from DSC plot of the polyurethane film 

based on GAP (Mn=4500, 28.89mgKOH/g)/EO03 (Fig.4) and it is subtle difference 

from EO03. The glass transition temperature of GAP/EO03 is shown in Fig.5, and it is 

–45.78 oC, slightly higher more than the glass transition temperature of GAP/N100, 

-47 oC. The results indicate that the structure of EO03 was branched and same as 



N100, which have been known having average functional groups of 3.65-3.70[9]. 

 

Fig.4 DSC plot of the polyurethane film based on GAP (Mn=4500, 28.89mgKOH/g)/EO03 

 

Fig.5 The glass transition temperature of GAP/EO03 

2.4.2 Compatibility of GAP/EO03 with TEGDN 

Different contents of an energetic nitric acid ester plasticizer, triethylene glycol 

dinitrate (namely as TEGDN) were added to GAP/EO03 system of 15%, 30% and 

50%, respectively. The experiments results are shown in Table 4. 

Table 4 Compatibility of GAP/EO03 with TEGDN 

(GAP+ EO03)/g TEGDN/g TEGDN/% Appearances after 3 weeks Tg/℃ 

21.25 3.75 15 Transparent, no separation   

17.5 7.5 30 Transparent, no separation  

12.5 12.5 50 Transparent, no separation -69.08 

It is homogeneous even as the amount of TEGDN is equal to GAP/EO03 system 

and the results indicat that the system would be single-phase as the weight content of 

TEGDN below 50%. There are two peaks found to be at 213.05oC and 250.89oC in 

DSC plot of GAP/EO03/50%TEGDN (Fig.6). The two exothermic peaks refer to the 



thermal decomposition of TEGDN and azido group respectively. The glass transition 

temperature of GAP/EO03/50%TEGDN is found at –69.08 oC and there is only one 

glass transition region in Fig.7. 

 

Fig.6 DSC plot of GAP/EO03/50%TEGDN 

 

Fig.7 The glass transition temperature of GAP/EO03/50%TEGDN 

2.5 Mechanical properties of GAP/ EO03 

Two azido poly-isocyanate curing agents with different molecular weight, EO03-1 

and EO03-2, are selected to test mechanical properties of their elastomers cured with 

GAP and the results are shown in Table 5. 

Table 5 Mechanical properties of GAP/ EO03 (20 oC) 
Curing agent  Mn (found) NCO/OH (mol ratio) σm/ 

MPa 

εm/ 

℅ 

EO03-1 2451 1.05 0.35 291 

EO03-1 2451 1.10 0.37 244 

EO03-1 2451 1.20 0.37 229 

EO03-3 1436 1.05 0.63 157 

EO03-3 1436 1.10 0.65 147 

EO03-3 1436 1.20 0.67 129 



Three low molecular weight compounds, ethylene glycol, butane-1,4-diol and 

hexane-1,6-diol are selected to be as chain extenders and mechanical properties are 

studied. The results suggest σm have improved slightly and εm have dropped 

followed the adding of the chain extenders. It would be contributed to the 

concentration increasing of –NHCOO- groups for the reaction of hydroxide and 

isocyanate. 

Table 6 Influence of chain extender structures on mechanical properties of GAP/EO03 
Curing agent Chain extender NCO/OH (mol 

ratio) 

σm/ 

MPa 

εm/ 

℅ 

EO03-3 ethylene glycol 1.20 0.74 95.6 

EO03-3 butane-1,4-diol 1.20 0.75 75.0 

EO03-3 hexane-1,6-diol 1.20 0.70 106.8 

EO03-3  1.20 0.70 129.0 

3 Conclusions 

EO03 have good physical and chemical compatibility with common energetic 

binder, such as GAP, and with common nitric acid ester plasticizer, such as TEGDN, 

and the azido poly-isocyanate curing agent would improve mechanical properties of 

azido solid propellant. 
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ABSTRACT 

The synthesis of low-density, nano-porous materials has been an active area of study in 

chemistry and materials science dating back to the first synthesis of aerogels.[1,2] These materials, 

however, are most often limited to silica, metal oxides (e.g., Al2O3) and organic aerogels (e.g., the 

resorcinol/formaldehyde type), with the only common elemental material being carbon, arising from 

the pyrolysis of organic aerogels.  Here we report a general method to access unprecedented ultra-

low-density, nano-structured monolithic transition-metal foams, utilizing self-propagating 

combustion synthesis from novel transition-metal complexes containing energetic ligands with high 

nitrogen content.  In investigating the decomposition behavior of the high-nitrogen transition metal 

complexes, nanostructured metal monolithic foams were formed having remarkably low densities 

(0.011 g cm-3) and remarkably high surface areas (258 m2 g-1).  The ability to form monolithic 

metallic nanocellular porous materials is presently not possible using conventional methodology, 

particularly at the densities we have observed, or with the ease of production.  To date, we show 

foam production via this method demonstrated with iron, cobalt, copper and silver metals. 

 

EXPERIMENTAL 

The bi(tetrazolato)amine metal complexes were synthesized in an aqueous solution by reaction of 

ammonium bi(tetrazolo)amine and a metal salt as described elsewhere.[8]  The complexes were 

pressed to 6.35 x 6.35 mm pellets at a gauge pressure of 179 kPa to give pellets of approximately 



95% theoretical maximum density, and ignited in the combustion chamber by means of a resistively 

heated nickel-chromium wire. 

Scanning electron microscopy images were obtained using a LEO 1525, CH&N 

measurements were performed on a Perkin Elmer 2400 Series II CHNS/O Analyzer, BET surface 

areas were measured on a QuantaChrome Autosorb-1 and TGA measurements were performed using 

a TA Instruments Hi-Res Modulated TGA 2950 Thermogravimetric Analyzer. 

 

RESULTS 

The lowest-density metal foams found in the literature range from 0.04-0.08 g/cm3 made 

from magnesium or aluminum.  These foams, however, contain cells on the millimeter length-scale, 

and have a relatively low surface area.[3,4]  Recently, a silver sponge was reported with pore sizes on 

the order of a few microns and a surface area of 0.5 m2 g-1, however, no density is reported.[5]  

Dendritic platinum three-dimensional foam-like nanostructures synthesized in an aqueous surfactant 

were also recently reported, but these are limited to very small clusters ranging in size from 6 to 200 

nm.[6]  

The first, and best, characterized metal foam prepared in these studies was derived from the 

ammonium tris(bi(tetrazolato)amine)ferrate(III) complex (Fe-BTA) (Scheme 1).  Ignition of Fe-BTA 

as a loose powder in air results in a rapid burn, with the production of orange sparks indicative of the 

burning of nascent iron in air.  The combustion of cylindrical pellets of Fe-BTA in a combustion 

chamber of inert atmosphere at varying pressures results in the formation of the metal foam 

monolith.  Following combustion at 2,070 kPa, a bimodal pore size distribution was observed within 

the micron and the 20-200 nm ranges.  Interestingly, combustion at 7330 kPa resulted in a metallic 

foam containing only the 20-200 nm pore size distribution (Figure 1b-c).  Brunauer-Emmett-Teller 

(BET) surface area analysis for the metal foam produced at 2070 kPa yielded an extraordinarily high 

surface area of 258 m2 g-1 (a high surface area titania aerogel has a BET surface 100-200 m2 g-1).[7]  

BET surface area for foams produced at higher pressures (~7000 kPa) range from 12-17 m2 g-1.  

Evidently, the high-nitrogen ligand acted as a blowing agent on a molecular level as Fe-BTA 

decomposed, liberating decomposition gases.  Elemental analysis (standard combustion technique) 

and energy dispersive spectra (EDS) demonstrated that the as-produced metal foams contain up to 

50% carbon and nitrogen that is mostly removed by heating to 1073 K in an inert atmosphere (Fig. 

1d).  While no density or surface area measurements were made on the heat treated foam due to 



small sample size, it is apparent from the SEM image that no sintering took place (Fig. 1d and 2).  

Thermogravimetric analysis (TGA) and EDS indicate that the heat-treated foams range from 10% 

remaining carbon (iron foam) to essentially pure (copper foam).   

The reduction of the transition metal through combustion in these complexes appears to be 

general, with possibly many more transition metals utilized.  Cobalt, silver and copper metal foams 

have been produced from the corresponding analogs of the Fe-BTA.  The morphology of the 

resultant foam is strongly dependent on the transition metal employed.  Electron micrographs of the 

cobalt foam showed not only the two basic pore morphologies observed in the iron foam, but also a 

third morphology consisting of small cobalt grains (~10 nm) that aggregate to form the foam walls, 

which should dramatically increases the surface area of the metal foam (Fig. 3).  The copper foam 

was of a higher density and had much more regular, yet larger pore sizes of approximately 1 µm, and 

after heating to remove impurities, very interesting crystal lattice lines along the foam walls (Fig. 4).  

The silver foam was the most dense, and in fact had fused together in portions to form shiny silver 

beads.  Fig. 5 A and B show SEM images of portions of the silver foam which had not fused together 

and show foam structure, indicating that when optimized, monoliths such as in the case of the iron 

foam can be achieved.  This approach shows promise for being a flexible, general, approach to the 

formation of a wide range of new nanoporous metals not currently accessible by state-of-the-art 

nanoscience.  Possible applications abound in the fields of catalysis, fuel cells, hydrogen storage, 

unique insulation, and electromagnetic absorption materials to name but a few.  

  

 

 

 

 

 

 

 

 



 

Scheme 1 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

      

 

Fe(H2O)6(ClO4)3 +

H
N

N N
N

NN
N

N N

NH4
+ NH4

+

H
N

N N
N

NN
N

N N

FeIII 3

( NH4
+)3

3-

1

H2O
– – – –3

∆



 

 

 

 

 

 

 

 

 

 

 

      

 

 

Figure 1 a, Photograph, 4 mm scale, of iron foam next to unburned pellet of the Fe-BTA 
complex.  b, scanning electron micrograph (SEM), 10 µm scale, of low pressure iron foam 
showing pore structure of roughly 1 µm.  c, SEM, 100 nm scale, of high pressure iron foam 
showing pore sub-structure of roughly 20 – 100 nm.  d, SEM, 1 µm scale, of heat-treated iron 
foam. 
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Figure 2  SEM, scale 200 nm, of Co foam after heat treatment, foam walls made up of 
particles and rods of cobalt metal. 
 

 

 

 

 

 

 

 

 

 

 



 

Figure 3  SEM, scale 100 nm, of Co foam showing nano-porous substructure made up of 
rice-like particles that form foam walls.   
 

 

 

 

 

 

 

 

 

 

 

 



 

 

Figure 4  SEM, 200 nm scale, of heat-treated copper foam. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

 

 

 

 

 

 

 

 

Figure 5  a, SEM, scale 1 µm, of Ag foam.  b, scale 100 nm, closer view of (a) showing 
surface nano-porosity of around 20 nm. 
 

 

 

 

 

 

 

 

 

 

 

 

a b



 

REFERENCES 

1. S.S. Kistler, Nature, 1931, 127, 741.  

2.  S.S. Kistler, J. Phys. Chem, 1932, 36, 52. 

3. L. Gibson, Annu. Rev. Mater. Sci., 2000, 30, 191. 

4. H. Kanahashi, T. Mukai, Y. Yamada, K. Shimojima, M. Mabuchi, T.G. Nieh, K. Higashi, 

Mater. Sci. Eng., 2000, A280, 349. 

5. D. Walsh, L. Arcelli, I. Toshiyuki, J, Tanaka, S. Mann,  Nature Mater. 2003, 2, 386. 

6. Y. Song, Y. Yang, C.J. Medforth, E. Pereira, A.K. Singh, H. Xu, Y. Jiang, C.J. Brinker, 

F. van Swol, J.A. Shelnutt. , J. Am. Chem. Soc. 2004, 126, 635. 

7.  D.J. Suh, T.J. Park, Chem. Mater., 1996, 8, 509. 

8. a) M.H. Huynh., M.A. Hiskey, B.C. Tappan, & D.E. Chavez., Angew. Chem,  (submitted)  

b) B.C. Tappan, M.H. Huynh, M.A. Hiskey, D.E. Chavez, S.F. Son., & D.M. Oschwald 

US patent (submitted) 

ACKNOWLEDGEMENTS 

This work was funded under B.C.T.’s Agnew National Security Postdoctoral Fellowship.  
We thank Eric N. Brown for the additional SEM images and, Lloyd L. Davis and Jose G. 
Archuleta and Anna M. Giambra for TGA, BET, and CH&N.  Los Alamos National 
Laboratory is operated by the University of California for the D.O.E. under Contract W-
7405-ENG-36. 
 

 



CONSOLIDATED ENERGETIC NANOCOMPOSITES: MECHANICAL AND REACTIVE 

PROPERTIES 

 

Mirko Schoenitz and Edward L. Dreizin 

New Jersey Institute of Technology, Department of Mechanical Engineering 

University Heights, Newark, NJ 07102-1982, USA 

 

Abstract 

Consolidated shapes prepared from energetic nanocomposites can be used as structurally sound or load-bearing 

components of munitions, pyrotechnic devices, etc.  A number of manufacturing techniques have been explored 

for energetic nanocomposites, such as sol-gel synthesis, mixing of nanometer-sized powders, or sputter deposition 

of alternating metal/oxide layers.  Consistent drawbacks associated with the production of extended solid shapes 

are relatively low effective densities, limits for powder compaction by pressure initiation, partial reaction of the 

energetic components during synthesis, and difficulties in synthesis scale-up.  In this research, energetic 

nanocomposites with the compositions 2Al+MoO3, 2Al + Fe2O3, 2Al+3CuO, 2Al+WO3, B+Ti, and 2B+Zr have 

been prepared by arrested reactive milling.  The products are powders with particle sizes in the micrometer range 

where each particle is a fully dense nanocomposite of the energetic components.  These nanocomposite powders 

were consolidated in a uniaxial press at ~ 0.6 GPa without accidental pressure initiation.  Materials were pressed 

with and without 10 wt-% of Teflon® as reactive binder.  In addition, a set of samples was consolidated at normal 

pressure, using epoxy resin as inert binder.  Densities of 85-90 % theoretical maximum density were achieved.  

The surface hardness of these consolidated materials is comparable to that of structural aluminum alloys.  The 

resulting compacts were ignited with a CO2 laser in a sealed chamber.  Light emission was recorded with a 

photodiode to determine ignition delay times.  Ignition and subsequent combustion in air and in argon were 

additionally monitored using a pressure transducer and a microphone to record static and transient pressure 

effects, respectively.  Ignition is characterized by a sharp onset of light emission and by an initial pressure pulse.  

Materials are characterized based on the observed ignition delay time, the duration of combustion and the total 

energy released over the observed period.  Combustion rates are evaluated from the evolution of the integral of 

the light emission.  The results show that highly reactive materials with useful mechanical properties can be 

readily obtained by consolidating powders produced by arrested reactive milling.   

 

Introduction 

Various applications require load-bearing structural materials which are also sources of chemical energy.  For 

most applications, both the energy content and the rate of energy release must be sufficiently high.  Examples of 

related applications are structural parts of munitions, reactive fragments, etc. [1-3].  Suitable materials can be 

prepared from components that are capable of self-sustained exothermic reaction, such as used for self-

propagating high-temperature synthesis (SHS) [4, 5].  The rate of reaction can be substantially increased if the 



interface area between the reactive components is maximized.  This is the main idea behind the current active 

development of nano-composite energetic materials, such as metastable intermolecular composites (MIC, [6-11]) 

and nano-foils [12, 13].  Highly developed interfaces between the reagents are achieved by mechanical mixing of 

nanopowders [6-9], sol-gel processing [10, 11], or magnetron sputtering of individual components as alternating 

layers [12, 13].  Nano-foils produced by vapor-phase deposition are fully dense, and both the number of layers 

and their thickness can be controlled with a high degree of precision.  However, the production of such nanofoils 

is expensive, and the range of materials that can readily be deposited is limited by chemical compatibility 

considerations.  Partial reaction between the alternating layers can further limit the effective energy content of the 

composite.  Blends of nanometer-sized reactive powders have been consolidated under pressure or with the help 

of binders.  This approach is gaining popularity as more metals become available as nanopowders.  However, 

production and processing of reactive metallic nanopowders are relatively expensive.  In addition, the fraction of 

reactive metal is typically less than that of regular, micron-sized powders due to passivating surface layers such as 

oxides.  Densities achieved by consolidation of nanopowders have been typically limited to 50% theoretical 

maximum density (TMD) because of pressure-induced ignition during consolidation.  The densities of the three-

dimensional reactive nanocomposites prepared using sol-gel methods are similarly low.  The selection of 

materials is also restricted by the sol-gel process. 

Recently, arrested reactive milling (ARM) has been used to prepare a number of nanostructured 

composites of thermite systems, such as Al-MoO3, Al-Fe2O3, and Al-CuO, as well as nanocomposite in binary 

systems with strongly exothermic formation of intermetallics, such as B-Ti [14-16].  The advantages of ARM are 

its extreme versatility and its economic potential.  The high reaction rates achieved with unconsolidated ARM 

powders have been recently demonstrated for several compositions [16].  This paper aims to show the feasibility 

of producing consolidated, high energy density and high density nanocomposites from ARM powders.  The main 

challenges were to determine whether consolidation of ARM powders at high pressures is possible without 

triggering their ignition and whether thermal processing, required for some organic binders, has any effect on the 

compact’s high reactivity.  

 

Technical Approach 

The nanocomposite materials are prepared using a “top-down” approach—starting from regular micron-sized 

powders of the reactive components.  For ARM synthesis, the reactants are ball-milled, and the milling process is 

interrupted before a spontaneous reaction is mechanically triggered.  Prolonged milling leads to the formation of 

composite, fully dense particles with increasingly refined internal structure.  Collisions between the milling media 

subject the milled powder to transient pressures of up to 5 GPa, individual particles have therefore near TMD.  

The milling time at which the reaction is mechanically triggered effectively sets a limit to the achievable degree of 

refinement.  This time limit can be influenced by the specific milling parameters chosen, such as the amount of 

sample, the ratio of sample to milling media, and the use of process control agents.  ARM powders prepared 

under appropriate conditions consist of micron-sized particles in which the reactive components are mixed on the  



nano-scale.  The details of ARM synthesis are described elsewhere [15, 16].  In this project, ARM powders are 

consolidated using uniaxial compression with reactive and inert binders.  The mechanical properties of the 

produced pellets are initially assessed by measuring their surface hardness.  Reactive properties are evaluated 

using laser ignition.  Laser ignition has several advantages over other ignition and combustion techniques, 

although the interpretation of the results is not straightforward.  Laser ignition of energetic composite materials 

has been used previously to characterize a number of performance parameters of energetic composites.  Particular 

advantages of the use of lasers are mainly the contact-free nature of optical irradiation and the ability to deliver 

energy to the sample in well-defined doses.  Despite its advantages, laser ignition experiments have been 

hampered by a limited understanding of the time-resolved processes that trigger ignition.  Parameters derived 

from laser ignition experiments are ignition delay time, ignition temperature, and generally minimum values of  

the following quantities required to trigger ignition of energetic materials: energy, energy density, pulse length, 

beam dimensions, wavelength, etc.  Further, at least for high explosives, the processes of ignition (start of a 

chemical reaction) and initiation (start of detonation) can be distinguished [17].  A secondary goal of the present 

work is therefore to evaluate the usefulness of laser ignition experiments as a means to characterize reactivity-

related parameters of consolidated energetic nanocomposites. 

 

Experimental  

Synthesis: Commercially available powders of reactive 

components were milled in a SPEX 8000 D shaker 

mill.  The starting materials are described in Table 1.  

Nanocomposites of thermite components and of 

reactive metal pairs were prepared.  The compositions 

were chosen according to the complete oxidation of Al 

and the complete reduction of the respective metal 

oxide in the case of the thermites.  Compositions for 

the intermetallic systems were chosen to target the TiB 

and ZrB2 borides.  Samples were prepared in steel 

milling vials using steel balls of 5 mm diameter as 

grinding media.  The thermite nanocomposites were 

prepared with the addition of hexane as a process 

control agent in order to achieve a greater degree of structural refinement.  Table 2 summarizes the synthesis 

conditions of the ARM nanocomposites.  Relations between synthesis conditions and product properties are 

currently under investigation; initial results have been published elsewhere [18, 19]. 

Compacts of the ARM nanocomposites were prepared in a steel die in a uniaxial press at pressures up to 

0.6-0.65 GPa.  The die had a cross-section of approximately 10×10 mm; the resulting pellets are approximately 1- 

Table 1 Starting materials used for the preparation  
of ARM nanocomposites 
Al Atlantic Equipment Engrs., 99.9%, -325 mesh 
WO3 Atlantic Equipment Engrs., 99.7%,1-5 micron 
CuO Atlantic Equipment Engrs., 99.9%, 1-5 micron 
MoO3 Alpha Aesar, 99.95 %, -325 mesh 
B Atlantic Equipment Engrs., 99% , amorphous 
Zr Atlantic Equipment Engrs., 99.6%,-50+100 mesh 

Table 2.  Process parameters for the ARM synthesis 
Material Batch 

size [g] 
Charge 
Ratio 

Ball 
size 

[mm] 

Mass of 
hexane 

[g] 

Milling 
time [min] 

Al-CuO 3 5 5 0.36 15 
Al-WO3 5 5 5 0.65 15 
Al-MoO3 5 5 5 0.45 20 
B-Zr 5 5 10 - 40 
B-Ti 10 5 10 - 150 



2 mm thick.  Figure 1 shows a selection of prepared pellets.  

On the application of pressure, no accidental initiation was 

observed.  Two types of binder were used, Teflon® as a 

reactive binder, and epoxy resin (Epon 826) as an inert 

binder.  The choice of Teflon was based on the assumption 

that it would contribute to the energy release by the 

formation of aluminum fluoride in the course of reaction 

[20]. 

Tables 3 and 4 show summaries of the prepared 

compacts.  The relative densities were estimated from 

the dimensions of the pressed pellets.  Teflon-based 

pellets were prepared with 10 and 15 wt-% Teflon, 

respectively.  To the pellets containing 15 wt-% Teflon, 

5 wt-% of coarse Al powder was added to allow the 

complete reaction of Teflon with free Al to maximize 

the energy output.  A set of Teflon-based pellets was 

additionally heat-treated at 360 °C to induce 

polymerization.  The annealing process was carried out 

in air.  

Figure 2 shows an electron micrograph of an 

epoxy-based B-Ti compact, illustrating that during 

consolidation the nanostructure of the ARM powders 

was successfully retained.  The magnified section on the right shows the cross-section of large particles (> 10 µm) 

that consist of a bright Ti matrix with dark B inclusions.  The size of the embedded B ranges from ~ 1 µm to ~ 10 

 
Fig. 1. Consolidated ARM nanocomposites 

Table 3.  Summary of prepared ARM-Teflon pellets 
Material Teflon 

[wt-%] 
Al 

[wt-%] 
Density 
[g/cm3] 

Density rel. 
to TMD 

Al-WO3 10 - 4.03 84.0 % 
10 - 3.66 80.6 % 

Al-CuO 
15 5 3.46 83.9 % 
10 - 3.15 86.8 % 

Al-MoO3 15 5 3.06 89.1 % 
10 - 3.55 82.2 % 

B-Zr 
15 5 3.50 88.3 % 
10 - 2.72 75.8 % 

B-Ti 
15 5 2.81 82.9 % 

Table 4.  Summary of prepared ARM-epoxy samples 
Material Wt.-fraction 

of epoxy  
Density  
[g/cm3] 

Density rel. 
to TMD 

Al-WO3 16.3% 2.77 84.0% 
Al-CuO 16.1% 2.83 88.6% 
Al-MoO3 21.5% 2.13 85.6% 
B-Ti  19.9% 2.40 94.4% 

Fig. 2.  Backscattered electron image of a consolidated B-Ti nanocomposite.  



nm.  Some of the epoxy resin used as binder is visible as well. 

Surface Hardness:  The Rockwell hardness (HRB: range 20–100) has been tested with a load of 980.7 N and an 

indenter sphere size of 1/16".  The surface hardness has also been tested with a Barber-Coleman (Barcol) 

Impressor GYZJ 935-1 hardness tester, which is more suitable for aluminum and similar softer materials. 

Laser Ignition: A laser ignition experiment has 

been set up for the controlled initiation of both, 

unconsolidated ARM powders and consolidated 

pellets.  A focused beam of a CO2 laser (Synrad 

Evolution 125) was aimed at a small quantity of 

powder or a pellet, respectively.  The ignition was 

carried out in a 4-L sealed chamber; radiation and 

chamber pressure were monitored during ignition 

and combustion with a photodiode, pressure 

transducer and a microphone, respectively.  The 

experimental setup is shown in Fig. 3.  Ignition was 

induced by a 0.5-s continuous 25-W laser pulse 

during which all diagnostic signals were 

continuously acquired with a temporal resolution of 

20 µs using a LabView ® based data acquisition 

system. 

 In order to meaningfully compare different 

unconsolidated and consolidated materials, and to 

ensure reproducibility, samples of a defined shape 

have been used.  Unconsolidated powders were 

mounted in a 2 mm hole, 2 mm deep, drilled in a 

block of Lexan®.  Consolidated pellets were cut into 

cube-shaped samples of approximately 2 mm edge 

length.  To ensure comparable absorption of the laser 

by all samples, the surface exposed to the laser was 

coated with a thin layer of ZrO2, chosen for its 

chemically inert properties.   

For the following discussion, the ignition times were determined from the photodiode signal.  The initial 

light emission from an inert sample heated by the laser under identical conditions was found to be significantly 

lower.  Figure 4 shows the difference in light emission between an active and an inert sample and illustrates the 

determination of the ignition delay time.  The chamber pressure was used to gauge the total energy released.   

 
Fig. 3.  Laser ignition setup 
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 In addition to experimental determination of ignition delays, delay times were estimated based on a 

scheme recently proposed for the laser ignition of Ni-Al composite materials for SHS synthesis [21].  This 

analysis is based on the intersection of the thermal profile in the powder compact caused by laser heating and an 

independently determined ignition temperature, characteristic for the material in question.  The following 

equation was used to estimate ignition delay times: 
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where λp, ρp, and Cp are the thermal conductivity, density and heat capacity of the porous compact, respectively.  

A denotes the absorptivity, P the laser power, and S the effective surface illuminated by the laser.  Tign is the 

nominal ignition temperature of the nanocomposite.  For the purpose of the rough estimates presented in Table 5, 

the materials properties used to calculate λp, ρp, and Cp were taken from standard reference sources [22].  The 

porosity was assumed to be 15 %, according to average values achieved in this study (see Table 3).  The 

absorptivity was taken as unity; the laser power was set to 25 W, and the illuminated area was estimated to be 1 

mm2.  The nominal ignition temperatures were taken from a previous 

study where the thermal ignition of ARM nanocomposite powders by an 

electrically heated filament was investigated [15].  To allow comparison 

between different materials, the ignition temperatures were evaluated at 

an average heating rate of ~ 3000 K/s.  Sensitivity analysis of Eq. (1) 

showed that the ignition delay time is most significantly influenced by 

the porosity of the powder compact and the ignition temperature.  The 

physical properties of the individual components of the ARM 

nanocomposite have only secondary impact on the estimated ignition 

delay times.   

 

Results and Discussion 

The results of surface hardness measurements for the consolidated samples are shown in Table 6.  For reference, a 

standard Al engineering alloy (Aluminum 2024), both fresh and annealed, as well as the unfilled epoxy used in 

this project, and a sintered Al-75 % Teflon composite have been characterized.  The results in Table 6 show that 

the consolidated samples consistently have a higher surface hardness than the reference aluminum alloy with no 

heat treatment.  All consolidated B-based nanocomposites are significantly harder than the (annealed) reference 

Al alloy when only Teflon is used as binder.  The addition of a small amount of Al powder, intended to interact 

with the reactive Teflon binder during ignition and combustion lowers the hardness to the values of the reference 

Al alloy.   

Table 5.  Ignition delay times 
calculated for laser ignition of various 
ARM nanocomposites 
ARM 
nano-
composite 

Ignition 
temperature at 

~3×103 K/s 

Ignition 
delay 
time 

 [K] [ms] 
Al-CuO 1009 5.21 
Al-MoO3 932 3.75 
Al-WO3 892 3.04 
B-Ti 664 1.33 
B-Zr 863 3.51 



Figure 5 shows examples of the 

laser ignition results from an 

unconsolidated Al-CuO nanocomposite 

and its corresponding powder compact, 

consolidated with 10-wt% Teflon.  The 

chamber pressure corresponds to the 

integral energy release during 

combustion, and is roughly equivalent 

for powders and pellets.  The 

photodiode signal shows the energy 

release at any given time.  The 

microphone signal reflects transient 

pressure effects marking both ignition 

and completion of the combustion 

process.  Powders did in general ignite and combust significantly faster than the corresponding consolidated 

pellets.  Powder ignition delay times were indistinguishable from each other in the range of 2-3 ms.  It can 

however be seen that the total energy release as reflected by the recorded chamber pressure is comparable 

between powder and pellet.   

Table 6.  Surface hardness of consolidated ARM materials  
Reactive Binder Sintered (380 °C) Not Sintered 

Component  Barcol HRB Barcol HRB 
Aluminum 2024 (no heat treatment)  60 < 20 
Aluminum 2024-T3 (annealed)   85 79 
Unfilled Epoxy Epon 826   64 63 
Al-75% Teflon 22 v. low   
Al-CuO 10 % Teflon 95 74 75 74 
 15 % Teflon+ 5 % Al 62 42 68 58 
 Epoxy  92 82 
Al-WO3 10 % Teflon 91 70 77 67 
 Epoxy  87 81 
Al-MoO3 10 % Teflon 92 88 82 63 
 15 % Teflon+ 5 % Al ignited 69 64 
B-Zr 10 % Teflon 97 113 95 91 
 15 % Teflon+ 5 % Al 92 86 85 73 
B-Ti 10 % Teflon 94 116 96 112 
 15 % Teflon+ 5 % Al 90 81 82 69 
 Epoxy  96 110 

Fig. 5.  Results of laser ignition experiments for unconsolidated Al-CuO ARM powder and the same powder 

consolidated with 10 % Teflon as binder. 



Some consolidated materials exhibited repeated 

ignition and short bursts of combustion.  Figure 6 shows 

an example of an unsintered Al-MoO3 nanocomposite 

where repeated ignition is significant.  This observation 

likely indicates that the strong evolution of transient gas 

species during combustion prevented the reaction from 

propagating throughout the whole sample pellet.  Instead, 

smaller portions combusted and dispersed, exposing 

fresh surface to the laser which then continued to ignite.  

This cycle would repeat several times.  This behavior 

was neither observed for sintered Al-MoO3 materials, nor 

for any other nanocomposite, indicating that the effect of 

transient gases in the unsintered Al-MoO3 nanothermite was strongest among all investigated materials. 

 The ignition delay times determined experimentally are shown in Table 7.  The values scatter widely, but 

fall mostly in the range of 5-50 ms.  Some outliers exist where ignition was only detected after times exceeding 

100 or 200 ms, but no systematic behavior was observed.  Generally, sintered materials tend to shorter ignition 

delays, as do materials with 15 % Teflon.  The range of delay times is roughly comparable to the estimated values 

(see Table 5), however the scatter in the data is larger than the estimated small differences between different 

materials.  To improve the estimates, the effect of the binder would need to be included, and most significantly, 

the compound thermal conductivity should be measured experimentally rather than based on estimates. 

 It is evident that boron-based ARM nanocomposites using Teflon as binder did not retain their reactivity 

after the heat treatment.  For sintered pellets with 10 wt-% of Teflon, no ignition was registered.  Those materials 

were re-examined by X-ray diffraction, and substantive formation of boron carbides was observed.  Evidently, the 

Teflon binder reacted with the B component of the nanocomposite, thereby destroying its reactivity.  Weak 

signals were, however, obtained from sintered B-based nanocomposites with 15 wt-% Teflon, possibly resulting 

from remaining unreacted Teflon and 

the added Al component.  All other 

materials retained their reactivity 

entirely.  From the results shown in 

Table 7, no clear dependency of the 

ignition delay time on specific material 

properties can be derived.   

 Preliminary assessment of the 

reaction rate achieved for the 

consolidated samples related to the 

overall reaction enthalpy can be 
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Fig. 6.  Repeated ignition of a consolidated Al-MoO3  
nanocomposite 

Table 7: Measured ignition delay times of consolidated ARM 
nanocomposites 

Ignition delay times [ms] 
10% Teflon 15% Teflon Epoxy ARM 

nano-
composite 

not 
sintered sintered not sintered sintered  

Al-CuO 36 14 10 6.9 14 
 23 3.3 3.5 7.9 6 
Al-MoO3   1.9 274 4.4 
   5 33 3.6 
Al-WO3 293 10   143 
 105 13   4.1 
B-Ti 10 no ign. 5.7 20 236 
 2.5 no ign. 3.1 14 8.8 
B-Zr 9.7 no ign. 38 247  
 17 no ign. 5.1 3.8  



obtained from the data presented in Fig. 7.  

Shown is the time of the first microphone peak 

plotted as a function of the maximum pressure 

recorded for selected nanocomposite pellets.  

The first microphone peak indicates the time 

when a self-sustained reaction is achieved, and 

shorter times are beneficial for most 

applications.  A higher maximum chamber 

pressure indicates a higher reaction enthalpy 

which is determined by both the theoretical 

reaction enthalpy and the reaction 

completeness.  The data presented in Fig. 7 

show that boron-based intermetallic compounds 

demonstrate the highest pressures.  This is 

consistent with the estimates of the overall reaction enthalpies which are lower for the thermites than for boron-

based intermetallic compositions when oxidation of the obtained metal borides is considered.  Reaction rates for 

the thermites are slightly higher than for the boron-based intermetallics.  Among the thermites, the Al-CuO 

composition shows the most attractive combination of relatively high pressures combined with short times before 

the self-sustained reaction sets in.  As noted above, these assessments are preliminary in nature and further 

experimental studies are needed to better characterize reaction rates and reaction enthalpies achievable for 

consolidated energetic nanocomposites.   

Conclusions 

The present study has shown that thermite and intermetallic nanocomposites prepared by the ARM technique can 

be consolidated into dense compacts without loss of reactivity.  Accidental initiation during compression has not 

been observed.  Consolidation of ARM composites resulted in relative densities in the range of 75 – 95 % TMD 

with most materials close to 85 % TMD.   

The surface hardness of the consolidated ARM composites compares favorably to that of traditional 

aluminum alloys, indicating potential for structural applications.  Detailed measurements of the tensile strength of 

the composites remain to be carried out. 

The total energy released from the combustion can be compared between materials; however, calorimetric 

techniques are likely better suited for this task.  Ignition delay times in these experiments reflect the porosity of 

the powder compacts above all other materials characteristics; thermophysical properties of the consolidated 

materials should be determined experimentally in order to meaningfully compare the ignition behavior of 

nanocomposites of different basic chemistry or different structural refinement. 

The consolidated nanocomposites generally remain highly reactive.  Some incompatibility between 

reactive nanocomposite and binder is to be avoided when the binder requires heat treatment.  Regardless of this 
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Fig. 7.  Maximum pressure recorded for selected  
nanocomposite pellets 



limitation, consolidation of ARM-nanocomposites under pressure has been demonstrated to be viable.  Chemical 

compatibility issues that limit synthesis methods for reactive nanocomposites employing vapor phase deposition 

or sol-gel methods pose no limits for ARM.  Since the method is based on mechanical milling, the transition from 

laboratory to industrial scale production is relatively straightforward.  Further, no handling or storage of 

nanopowders is involved, therefore operational hazards are minimized. 
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Abstract 

 

The mesoscale grain structure is of fundamental importance in determining the phenomenology 

of ignition and growth to detonation in energetic materials.  We have developed processing to 

deposit films of energetic materials hundreds of microns thick by physical vapor deposition 

(PVD).  Subsequent processing of these films has been developed to pattern regular arrays of 

micro-scale porosity in these films.  Regular arrays of isolated, cylindrical holes on the order of 

tens of microns in diameter, as well as connected porosity channels have been patterned in these 

films using oxygen plasma etching and femtosecond laser micro machining.  The results of 

patterning the microstructure in deposited films of PETN (pentaerythritoltetranitrate) are 

discussed.  This technology will allow later experimentation to examine the role of these regular 

arrays of porosity in the mesoscale detonation phenomena in energetic materials. 

 

Introduction 

 

As part of an ongoing effort to gain insight into the mesoscale (the scale between the atomistic 

and bulk scales) behavior of energetic materials (EMs), Sandia National Laboratories has an 

active program pursuing the application of semiconductor processing techniques to EM sample 

preparation.  Of particular interest is the concept of creating EM samples with idealized porosity 

and grain structure at the mesoscale.  It is well known that the grain structure is of fundamental  
 
*Sandia is a multiprogram laboratory operated by Sandia Corporation, a Lockheed Martin 
Company, for the United States Department of Energy’s National Nuclear Security 
Administration under Contract DE-AC04-94AL85000.



importance in defining the ignition, growth to detonation and detonation wave fine structure.1  

Phenomena such as adiabatic void collapse and convective burning are dependent on the 

energetic material mesostructure.  These phenomena can be studied to some extent by careful 

macroscopic sample preparation using sieved material and pressing to controlled densities, but it 

is extremely difficult to produce samples absent of statistical variation.  Developments in micro 

machining techniques such as plasma etching through photolithographically-manufactured 

shadow masks and femtosecond laser micro machining allows for precise geometries to be 

manufactured. 

 

Our approach to patterning PETN films is to deposit a film of nearly full density and then to use 

subtractive processes to remove material.  In previous work,2,3 we have described a lift-off 

technique for patterning rough features in EM films.  While effective for gross patterning, this 

technique did not prove viable for fine features in films thicker than a few tens of microns.  

Oxygen plasma etching has been described as a technique suitable for patterning fine features in 

reasonably-thick organic films,4 suggesting that this technique would be suitable for patterning 

high-aspect ratio voids in EM films.  Femtosecond laser micro machining was also identified as a 

potential technique to machine porosity in EM films, due to its ability to athermally remove 

material with extreme precision.5,6  In this paper we report the application of these two 

techniques to create regular fine void structure in PETN (pentaerythritoltetranitrate) films 

deposited on silicon by physical vapor deposition (PVD).  The void structures reported can be 

thought of as representing two types of porosity within a more typical energetic material sample: 

isolated and connected.  The isolated porosity, such as that created here by oxygen plasma 

etching, is of interest to phenomena important to detonation, such as void collapse.  The 

connected porosity, such as that created here by femtosecond laser micro machining, is of 

interest to phenomena important to combustion, such as convective burning.   

 



Results and Discussion 

 

Deposition 

 

Our standard substrate for deposition of EM films 

is silicon that has been patterned by deep reactive 

ion etching (Bosch process) to create 

microchannels 300-µm wide, 100-µm deep and 

over 1 cm long.  Within a single 1.25 × 1.25 cm 

die, there are nine microchannels (Figure 1).  

Physical vapor deposition was conducted in a 

custom vacuum system in which the PETN 

powder was sublimed from a heated source onto 

the inverted substrate.  Deposition of PETN was 

conducted with a source temperature of 115 ºC, a substrate temperature of 20 ºC, a backgroun

vacuum of 10

d 

 

e 

an top surface of the sample for subsequent processing. 

-5 torr and a source-to-substrate distance of 2.5 mm.  The silicon microchannels 

were filled by one or more depositions, with a tape lift-off between depositions.  This tape lift-off

procedure involves pulling material from the surface using 3M Scotch™ 600 transparent tape 

and was performed to remove the PETN from the top surface of the die and effectively reduce 

the aspect ratio of the microchannels during the deposition process.  If this tape lift-off procedur

was not performed, defects in the film would arise from lateral film growth across the 

microchannels, leading to voids as the lateral growth prohibited deposition in the base of the 

microchannels.  After the final deposition, the tape lift-off procedure was used to provide a 

relatively cle

Figure 1.  Standard silicon substrate 
mask diagram showing nine 
microchannels.  The die size is 1.25 × 1.25 
cm.  The channels are 300-µm wide. 

 



 Figure 2 shows the cross-sectional surface profile 

of a microchannel with deposited PETN as 

measured by a Tencor Alpha-Step® 500 

profilometer.  The profile shows one complete 

300-µm wide microchannel with two shallower 

100-µm wide channels on each side of the main 

channel.  The layer of PETN within the channel 

has a non-uniform surface profile, with the center 

of the microchannel having a greater thickness 

than the edges.  This effect arises from shadowing 

of the PETN deposition by the corners at the top 

of the microchannels and is more pronounced in 

the microchannels on the sides of the substrate die.  This shadowing effect is reduced by 

performing multiple depositions with the tape lift-off between each.  This deposition followed by 

a tape lift-off methodology leads to microchannels that are filled to a thickness of about 90 µm in 

the center of the 100-µm deep microchannels, suitable for subsequent patterning. 

Figure 2.  Cross-sectional surface profile 
of one complete 300-µm wide channel and 
one partial channel.  Units are µm. 

 

Oxygen Plasma Etching 

 

Oxygen plasma etching of PETN films was conducted in a PlasmaTherm® 790RIE.  A silicon 

shadow mask was placed over the PETN-filled microchannels to selectively etch voids into the 

microchannels.  This shadow mask defined the etched pattern by protecting some areas of the 

sample from the reactive oxygen ions while allowing access to others.  Various patterns and 

pattern densities were etched into PETN films up to 90-µm thick.  Feature sizes as small as 10 

µm were created although larger features (on the order of 25 µm) displayed superior definition.  

Voids with circular cross-sections were able to be successfully patterned, but when square or 

rectangular voids were etched, the inside corners were rounded. 
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Figure 4.  Circular voids etched in a 
PETN film by oxygen plasma etching 
showing the effect of poor mask contact.  

 

 

 

 

 

Figure 3.  Circular voids etched in a 
PETN film by oxygen plasma etching. 
The measurement bar is 20 µm. 

 

r a nominal circular void diameter of 25 µm in the shadow mask, voids of 25 – 35 µm were 

served in the PETN film.  The voids were etched through the entire thickness of PETN, 

dicated by the reflection from the highly reflective silicon substrate seen by optical 

icroscopy.  The void diameter was observed to increase with increasing shadow mask-to-film 

stance.  Figure 3 shows this effect within a single microchannel.  Noting that the thickness of 

e film is greatest in the center of the channel, it can be seen that the voids in the center are of a 

aller diameter than those near the edges of the microchannel.  This effect is more pronounced 

en there is considerable distance between the shadow mask and film, as shown in Figure 4.  

is micrograph shows a partial microchannel that was positioned at the outer perimeter of the 

bstrate holder during deposition and thus has a dramatic thickness gradient across its width.  

e voids in the region with greatest thickness (left side of the channel) are of smaller diameter 

an those at the thinner portion.  Additionally, the PETN on the interior of the voids has a 

rous appearance.  This likely arises from the etch rate being the fastest in the interior of the 

ids and thus the interiors clear more readily than the perimeters. 

The measurement bar is 20 µm. 



Femtosecond Laser Micro Machining 

 

Femtosecond laser micro machining of PETN 

films was conducted using a Ti:Sapphire laser 

operating at 800 nm and a frequency of 1 kHz.  

The sample was placed on a computer-controlled 

x-y stage housed in a vacuum chamber.  Micro 

machining was conducted in a low vacuum (~2 

torr) with a nitrogen stream directed at the sample 

to sweep away ablated material during micro 

machining.  Some material was observed to 

redeposit on the samples.  Channels within the 

films were successfully machined, but circular voids

plasma etching were not.  At high pattern densities, d

resulting smaller features manifested as complete ab

Patterns of square grains with 60 – 65-µm sides were

difficulty encountered with smaller grain sizes. 

 

Figure 5 shows an example of a PETN film patterned

Individual square grains with 60 – 65-µm sides a

machined.  Channels within the film were 

µm in width along the edges of the grains and 

slightly wider at the corners.  Some redepositio

of PETN can be seen, especially on the substrate.  

In some areas of the sample, redeposition into the 

channels that may interfere with subsequent 

testing was observed.  The micro machining 

conditions for this sample were sufficient to 

machine completely through the entire 90-µm

depth of this film based on other samples show

slight micro machining into the underlying silicon 

nd 8

8 – 12 

n 

 

ing 
Figure 5.  Connected porosity between 60 
– 65-µm grains in a PETN film machined 
by femtosecond laser micro machining.  
The measurement bar is 20 µm. 
, such as those manufactured by oxygen 

efects arising from the low strength of the 

lation of some portion of the grains.  

 realized by this technique with increasing 

 

 by femtosecond laser micro machining.  

 – 12-µm spacing were successfully 

Figure 6.  Connected porosity between 
~60 µm grains in a PETN film machined 
by femtosecond laser micro machining.  
The measurement bar is 20 µm. 



substrate.  Figure 6 shows a tilted, higher-magnification image of the same film.  Redepositio

fine particles of PETN can be seen on top of the individual grains.  The interior surfaces of the 

grains show a rough appearance, finer than the grain size of the as-deposited film.  This suggest

that the micro machining process is intracrystalline, rather than removing the material along 

crystal boundaries. 

n of 

s 

 

Conclusion 

 

We have successfully manufactured regularly-patterned PETN films by physical vapor 

deposition into silicon microchannels with subsequent oxygen plasma etching or femtosecond 

laser micro machining.  Oxygen plasma etching was used to create regular arrays of circular 

voids roughly 25 µm in diameter.  Shadow mask contact with the PETN film was found to be 

important for high-quality voids.  For this reason, we are investigating processing that will leave 

the top of the PETN film in the microchannels flush with the top of the substrate.  Femtosecond 

laser micro machining was used to create regular arrays of square grains 60 – 65-µm across.  

Smaller grains were not as easily machined and some re-deposition of the removed PETN was 

observed.  We have implemented oxygen plasma etching and femtosecond laser micromachining 

in a complimentary fashion to achieve isolated and connected porosity in PETN films.  Future 

work will focus on developing oxygen plasma etching for both isolated and connected porosity 

to capitalize on its inherent advantages in throughput.  In addition, oxygen plasma etching lends 

itself to an integrated manufacturing philosophy where the benefits of wafer-level processing are 

used for EM sample preparation.  Patterning techniques such as those described here will allow 

experimentation on samples of nearly-idealized geometry to gain insight into the mesoscale 

behavior of energetic materials. 
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Abstract 
 
We report the surface chemistry of a series of perfluoro- and perhydro- carboxylic acid compounds 

on an Al(111) surface and their ability to inhibit aluminum surface oxidation.  Using infrared 

reflection absorption spectroscopy we established the compounds chemisorb on the atomically 

clean Al(111) surface through scission of the O-H bond and formation of carboxylate species.  The 

oxidation rates of the clean, partially functionalized (0.5 ML) and fully functionalized (1ML) 

Al(111) surfaces were compared.  We find the frequency and intensity of the LO phonon mode is 

related to the extent of surface oxidation. This is used to show the fully functionalized surface did 

not exhibit spectroscopic features characteristic of O2 chemisorption or Al2O3 formation even after 

being exposed to > 1 x 105 L ( L= 1 x 10-6 Torr-sec) of O2 at room temperature. 
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Introduction 

 Aluminum powders are currently used to improve the performance of propulsion 

and explosive systems.    As the size of the aluminum particles approach the nanometer 

scale, the performance of energetic materials are enhanced by providing greater surface to 

volume ratios1.   Increases of combustion rates and enthalpy have been observed upon the 

introduction of Al nanoparticles in propellant formulations2,3,4.  Improvements in the 

detonation velocity, plate dent depth tests and heat of detonation of some metallized 

explosives have been reported upon replacement of micron-sized Al with nanometer-sized 

Al powder5,6. 

 Although Al nanoparticles have been demonstrated to have enhanced 

combustibility, attributed to their increased surface area, their optimum performance has 

not been achieved.  The Al content available for combustion is severely limited by the 

oxide layer in nanometer-sized particles as compared with micron sized particles. Various 

approaches have been undertaken to replace the passivating oxide layer with organic 

ligands, salts and other metals1,7,8,9,10,11. The most commonly used organic ligands for 

passivation involve treatments using various chain-lengths of carboxylic acids7,10,11.  To 

validate whether carboxylic acids can inhibit the oxidation of an aluminum surface, the 

propanoic acid and pentafluoropropanoic acid adsorption on an Al(111) surface is 

examined in this work along with their ability to inhibit aluminum oxide formation.  

 

Experimental Section 

The experiments were performed in a stainless steel ultra high vacuum (UHV) 

chamber with a working base pressure of 2 x 10-10 Torr.  The chamber contains a 

hemispherical analyzer used in concert with a dual Al/Mg Kα X-ray source for X-ray 

photoelectron spectroscopy (XPS), a quadrupole mass spectrometer for residual gas 

analysis, an ion sputter gun, a calibrated directed-flux doser and two differentially pumped 

viton-sealed KBr windows to transmit light for infrared reflection –absorption 

spectroscopy (IRRAS.)  In-situ IRRAS was performed using a Nicolet 750 Magna IR 

spectrometer equipped with a mercury-cadmium telluride A (MCT-A) detector.  The IR 

beam entered and exited the chamber with a 5° angle of incidence between the Al crystal 

surface and beam.  The IR data, collected in single reflection mode at 8 cm-1 resolution, 
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were composed of 1000 co-added sample scans that were ratioed against 1000 co-added 

background scans of the clean surface.   

An Al(111) crystal, 19 mm in diameter, oriented to within 0.5° of the (111) plane, 

was polished with a series of diamond pastes down to 1 µm, and electropolished using a 

1:2 perchloric: acetic anhydride solution12.  The Al crystal was strapped to a molybdenum 

disk that could be transferred in vacuo to a liquid nitrogen cooled XYZΘ manipulator.  The 

disk could be radiatively heated to 1000 K and cooled to 120 K.  The temperature of the 

crystal was measured with a chromel-alumel thermocouple that was spot welded to the 

molybdenum disk, one mm from the sample.  The Al(111) surface was cleaned by repeated 

cycles of 1 keV Ar+ ion bombardment at 300 K followed by annealing at 800 K.  The 

surface was considered clean when no carbon 1s or oxygen 1s photoemission could be 

detected. 

The propanoic acid (CH3CH2COOH, Aldrich) and pentafluoropropanoic acid 

(CF3CF2COOH, Aldrich) had purities of 99.5%.  They were transferred under dry nitrogen 

to individual glass bulbs that were attached, via glass-to-metal seals, to stainless steel 

valves.  The carboxylic acid bulbs were attached to a stainless steel gas handling system 

and were degassed using a series of freeze-pump-thaw cycles.  The Al(111) surface was 

dosed with the carboxylic acids using a calibrated directed doser, which was described 

previously13. The exposures for both the 130 K and 300 K experiments were identical and 

corresponded to 1.4 x 10 16 molecules cm-2
. The oxygen (Matheson) had a purity of 

99.999%.  Due to the requirement for large oxygen exposures a leak valve was used to 

introduce the oxygen into the UHV chamber and its dose is reported in Langmuirs (1L = 

1x10-6 Torr·sec).  

 

Results and Discussion 

Propanoic Acid 

Figure 1a and 1b are the IRRAS spectra of CH3CH2COOH adsorbed on Al(111) at 

130 K and 300 K, respectively. The observed vibrational modes and peak assignments are 

summarized in Table 1. The spectrum at 130 K is a condensate of propanoic acid of ~ 10 

monolayers. The surface dose is reported with respect to saturation of the chemisorbed 

monolayer (Θ = 1 ML) at 300 K as determined through the monitoring of IRRAS data vs. 
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exposure. The observed frequencies are in very good agreement with reported IR spectra of 

propanoic acid in the vapor and solid state14. 

 

 

 
 

Figure 1b is the resultant IR reflection-absorption spectrum of a saturated 

monolayer coverage of chemisorbed propanoic acid.  Comparison of the monolayer and 

multilayer spectra in Fig. 1 reveals considerable differences.  The most notable are that the 

intense C=O stretching mode at 1726 cm-1, the C-O stretching mode at 1255 cm-1, the 

broad O-H stretching mode at 3024 cm-1, the O-H in-plane deformation mode at 1432 cm-

1, and the O-H out-of-plane deformation mode at 946 cm-1 are absent in the monolayer 

spectrum. 

The lack of any C=O, C-O and O-H modes in Fig. 1b indicates that the carboxylic 

acid reacts with the clean Al(111) surface.  The appearance of additional modes at 1487 

cm-1 and 1581 cm-1
 provide further support that propanoic acid chemisorbs through 

scission of the O-H bond and consequently results in the formation of a carboxylate 

species.  The additional peaks are assigned to the symmetric carboxylate (νsCOO) and 

anti-symmetric carboxylate (νaCOO) stretching modes, respectively. 
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Figure 1.  Infrared Reflection 
Absorption Spectra of a) a 
multilayer containing 10 
monolayers of propanoic acid and 
b) one monolayer of propanoic an 
Al(111) surface.
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Table 1 
Comparison of vibrational frequencies (in cm-1) of propanoic acid adsorbed on Al(111) and crystalline 
 

 

mode 

C5H5COOH/
Al(111) 

Multilayer at 
100 K 

C5H5COOH/ 
Al(111) 

Monolayer at 
300 K 

C5H5COOH 
Crystalline propanoic acid dimers14 

ν(OH) ~3024  ~3000 

νa(CH3) 2984 2987 2990 

νa(CH3) 2951 2943 2950a 

νa(CH2) nr nr nr 

νs(CH3) nr nr 

νs(CH2) nr 2865 
2890a 

ν(C=O) 1726, 1699 1581b ,1487c 1720, 1690 

δa(CH3) 1468,1458 1455 1472,1453 

δ(OH) 1432  1434 

δ(CH2) 1419 1420 1420 

 δs(CH3) 1384 1383 1380 

w(CH2) 1350 Nr 1350,1335 

tw(CH2) 1298 1310 1302 

ν(C−O) 1255  1250 

νa(C−C) 1083 1036,1083 1080 

wo(CH3) 1009  1010 

r(CH3) nr  990 

γ(OH) 946  930 

νs(C−C) 853 nr 852 

r(CH2) 809 nr 808 

δ(O−C=O) nr  650 

ν = stretch; δ = in-plane bend ; w = wag; tw =twist; γ = out-of-plane bend; r = rock;  
nr=not resolved 
a Frequency for liquid propanoic acid15.  b Anti-symmetric carboxylate (νaCOO) 
c Symmetric carboxylate (νsCOO) 

 

There are three distinct types of coordination that the carboxylate group can adopt 

for bonding to the Al surface. Shown in figure 2 are the three proposed structures of the 

monodentate, bidentate and bridging coordination types.  In the monodentate geometry, 

only one oxygen atom is bonded to the aluminum surface. For the bidentate coordination, 
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the oxygen atoms are both bonded to the same aluminum atom.  In the bridge bonded 

configuration, the oxygen atoms are identical but are bound to different aluminum atoms.  

It has been observed that the separation between the νs(COO) and νa(COO) modes can be 

used to determine the bonding geometry of the carboxylate species with the metal 

surface16,17,18.  Deacon et al. assigned the bonding geometry from a survey of compounds 

formed between the carboxylate species and metals16.  Frequency differences of ∼80-200 

cm-1 are attributed to a bridging geometry, ≤ 80 cm-1 are attributed to a bidentate bonding 

arrangement and differences of ∼300 cm-1 are associated with a monodentate bonding 

geometry.  The frequency difference of 94 cm-1 [νa(COO)- νs(COO)] observed in Fig. 1b 

for the chemisorbed propanoic acid suggests the propanoate species formed are bridge 

bonded to two aluminum atoms.  These result are similar to that of Crowell et al. who 

studied the adsorption of formic acid17 and acetic acid18 on the Al(111) using high-

resolution electron-energy-loss spectroscopy and found that both carboxylates bond in a 

symmetric bridging geometry. 

  

 

 

 

 

 

Figure 2.  Three proposed structures of the monodentate, bidentate, and bridging coordination types for 
carboxylate binding to Al surface.  In the monodentate geometry, only one oxygen atom is bonded to the 
aluminum surface. For the bridge bonded configuration, the oxygen atoms are identical but on different 
aluminum atoms.  In the bidentate coordination, the oxygen atoms are both bonded to the same aluminum 
atom.  
 

The effect due to chemisorbed propanoic acid on aluminum surface oxidation is 

shown in figure 3, where reflection-absorption infrared spectra are compared for three 

initial surface conditions: a) atomically clean Al, b) one half monolayer propanoic acid, 

and c) one monolayer propanoic acid after dosing with 100,000 L of O2.  Clearly apparent 

in Fig. 3a after the clean Al surface was dosed with O2 is an intense mode at 950 cm-1 due 

to the Al2O3 longitudinal-optical (LO) phonon mode19,20. It demonstrates that the clean 
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aluminum surface readily oxidizes following exposure to O2 and that IR can be used to 

monitor the oxidation of the surface. The partially propanoate covered surface (Fig. 3b) 

revealed some surface oxidation. The intense mode at 930 cm-1 is also due to the Al2O3 LO 

phonon mode. The decrease in the LO frequency is due to the decreased oxide thickness20  

The full propanoate monolayer significantly inhibited surface oxidation (Fig. 3c).  The data 

reveals the extent of oxidation is significantly reduced when the surface is covered with a 

full monolayer of the propanoic acid.  Even a partial monolayer of the propanoic acid 

reduces the rate of oxidation. 

 

                   

 

Pentafluoropropanoic Acid 

Figure 4a and 4b are the IRRAS spectra of CF3CF2COOH adsorbed on Al(111) at 

100 K and 300 K, respectively. The spectrum at 100 K represents a condensate of 

pentafluoropropanoic acid of ~ 10 monolayers.  Figure 4b is the resultant IR reflection-

absorption spectrum of a saturated monolayer coverage of chemisorbed propanoic acid.  

The 650-1400 cm-1 region is similar in appearance for both spectra except for differences 

in intensities.  The 520-830 cm-1 region is associated with the C-F deformation modes 

while the 1000-1360 cm-1 region is associated with the C-F stretching modes21,22. The 

Wavenumber (cm-1) 
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Figure 3. IRRAS after dosing with 100,000 L 
of O2 for three initial surface conditions: a) 
atomically clean Al, b) one half monolayer 
propanoic acid, and c) one monolayer 
propanoic acid.   
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similarity in appearance of the C-F regions suggests the C-F groups of CF3CF2COOH 

remain intact upon adsorption to the aluminum surface.  

 

 
Modes associated with the C-F stretching vibrations in polyfluorinated compounds 

are affected by neighboring atoms and are typically observed over a broad frequency range 

of 1000-1360 cm-1 21.  Kim et al. showed through density functional theory calculations for 

fluorobutyl moieties that there is strong coupling of the C-F and C-C modes which made it 

difficult to assign any observed frequency to specific functional groups22. Therefore, the 

observed frequencies that may be associated with C-F and C-C groups are difficult to 

assign to specific modes since both the C-F stretching and bending modes lie in a region 

where strong coupling occurs with the C-C skeletal modes. 

Comparison of the monolayer and multilayer spectra in Fig. 4 reveals considerable 

differences in the 1400-3400 cm-1 region.  The most notable are that the intense C=O 

stretching mode at 1781 cm-1 and the broad O-H stretching mode at 3084 cm-1 are absent in 

the monolayer spectrum. 

The lack of C=O and O-H modes in Fig. 4b indicates that the carboxylic acid reacts 

with the clean Al(111) surface.  The appearance of additional modes at 1492 cm-1 and 1677 

cm-1
 provide further support that propanoic acid chemisorbs through scission of the O-H 

bond and consequently results in the formation of a propanoate species.  The additional 
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Figure 4. Infrared Reflection Absorption 
Spectra of a) a multilayer containing 10 
monolayers of pentafluoropropanoic acid 
and b) one monolayer of 
pentafluoropropanoic an Al(111) surface. 
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peaks are assigned to the symmetric carboxylate (νsCOO) and anti-symmetric carboxylate 

(νaCOO) stretching modes, respectively.  

In the bridge bonded configuration, the oxygen atoms are identical but on different 

aluminum atoms.  The frequency difference of 185 cm-1 [νa(COO)- νs(COO)] observed in 

Fig. 4b indicates that the carboxylate species that is formed is bridge bonded to two 

aluminum atoms.  This result is similar to what was obtained for the adsorption of 

propanoic acid in Fig. 1.  

Shown in figure 5 is the effect of chemisorbed pentafluoropropanoic acid on the 

oxidation of the aluminum surface, where reflection-absorption infrared spectra are 

compared for three initial surface conditions: a) atomically clean Al, b) one half monolayer 

pentafluoropropanoic acid, and c) one monolayer pentafluoropropanoic acid that were 

dosed with 100,000 L of O2.  Fig. 5a shows an intense mode at 950 cm-1 due to the Al2O3 

longitudinal-optical (LO) phonon mode19,20 after the clean Al surface was dosed with O2. 

Some surface oxidation is revealed for the partially carboxylate covered surface in Fig. 5b. 

The intense mode at 930 cm-1 is also due to the Al2O3 LO phonon mode. The decrease in 

the LO frequency is due to the decreased oxide thickness20. As was observed for the 

propanoate monolayer in Fig. 3c a full pentafluoropropanoate monolayer also significantly 

inhibited surface oxidation (Fig. 5c).   The figure reveals the extent of oxidation is 

significantly reduced when the surface is covered with a full monolayer.  A partial 

monolayer of the pentafluoropropanoic acid also reduced the extent of oxidation. The 

oxide inhibition effect of chemisorbed pentafluoropropanoic acid on aluminum surface was 

almost identical to what was observed for chemisorbed propanoic acid in figure 3.  
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Conclusion 

Infrared reflection-absorption spectroscopy (IRRAS) was used to determine the chemical 

structure of the chemisorbed surface species when propanoic and pentafluoropropanoic 

acid adsorb on Al(111).  It also was used to monitor the surface oxidation processes.  Both 

propanoic and pentafluoropropanoic acid formed a stable surface carboxylate at 300 K, 

which inhibited surface oxidation when the surface was subsequently exposed to O2.  This 

work validates the concept of using carboxylic acids for passivating the aluminum surface 

from forming a surface oxide via reaction with molecular oxygen at room temperature.   It 

also indicates that carboxylic acid ligands with short alkyl chain-lengths may be used to 

passivate the surface.  The LO phonon mode of Al2O3 was shown to be an extremely 

effective peak to monitor oxidation and thus to determine viability of compounds to 

passivate the aluminum surface.  

Acknowledgements 

The authors express appreciation to the Naval Surface Warfare Center and the Naval 

Research Laboratory for support of this research. 

 

 

A
bs

or
ba

nc
e 

 1000   1500    2000    2500    3000   
Wavenumber (cm-1) 

Figure 5. IRRAS after dosing with 100,000 L of 
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Abstract  

Energetic formulations, in which metals are used as fuels, are characterized by high reaction enthalpies and 

temperatures, but relatively low reaction rates.  In general, the rates are restricted by mass transfer processes controlling 

reaction between the metals and respective oxidizers.  New nanomaterials are being developed to reduce the impeding 

effects of mass transfer and accelerate the reactions.  In this program, micron scale powders were produced in which 

each particle is a three-dimensional, reactive nanocomposite.  Specific material compositions include thermites and 

highly energetic intermetallic composites.  The materials are synthesized using arrested reactive milling (ARM).  The 

starting ingredients are regular, commercially available powders of metals or respective oxides, which are mixed and 

ball-milled.  The specific milling dose is introduced as a parameter to describe the energy transferred from the grinding 

media to the powder.  During continuous milling of components for which the adiabatic temperature of reaction exceeds 

1800 K, the exothermic reaction will occur spontaneously at a material-dependent critical milling dose.  For ARM, the 

ball-milling is interrupted just before the critical milling dose is achieved and the reaction is mechanically triggered.  

The resulting powders are compositionally uniform, individual particles, which are fully dense and contain the starting 

materials mixed on the scale of 100 nm or finer.  These materials are extremely reactive and can be used in propellants, 

explosives, and pyrotechnics.  The capability to adjust the particle size of the produced powders was demonstrated using 

measured amounts of liquid added to the powder mixtures being ball-milled.  A range of reactivity tests have been 

conducted including scanning calorimetry, ignition of the powders on a heated filament, closed volume explosion tests, 

laser ignition tests, and others.  An overview of the materials properties and results of the reactivity tests will be 

presented.     

 

Introduction 

Such metals as Al, Mg, Zr, B, and others have very high combustion enthalpies and generally burn at high temperatures, 

which explains the sustained interest in metal fuels and fuel additives for propellants, explosives, and pyrotechnics [1 - 

3].  However, the reaction rates of metal-based energetic materials are insufficient for a number of applications.  For 

example, long ignition delays cause agglomeration of molten aluminum particles in solid propellants.  The ignition 

delays are also very long for boron.  In addition, the combustion kinetics of boron is typically slowed down by the 

formation of a relatively stable intermediate HOBO compound [4].  The low rate of heat release translates into poor 

efficiency of metallized propellants and decouples the effects of metal combustion from the combustion of 

hydrocarbon-based components in explosive formulations.  Therefore, significant interest has developed in accelerating 

ignition and combustion of metal-based energetic materials.  Because most of the rate bottlenecks for metal combustion 

are associated with heterogeneous reactions, a general approach to increase the rates is based on the increase of the 

reactive surface area.  This has naturally led to development of various metal-based reactive nanomaterials.   
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Aluminum nanopowders have been produced using several different techniques [5 - 7] and used to replace micron-

sized aluminum powders in many formulations.  It was observed that using aluminum nano-powders increased the rate 

of propellant combustion [8].  The burning time of aluminum was reduced and the rate of heat transfer from the flame to 

solid propellant increased.  These positive effects were mitigated by the relatively high cost of production and handling 

of aluminum nano-powders and, more importantly, by the large volume fraction occupied by the surface oxide resulting 

in the reduction of the active metal content.  Note that the concept of the particle size reduction does not seem to be 

promising for boron: many commercially available boron powders are in the submicron or nanometer size range, 

however the rates of boron combustion are still found to be fairly low.     

To address the unfavorable metal combustion kinetics, the attention has shifted from pure nano-powders to 

nanometer-scaled composites involving various metallic as well as other reactive components [9 - 11].  The production 

of most nano-scaled composites has followed a generic “bottom-up” approach: composite nanoparticles or nanofoils 

were grown from molecules and atoms using wet chemistry, thermal gas evaporation, chemical vapor condensation, and 

similar techniques.  The shortcomings mentioned above, e.g., high cost and reduced active metal content, are inherent to 

all synthesis techniques that involve either nanopowders that must be passivated or nanolayers grown at elevated 

temperatures.  Storage, handling, and mixing of nanopowders with other propellant components pose further operational 

challenges.   

A new type of energetic nanocomoposite material has been recently developed [12 - 20] using an alternative, “top-

down” approach.  The starting materials are mixtures of regular metal and/or oxide powders.  The nanocomposites are 

produced using a technique similar to mechanical alloying.  The final materials are powders with particle sizes in the 

conventional 1 – 100 µm range and morphologies similar to those of currently used metallic propellant additives.  The 

powders contain components capable of a highly exothermic reaction mixed on the nano-scale, without forming 

homogeneous or chemically bonded compounds [16, 19].  Examples are binary composites in the systems B-Ti, B-Zr, 

Al-CuO, Al-MoO3, etc.  The particles of such materials can be described as a matrix of one component, e.g., Ti, with 

nano-sized inclusions of the second component, e.g., B.  A scanning electron microscope image showing such a 

material is presented in Fig. 1.  The image was acquired using backscattered electrons sensitive to the phase contrast 

between boron and titanium.  The titanium matrix appears bright and embedded boron inclusions appear darker.   

The nanocomposite powders are fully dense; the entire interface area between the reactive components is available 

for the reaction initiation.  Because of the extremely high reaction area, these materials reach the adiabatic reaction 

temperature nearly instantaneously after being ignited.  These materials have been observed to oxidize rapidly and 

completely when ignited in an oxidizing environment due to the very high temperatures achieved as a result of the 

nearly instantaneous intermetallic or reduction/oxidation reactions.  For example, complete and rapid combustion of 

boron was achieved when B-Ti and B-Zr composites were used.  Thus, the usual “kinetic trap” for boron oxidation 

involving the formation of HOBO has not been encountered, most likely, because of an altered mechanism of boron 

combustion and increased boron temperature at the beginning of its oxidation.   

This paper discusses our current research on synthesis, characterization, and testing of these nanocomposite 

powders.    
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Fig. 1.  Backscattered electron image of a boron-titanium nanocomposite material  Bright area: titanium; dark nano-
sized inclusions: boron.  The scale bar is 300 nm. 
 

Synthesis: Arrested Reactive Milling (ARM) 

Technique description  

For ARM synthesis, reactants are selected among the materials capable to react exothermically.  Boron and titanium 

powders will, for example, react to form TiB or TiB2 depending on the overall composition.  Similarly, Al and Fe2O3 

powders will react to form Al2O3 and Fe.  When such materials are mixed in stoichiometric proportions and ball-milled, 

the intermetallic-forming reaction is initiated mechanically; the ensuing reaction is self-sustained.  The reaction usually 

proceeds very rapidly resulting in a substantial increase in the pressure and temperature in the milling vessel.  Figure 2 

shows the temperature recorded during milling of an Al-Fe2O3 thermite as an example.  The mechanically triggered 

reaction is marked by a sharp temperature increase. 
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Fig. 2. A temperature trace recorded during milling a reactive mixture of Al and Fe2O3 powders. 
 

For ARM synthesis, the milling process is interrupted just before a spontaneous reaction is mechanically triggered.  This 

processing leads to the formation of fully dense composite particles with increasingly refined internal structure.  The 

milling time at which the reaction is mechanically triggered, effectively sets a limit to the achievable degree of 
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refinement.  This time limit can be influenced by the specific milling parameters chosen, such as the material batch size, 

the mass ratio of the powder sample to milling media, the processing temperature, and the use of process control agents.  

Collisions between the milling media subject the milled powder to transient pressures of up to 5 GPa [21], individual 

particles have therefore near theoretical maximum density.   

ARM synthesis is readily achieved for combinations of components capable of highly exothermic reactions.  If the 

adiabatic reaction temperature is sufficiently high, the reaction once initiated will self-sustain, and temperature profiles 

such as shown in Fig. 2 will be observed during milling.  If, conversely, the adiabatic reaction temperature is low, the 

reaction will no longer self-sustain, and thus the mechanically triggered reaction will not propagate.  Even in this case, 

the reaction may be triggered locally as a result of collisions between milling media; however, without self-sustained 

propagation the reaction will remain undetected.   

Produced dry reactive nanocomposite powders can be sensitive to electrostatic spark discharge and other ignition 

stimuli.  To eliminate related powder handling difficulties, it is possible to carry out the final stages of synthesis with an 

added liquid, e.g., a hydrocarbon, serving as both process control agent and passivating medium.  Produced materials 

will become slurries and will be readily handled and stored following well-known guidelines used to handle and store 

liquid hydrocarbon fuels.  Milling under liquid also enables an easy transfer of the produced powders from one 

container to another, and therefore offers a possibility to develop a continuous production cycle as opposed to the 

currently used batch processing.  

 

Laboratory production and scale-up 

Laboratory experimentation with reactive milling is typically performed with high energy shaker mills, such as 8000 

series by SPEX CertiPrep.  In this research, both single and double shaker mills are used, which are suitable for 

preparation of 2 – 10 g batches of nanocomposite materials.  The milling vials are additionally equipped with calibrated 

temperature sensors connected to a data logger.  Recording the temperature of reaction in preliminary runs enables one 

to determine the time when the milling needs to be interrupted in order to obtain a reactive nanocomposite powder.  

This approach is not suitable for the scaled up production of such materials, when the mass of the material being milled 

is substantial and should be prevented from mechanically activated reactions.   

Quantitative description of the milling progress is therefore required, which would enable one to compute the 

required milling time considering an increased mass of the powder and respectively changed milling parameters.  An 

approach aimed to establish such a description has been proposed recently [22].   A milling progress function fp can be 

defined such that during the milling of a specific material composition using different milling parameters, the reaction 

would be mechanically triggered at different milling times, but at a constant value of fp.  Such a function would, of 

course, vary for different materials in which the reactions would be triggered at different milling progress stages.  Our 

preliminary work [16, 19, 22] suggests that a simplified milling progress function, fp1, can be defined considering the 

energy transferred from the milling media to the powder.  In the most simplified approach, neglecting the effect of 

properties of the milled materials, this energy is proportional to the product of grinding media to powder mass ratio 

(charge ratio, CR) and time of initiation, t (e.g., the time when the temperature spike is observed):  

fp1= CR ·t     



 5 

The results of experiments on reactive milling of two different thermite compositions, in which the time of the self-

sustained reaction was measured, are shown in Fig. 3.  The two plots on the left show that fp1 remains essentially the 

same for the ball size of 5 mm, different ball to powder mass ratios, and different powder loads for the specific thermite 

system Al-Fe2O3.  It also remains constant for the reactive milling in a different material system, Al-MoO3 when the 

same, 5 mm balls are used while the charge ratio changes in a wide range.  Also as expected, the values of the stable fp1 

observed for 5 mm balls for these two materials systems are different from each other.  Therefore, in the first 

approximation the progress function defined above appears useful.  However, for larger and smaller ball sizes, the 

disagreement between the values of fp1 for different charge ratios becomes significant.  This indicates that this very 

simple definition of the milling progress function is inadequate and future work is needed to obtain a better definition.  

For example, the effects associated with different powder mass relative to the surface area of vial and balls in the vial 

should be considered.  One such effect is the change in powder coating thickness on the milling media surfaces and, 

therefore, in restitution coefficient.  This effect changes the rate at which the energy from the grinding media collisions 

is transferred to the powder and is important for the accurate modeling of milling.  Other effects would consider 

mechanical and chemical properties of the materials being processed.  
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Fig. 3. Experimental milling progress function fp1 for Al-Fe2O3 and Al-MoO3 thermites processed in a SPEX 8000 mill. 
 

In general, however, the introduction of the milling progress function is shown to be feasible and useful.  A refined 

version of such a function is expected to provide specific guidance in choosing the milling parameters for the scaled up 

production of reactive nanomaterials in the future.  Furthermore, computational evaluation of the milling progress 

function was shown to be possible using discrete element modeling [22].  Numerical experiments are expected to 

become the most practical approach for design of the scaled up production facilities.   

 

Characterization of Reactive Nanocomposites 

Types of powders produced 

A number of nanocomposite powders have been synthesized by ARM.  To date, the only parameter found critical for 

the selection of material compositions has been a sufficiently high reaction enthalpy between the components.  This 

condition is similar to that used to select compositions for self-propagating high-temperature synthesis (SHS), for which 

a suggested phenomenological rule is that the adiabatic reaction temperature of the starting materials should exceed 

1800 K [23].  The enthalpies of reaction between components and respective enthalpies of combustion (follow-up 
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oxidation reaction occurring in an oxidizing environment) for all the currently synthesized ARM materials are 

illustrated in Fig. 4.  For reference, combustion enthalpies for boron and aluminum are also shown.  Based on 

thermodynamic estimates only, the reactive nanocomposites are shown to hold potential to exceed the performance 

characteristics of aluminum and approach to those of boron.  The main advantage, however, is expected to be in the 

accelerated kinetics and improved combustion efficiency.   

 

Morphology of the powders 

The size distributions of the powders can be readily adjusted using additional periods of milling with added liquid 

process control agent (PCA), such as hexane.  Typical size distributions of the produced nanocomposite powders, 

including the size distributions adjusted by an additional wet milling step, are shown in Fig. 5.   

Scanning Electron Microscopy (SEM) is used to characterize both surface morphology and uniformity of mixing 

achieved in the nanocomposites.  A LEO 1530 Field Emission SEM, equipped with an energy dispersive x-ray 

spectrometer is used.  Typical surface morphologies of the nanocomposite powders produced by ARM are illustrated in 

Fig. 6a and 6c.  The backscattered electron (BSE) images which show contrast for the elements with different atomic 

weights are used for both as prepared and cross-sectioned samples to observe the scale of mixing between the 

components.  For the powders shown in Fig. 6a and 6c, the BSE SEM images showing the achieved scale of mixing are 

shown in Figs. 6b and 6d, respectively.  Another similar image for B-Ti nanocomposite is shown in Fig. 1 above.   
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Fig. 4. Volumetric and gravimetric enthalpies of reactions between 
components and of complete combustion for a set of nanocomposites 
synthesized by ARM to date.   For reference, combustion enthalpies 
for metallic boron and aluminum are also shown.   

Fig. 5. Size distributions of reactive 
nanocomposite powders with different 
compositions determined by low angle laser 
light scattering using a Coulter LS 230 
analyzer. 
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Phase composition and structure 

Structure and phase makeup are determined for each material by x-ray powder diffraction (XRD) on a Phillips X’pert 

MRD diffractometer operated at 45 kV and 40 mA, using Cu-Kα radiation (λ = 1.5438 Å).  Examples of x-ray patterns 

for a set of Al-CuO nanocomposite materials are shown in Fig. 7.  The nanocomposite samples with different degrees of 

structural refinement have been produced by progressively increased milling times which could be achieved when 

respectively larger amounts of PCA were added.  For the sample D, for which the milling time was the longest, 60 min, 

and the largest amount of PCA was used (8 ml of hexane, cf. Fig. 7), the mechanically triggered reaction was never 

observed.  This indicates that the reaction stops being self-sustained and, therefore, a partially reacted product is 

expected.  The patterns show that the peaks of starting materials, Al and CuO, decrease in intensity and broaden as the 

higher degrees of compositional refinement are achieved at respectively longer milling times.  This indicates a reduction 

in size of the respective Al and CuO crystallites.  The products of the partial reaction are indeed visible clearly for the 

sample D, where peaks of metallic Cu appear.  In addition, peaks of Cu2O, an intermediate reaction product between Al 

and CuO, become stronger.  This evolution of the crystal structure and composition is typical for the nanocomposite 

materials produced by ARM. 

 

a ba b
 

 

Fig. 6.  SEM images of nanocomposite particles of B-Zr (a) and Al-MoO3 (c) and close-up BSE images showing the 
nano-scale mixing between B and Zr (b) and Al and MoO3 (d). 
 

c d 
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Fig. 7.  XRD patterns for starting materials of Al and CuO and respective nanocomposites with different degrees of 
structural refinement obtained using different milling conditions. 
 

Reaction mechanisms and kinetics 

The mechanisms and kinetics of chemical reactions in the produced nanocomposite materials are studied using thermal 

analysis.  A Netzsch Simultaneous Thermal Analyzer STA409 PC is used enabling both differential scanning 

calorimetry (DSC) and thermo-gravimetric analysis.  The experiments are performed in both argon and oxygen 

environments to compare the reaction pathways with and without an external oxidizer.  Because nanocomposite 

materials are characterized by a large interface area between the reacting components, the low-temperature reactions 

become significant and can be clearly identified.  For example, DSC traces for an Al-CuO nanocomposite powder are 

shown in Fig. 8.  The exothermic reactions start being well identifiable from about 200 ºC and at least three reactions 

can be distinguished by three exothermic peaks observed in the temperature range of 200 – 700 ºC.   Note that only the 

last exothermic peak was clearly observed in an earlier study of reactions in the Al-CuO nanofoils [11].   The DSC 

traces in Fig. 8 also indicate that all the available aluminum is oxidized by 660 ºC because the endothermic aluminum 

melting peak is not observed.  The shift between the reaction peaks at different heating rates allows one to evaluate the 

kinetics using one of the isoconversion techniques.  The intermediate reaction products are recovered from the samples 

quenched at the temperatures of interest and are analyzed using XRD and SEM.   

 

Rietveld refinement for the XRD patterns [24] is used to quantify the intermediate compositions of the quenched 

samples.  Combined analyses of the kinetics and intermediate products produced in different stages of reaction enable 

one to determine the rate-limiting processes.  For example, it has been determined that the rate of the aluminum 

oxidation stage responsible for the strongest exothermic peak in Fig. 8 is controlled by diffusion of oxygen through the 

produced layer of Cu2O [25].  At the same time, when the Al-CuO nanocomposite is heated in an oxygen-containing 

environment, the re-oxidation of CuO occurs simultaneously with the oxidation of Al and therefore, Cu2O does not 



 9 

form.  Understanding the reaction mechanisms and diffusion kinetics are essential for prediction of both ignition delays 

and long-term stability of the produced nanocomposite materials.   

 

Preliminary Performance Evaluation 

Ignition 

A simple experiment is used to determine the ignition temperatures and kinetics for the produced materials.  The 

experimental technique is similar to the T-jump technique used to characterize reactivity of many organic energetic 

materials [26].  A schematic diagram of the setup is shown in Fig. 9.  A cylindrical metal or carbon filament is coated 

with a thin layer of the powder being tested and is electrically heated at a controlled rate.  The filament emissivity is 

known and therefore its temperature history can be readily measured using optical pyrometry.  At the same time, the 

radiation from the coating is monitored and the ignition instant is determined when a spike of the radiation is recorded.  

The temperature recorded at that time is considered as an ignition temperature.  The experiments can be conduced in a 

controlled gas environment so that the effects of condensed phase and gas phase reactions can be assessed.  A summary 

of the ignition temperatures determined in air for a set of nanocomposite powders prepared by ARM is shown in Fig. 

10.  The ignition kinetics is determined from the experimental data collected at different heating rates and plotted as 

shown in Fig. 11.  One can see that the kinetics of ignition can be affected by both the material composition and the 

degree of structural refinement achieved for the same material composition.   
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Fig. 8.  DSC traces for the heating Al-CuO nanocomposite 
powder in argon at different heating rates 
 

Fig. 9.  Experimental setup used for measurements of 
ignition temperatures and kinetics of the 
nanocomposite reactive powders 

 

Emission measurements 

For applications in pyrotechnics, the emission characteristics of the produced reactive nanocomposites are very 

important.  The flame radiation can also be used to determine the reaction temperature and identify the key reaction 

mechanisms.  Therefore, spectra of the produced flames are recorded using an EPP2000C fiber optic spectrometer by 

StellarNet Inc. The spectrometer is capable of acquiring spectra within the wavelength range of 190 – 850 nm with 

~1nm resolution.  The spectrometer is equipped with a fiber optic cable, a calibrated iris aperture, and a fused silica 

lens.   
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The powder to be tested was placed on a 7.5×7.5×1.0 cm aluminum plate and formed a 50 mm-long rectangle with 

the height of 1 mm and width of 1.2mm.  The light was collected from a cylindrical volume of 10±0.3mm diameter, just 

above the powder surface.  The axis of the cylindrical volume was horizontal, parallel to the rectangle’s axis, and lifted 

approximately 5 mm above the aluminum plate.  All spectra were taken with the spectrometer integration time of 4 ms.  

The exposure was adjusted by changing the opening of the iris aperture.  

Ign-temps .PDW

0

500

1000

1500

2000

Ig
ni

tio
n 

T
em

pe
ra

tu
re

, K

Al Mg Al-WoO3 Al-MoO3(wet) BTi
Al-CuO BZrAl-MoO3

ARM Powders
             

dry-milled
milled in
solvent

ARM nanocomposites

2.0

2.5

3.0

3.5

4.0

4.5

Al-CuO

Al-Fe2O3

Al-MoO3 

Al-MoO3 
Al-WO3

5.0x10-4 1.0x10-3 1.5x10-3 2.0x10-3

1/T [1/K]

2.0

2.5

3.0

3.5

4.0

lo
g(

H
ea

tin
g 

R
at

e 
[K

/s
])

B-TiB-Zr

 
Fig. 10.  Ignition temperatires determined for different 
nanocomposite materials at the heating rates in the range 
of 20,000-40,000 K/s.  The ignition temperatures of 
metallic Al and Mg powders are also shown for reference. 
 

Fig. 11. Arrhenius plots of the logarithm of heating rate as 
a function of inverse temperature.  The slopes of the 
straight trend lines are proportional to the respective 
activation energies of ignition.   
 

The intensity calibration of the spectrometer has been performed at the same integration time value as that used for 

the measurements.  A NIST-traceable tungsten strip-lamp RSL2000 by the Pyrometer Instrument Co., Inc. was used as a 

light source.  The tungsten spectral emissivities at different temperatures from ref. [27] were used to calculate both the 

real temperatures of the tungsten ribbon based on its brightness temperatures provided in the manufacturer’s calibration 

and the respective normal spectral intensities Iλ (λ
, T).   

Because of the low light intensity in the blue-UV region even for the highest possible temperatures of the strip-

lamp, the calibration was performed separately for the wavelength regions of 400-850 nm and of less than 400 nm.   For 

calibration below 400 nm, the iris aperture was fully open, so that the spectrometer signal saturated for the longer 

wavelengths.  This procedure allowed calibrating the intensity response of the spectrometer down to the wavelength of 

275 nm.   

The spectrometer was calibrated for a set of the iris aperture openings used in experiments, thus allowing the 

absolute measurements of the spectral intensities. 

Preliminary results of the spectroscopic measurements are shown in Fig. 12.  The spectrum of the 2Al + MoO3 

nanocomposite thermite flame is very close to that of a grey body emitter.  The effective temperature is estimated to be 

between 3100 and 3200 K.  The spectrum of B + Ti nanocomposite thermite flame is qualitatively similar while it 

shows a number of the BO2 molecular lines.  The effective temperature is estimated to be 2545 K.   The spectrum of the 

2Al + 3CuO nanocomposite thermite flame has an unusual shape with a strong peak in vicinity of 500 nm.  The 
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effective temperature estimated considering the long-wavelength “tail” of the spectrum is 3000 K.  The broad low-

wavelength peak is surprising and would correspond to a black body emitter at 6000 K.  While the nature of this peak is 

presently unknown, it is likely due to unusual emissivity of mixed copper-aluminum oxide nanoparticles that are 

expected to be produced in this flame.   
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Fig. 12.  Radiation spectra of several reactive nanocomposites prepared by ARM and reacting in air.   
 
 

Burn rate and reaction enthalpy 

Several different techniques are being developed and used to quantify the burn rates of the reactive nanocomposite 

powders.  The rates of pressure rise in closed vessel explosion tests [13] are proportional to the overall burn rates [28].  

At the same time, the total pressure increase can be used to evaluate the reaction enthalpy.  The reaction enthalpy can be 

also determined from the experiments with a bomb calorimeter.  Both constant volume explosion and bomb calorimetry 

experiments can be run in inert or oxidizing gas environments.  A laser ignition technique is being developed to 

determine the ignition characteristics of consolidated nanocomposite powders [29].  Experiments on combustion of 

single nanocomposite particles or respective laminar aerosol flames [30] can also be useful and respective experimental 

techniques are currently under development. 

 

Summary 

A bottom-down approach to synthesis of highly reactive nanocomposite powders has been developed using Arrested 

Reactive Milling.  The main advantages of this approach are the readily achieved high density of nanocomposites, an 

essentially unlimited choice of the reactive components, low cost, and a readily scalable synthesis technique.  In 

addition, the produced powders comprise the micron-sized particles and therefore the deteriorating effects of the surface 

passivating layers are small, compared to that for materials based on the nanoparticles.  A generic approach for the 

scaled-up production of the ARM nanocomposites has been developed considering specific milling dose.  A set of 

highly reactive nanocomposites including thermite-type and intermetallic compositions has been prepared and 

preliminarily characterized.  The reaction mechanisms and kinetics were determined for some of the produced 

nanocomposites using thermal analysis.   The current research addresses the mechanisms of ignition and combustion of 

reactive nanocomposites using a range of experimental techniques.   
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Abstract 

The sensitivity of explosive charges against shock is linked to the properties of the crystal 

structure of the energetic filler. During an impact the chemical reaction starts at hot 

spots. A hot spot could be for example internal porosity, microcracks, dislocations or 

surface heterogeneities. Insensitive Hexogen shows a significant reduction of the 

sensitivity against shock. The question is where the difference in the crystal structure 

between conventional and insensitive RDX is. Which characterization method should be 

used to determine differences in the crystal properties? In this study different nitramine 

types are compared with each other. With DSC and ARC differences in the thermal 

behavior could be detected. These results agree well with HPLC measurements. 

 

Introduction 

In this study Hexogen with reduced sensitivity from Dyno Nobel ASA, NORWAY and 

form Eurenco, Groupe SNPE is compared with conventional Hexogen from Dyno Nobel 

ASA, NORWAY. The particles are characterized with different methods. With each 

Hexogen type formulation work of PBXN-109 was done, and the shock sensitivity of the 

formulation was determined by a 50 mm GAP-Test.  



 

Experimental 

Different characterization methods were carried out to understand the differences 

between conventional and insensitive RDX. Table 1 show the hexogen types which were 

characterized: 

Table 1: Different types of hexogen 

Product  Lot-# manufactured by 

RDX, Type I, Class 1 DDP04D0028E Dyno Nobel ASA 

RDX, Type I, Class 5 DDP04D0029E Dyno Nobel ASA 

RS-RDX, Type I, Class 1 DDP04D0032E Dyno Nobel ASA 

RS-RDX, Type I, Class 5 DDP04D0031E Dyno Nobel ASA 

Hexogen, i-RDX Class 1 3768S03 Eurenco, Groupe SNPE 

Hexogen, i-RDX M3C 4795S04 Eurenco, Groupe SNPE 
 

Morphology 

To get an impression of the morphology of the particles, microscopic and scanning 

electron microscope (SEM) pictures were made.  

Physical Properties 

Determining the physical properties of the particles, the particle size and the particle size 

distribution was measured by laser light scattering. The friction and impact sensitivity 

was measured according to BAM. The values are obtained if one reaction occurs during 

six trials. 

Chemical Analysis  

To find out whether there are any differences in the content of HMX in Hexogen, High 

performance liquid chromatography (HPLC) was used. A water/methanol gradient over 

time was used to separate the nitramines. The signal was detected with a diode array 

detector at 228 nm.  

Thermal analysis 

Thermal gravimetric analysis (TG) and Differential scanning calorimetry (DSC) 

measurements were carried out of each sample. All measurements were carried out 

with a heating rate of 5 K/min. With an Accelerating Rate Calorimeter (ARC), from 

Columbia Scientific Industries (CSI), USA, measurements were carried out to detect 

differences in the self heating rate of the samples. While the sample is exposed to an 

adiabatic environment, the occurring exothermic reaction is studied.  



 

With the different RDX types mentioned in table 1, formulation work was done 

according to PBXN-109 (64% RDX / 20% Alu / 16% HTPB -binder system). Table 2 gives 

an overview of the different PBXN-109 formulation. The HTPB binder and the aluminum 

content were unchanged for every formulation.  

Table 2:  PBXN-109 with different Hexogen types 

HXA Hexogen-Type % by mass Charge-Nr. Producer 

192 RDX, Type II, Class 1 

RDX, Type II, Class 5 

57,0 

7,0 

DDP04A0024E 

NSI-98H-03-001

Dyno Nobel ASA 

Dyno Nobel ASA 

193 RS-RDX, Type I, Class 1 

RS-RDX, Type I, Class 5 

57,0 

7,0 

DDP04D0032E 

DDP04D0031E 

Dyno Nobel ASA 

Dyno Nobel ASA 

194 RDX, Type I, Class 1 

RDX, Type I, Class 5 

57,0 

7,0 

DDP04D0028E 

DDP04D0029E 

Dyno Nobel ASA 

Dyno Nobel ASA 

196 RS-RDX, Type I, Class 1 64,0 DDP04D0032E Dyno Nobel ASA 

197 i-RDX, Type I, Class 1 

i-RDX, Type I, M3C 

57,0 

7,0 

3768S03 

4795S04 

Eurenco, Groupe SNPE 

Eurenco, Groupe SNPE 
 

For each formulation the viscosity during the cast process was measured with a 

Brookfield viscometer at 65°C. After curing PBXN-109 at 60°C for seven days, the 

mechanical properties were measured. From each formulation a large scale GAP Test 

was carried out. Figure 1 shows a diagrammatic view of the GAP-Test. 
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Figure 1: Diagrammatic view of the GAP-Test  



 

  

  

  

Results 

Morphology 

In figure 2 up to figure 4 SEM pictures from RDX Class 5 particles are shown. 

 

 

 

 

 

 

 

 

Figure 2: SEM pictures RDX, Type I, Class 1  

 

 

 

 

 

 

 

 

 

Figure 3: SEM pictures RS-RDX, Type I, Class 1  

 

 

 

 

 

 

 

 

 

Figure 4: SEM pictures i-RDX, Type I, Class 1 



 

Conventional RDX in figure 2 exhibits a lot of small secondary particles on a large main 

particle. The particle size of the secondary particle is estimated between 5 and 25 µm. 

Some crystal surfaces are smooth, other crystal surfaces show micro-porosity. Insensitive 

RDX particles in figure 3 and 4 have less secondary particles. RS-RDX particles in figure 3 

and i-RDX particles in figure 4 are not free from micro-porosity. 
 

Physical Properties 

The RDX Class 1 has a particle size of approximately 210 µm, the RDX belonging to 

Class 5 has an average particle size between 10 µm and 20 µm. With a Span of 0,938, 

RS-RDX, Type I, Class 5 has the widest particle size distribution. 

Table 3:  Average particle size, Span, and Sauter diameter D[3,2] 

   

x50,3 

Span 

(84/16) 

 

D[3,2] 

Product Lot-# µm - µm 

RDX, Type II, Class 1 DDP04A0024E 225,5 0,538 153,9 

RDX, Type II, Class 5 NSI-98H-0003-0001 21,4 0,523 15,1 

RDX, Type I, Class 1 DDP04D0028E 194,5 0,502 85,9 

RDX, Type I, Class 5 DDP04D0029E 17,6 0,695 4,2 

RS-RDX, Type I, Class 1 DDP04D0032E 205,2 0,615 82,0 

RS-RDX, Type I, Class 5 DDP04D0031E 9,7 0,938 1,9 

Hexogen, i-RDX Class 1 3768S03 225,4 0,497 98,8 

Hexogen, i-RDX M3C 4795S04 10,5 0,573 7,9 
 

Table 4: Impact and Friction sensitivity of different nitramine types 

  Friction 

Sensitivity 

Impact 

Sensitivity  

Product Lot-# N Nm 

RDX, Type I, Class 1 DDP04D0028E 160 7,5 

RDX, Type I, Class 5 DDP04D0029E 168 10 

RS-RDX, Type I, Class 1 DDP04D0032E 160 7,5 

RS-RDX, Type I, Class 5 DDP04D0031E 144 10 

Hexogen, i-RDX Class 1 3768S03 96 7,5 

Hexogen, i-RDX M3C 4795S04 112 7,5 
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As you can see from table 4, there is no evident difference between conventional RDX 

and insensitive RDX in friction and impact sensitivity. It is surprising that the value of the 

friction sensitivity of i-RDX is higher compared to conventional RDX.  

Chemical Analysis  

In table 5 the quantity of HMX in RDX is listed. I-RDX Class 1 and i-RDX M3C have a 

remarkable low HMX content. RS-RDX Type I show the highest HMX content. Every 

crystal quality fits the required specification.  

Table 5:  Percentage of Octogen in Hexogen 

  ICT Specification Producer 

Product Lot-# % % % 

RDX, Type I, Class 1 DDP04D0028E 0,84 < 3 0,8 

RDX, Type I, Class 5 DDP04D0029E 0,52 < 3 0,5 

RS-RDX, Type I, Class 1 DDP04D0032E 0,23 < 3 0,3 

RS-RDX, Type I, Class 5 DDP04D0031E 2,6 < 3 2,5 

Hexogen, i-RDX Class 1 3768S03 0,01 − − 

Hexogen, i-RDX M3C 4795S04 0,01 − − 
 

Thermal analysis 

Concerning adiabatic self heating measurements in figure 5, RDX show a transition from 

a controlled self heating to deflagration. The onset temperature of the self heating is 

running from 188°C to 200°C. Deflagration occurs inside a smaller range from 200°C to 

204°C.  

   

 

 

 

 

 

 

 
 

 RDX, Class 1 – approx. 210 µm   RDX, Class 5 – approx. 10 µm 

Figure 5:  Adiabatic self heating measurements of different RDX samples 
 



 

Comparing RDX with approximately the same particle size, the adiabatic self heating 

process is linked to the HMX content in the RDX crystals. For RDX, Class 1, on the left 

side of figure 5, RDX, Type I, Class 1 has the highest HMX content and at constant 

Temperature the highest self heating rate; i-RDX, Type I, Class 1 has the lowest HMX 

content and the lowest self heating rate. For Class 5 particles, RS-RDX with the highest 

HMX content shows at constant temperature the highest self heating rate.  

The TG analysis displays no evident differences whether a substance is insensitive or not. 

The DSC measurement plots in figure 6 up to figure 8 indicate different thermal be-

havior. The i-RDX in figure 8 and the RS-RDX Class 1 in figure 5 expose a narrow sharp 

endothermal peak. Conventional RDX in figure 6 and RS-RDX, Class 5 in figure 7 show a 

wider endothermal peak. Before the melting temperature is reached conventional RDX 

shows endothermal effects. These endothermal effects indicate that the crystal quality is 

less compared to insensitive RDX. 

 

 

 

 

 

 
 

           Class 1, Los-Nr.: DDP04D0028E          Class 5, Los-Nr.: DDP04D0029E 

Figure 6:  DSC measurements, RDX, Type I, Class 1 and Class 5 

 

 

 

 

 

 

 

 
 

           Class 1, Los-Nr.: DDP04D0032E          Class 5, Los-Nr.: DDP04D0031E 

Figure 7:  DSC measurements, RS-RDX, Type I, Class 1 and Class 5 



 

 

 

 

 

 

 

 
 

            Class 1, Los-Nr.: 3768S03                                   M3C, Los-Nr.: 4795S04 

Figure 8:  DSC measurements, i-RDX, Type I, Class 1 and M3C 
 

PBXN-109 

All raw materials excluded the isocyanate were mixed for more than 2 hours. At the end 

the isocyanate is given into the mixer and stirred for 10 minutes. After mixing the 

viscosity of PBXN-109 is measured. As you can see in table 6 all PBXN-109 formulations 

with different nitramine types have a low viscosity.  

Table 6:  Viscosity of PBXN-109 

  Viscosity  

HXA Nitramin-Type Pa*s 

192 RDX, Type II, Class 1 / Class 5 187 

193 RS-RDX, Type I, Class 1 / Class 5 95 

194 RDX, Type I, Class 1 / Class 5 60 

196 RS-RDX, Type I, Class 1 53 

197 i-RDX, Type I, Class 1 / M3C 185 
 

After curing PBXN-109 the density was determined by weighting samples with a well 

defined geometry.  

Table 7:  Density of the produced PBXN-109 

  ρ ρTMD 

HXA Nitramine-Type g/cm³ % 

192 RDX, Type II, Class 1 / Class 5 1,656 98,5 

193 RS-RDX, Type I, Class 1 / Class 5 1,664 99,0 

194 RDX, Type I, Class 1 / Class 5 1,658 98,7 

196 RS-RDX, Type I, Class 1 1,661 98,8 

197 i-RDX, Type I, Class 1 / M3C 1,659 98,7 
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In a tensile test the mechanical properties of PBXN-109 with different nitramine types are 

determined. In Table 8 the elongation at break and the Young’s Modulus are listed. 

Table 8:  Mechanical properties of PBXN-109 

  ε-@break Young’s Modulus 

HXA Nitramine-Type % N/mm² 

192 RDX, Type II, Class 1 / Class 5 7,0 9,1 

193 RS-RDX, Type I, Class 1 / Class 5 11,9 6,5 

194 RDX, Type I, Class 1 / Class 5 7,9 10,2 

196 RS-RDX, Type I, Class 1 5,9 9,2 

197 i-RDX, Type I, Class 1 / M3C 9,8 7,2 
 

PBXN-109 with insensitive RDX has a lower Young’s Modulus than PBXN-109 with 

conventional RDX. The elongation at break with insensitive RDX is higher than with 

conventional RDX. 
 

GAP-Test 

With all formulations a large scale GAP-Test was carried out. As you can see in figure 9 

there is a difference in the initiation pressure of more than 40 kbar between conven-

tional RDX and insensitive RDX. There is no evident difference between RS-RDX pro-

duced by Dyno Nobel ASA and i-RDX produced by Eurenco, Groupe SNPE.  

 

 

 

 

 

 

 

 

 

Figure 9: GAP-Test, PBXN-109, φ = 50 mm 

It is an interesting question whether the initiation pressure is increasing when there are 

no fine particles in the formulation. As you can see in figure 10, it is profitable to use 

fine particles, for example Class 5 particles to increase the initiation pressure. 
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Figure 10: GAP-Test, PBXN-109, φ = 50 mm 
 

Conclusion 

Investigations were made to characterize the properties of insensitive RDX. Concerning 

the morphology, insensitive RDX has a smoother crystal surface compared to 

conventional RDX. Lecume /1/ examined with Atomic Force Microscopy (AFM) the 

roughness of the crystal surface. The numbers of holes on the crystal surface influences 

the sensitivity to shock.  

The HMX content in RDX is important for the insensitive properties. RDX particles with 

the highest HMX content show the highest self heating rate at a given temperature. For 

PBXN-109 formulations with RDX, the sensitivity against shock increases with the 

content of HMX.  

There are different behaviors in DSC measurements between sensitive and insensitive 

RDX. Conventional RDX demonstrate endothermic effects before the melting temperature 

is reached. Samples with low HMX content display no endothermic effects before melting.  

The shock sensitivity of PBXN-109 charges was determined. The initiation pressure from 

RS-RDX, Type I is 5 times higher compared to conventional RDX, Type I.  

No evident difference was determined in the initiation pressure between RS-RDX or i-

RDX. Because of the absence of fine RDX particles in PBXN-109 at constant filler 

content, the initiation pressure of PBXN-109 decreases slightly. 
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Abstract 

This work represents a continuation of our investigation of charcoal briquet combustion, the first 

six parts of which were reported upon at the last two International Pyrotechnics Seminars held in the 

United States.  A Weber-brand covered cooking kettle served as an assumed semi-batch reactor in which 

the chemical reaction was a batch of “Kingsford” charcoal briquets combusting  in a stream of fresh air 

entering through inlet ports on the bottom of the kettle.  We observed that a grey ash layer covers the 

surface of the briquets after they have become fully ignited, and at the termination of the combustion 

there is a significant amount of ash residue remaining.  The glowing surface of the core gradually moves 

inward and the ash clings to the briquets in such a way that the original size remains rather constant.  If 

not disturbed, the shape of the ash residue resembles that of the original briquet.  This manuscript thus 

represents the seventh part of our report, and examines the applicability of a “Shrinking Core Model” to 

the combustion process.  We consider two possibilities, viz., (1) that diffusion of oxygen through the ash 

layer is the controlling resistance, and (2) that chemical reaction at the surface of the core is controlling 

resistance. 

For the case of oxygen diffusion, we plotted the data points representing the Diffusional 

Conversion Function versus time for six individual experiments.  The slope of such a curve is related to 

the diffusion coefficient De .  We observed that in each test the slope increased as time progressed, which 

indicated that the diffusion coefficient was increasing.  But data represented in previous parts of our 

investigation showed that the temperature in the kettle decreased with time.  This meant that the diffusion 

coefficient should have been decreasing because data in the literature reveal that diffusivities decrease 

with temperature (in an Arrhenius-type relationship).  Thus, this contradiction resulted in our conclusion 

that the mathematical analysis did not support a situation wherein diffusion of oxygen would be the 

controlling resistance in the charcoal briquet combustion. 

For the surface chemical reaction case, the slope of the Surface Conversion Function versus time 

is proportional to the First Order rate constant ks.  Here, plots of this conversion function for the same six 

experiments as above yielded very smooth linear regression correlations.  The average value of the First 



Order rate constant was 0.1387 m/min.  These results supported the conclusion that a First Order chemical 

reaction at the surface of the core was the controlling resistance in the charcoal briquet combustion.  This 

manuscript concludes with a recommendation for the direct measurement of the combustion temperature 

of the briquets, in order to provide more realistic kinetics correlations and to further clarify the 

mechanism of the reaction. 

 

1.  Introduction   

At the Twenty-Ninth International Pyrotechnics Seminar, the Austing’s published a three-part 

report on the combustion of charcoal briquets utilized for the outdoor preparation of food.  A Weber-

brand covered cooking kettle served as an assumed semi-batch reactor in which the chemical reaction was 

a batch of charcoal briquets combusting in a stream of fresh air entering through inlet ports in the bottom 

of the kettle.  The charcoal briquets for this purpose were manufactured in the United States. 

In Part I, Austing and Austing (2002) reviewed the history and development of these briquets, 

described the experimental procedures that they utilized, and reported preliminary data on the ignition 

times and ash contents of the briquets and on the kettle internal temperature.  They established that the 

weight fraction of ash of the commercially-available briquets was several factors to an order of magnitude 

greater than that of charcoal utilized, for example, in the preparation of Black Powder.  In Part II, Austing 

(2002a) derived expressions that modeled the reaction kinetics of the briquet combustion in terms of the 

experimentally-measured conversions.  In Part III, Austing (2002b) applied the experimental data to these 

relationships, with the objective of determining the order of the reaction or the rate-controlling 

mechanism. 

The primary objective in the above work was the preparation of food for subsequent dining 

pleasure; the collection of scientific data was secondary.  As a result, this sequence of priorities had a 

decided influence on the reaction kinetics of the charcoal combustion, because of the necessity to 

periodically remove the lid of the kettle in order to baste the food, turn it over, or remove it at the 

conclusion of the cooking time. 

Consequently, at the Thirty-First International Pyrotechnics Seminar, Austing shifted the 

emphasis to a group of experiments in which no food was prepared.  In Part IV, Austing (2004a) 

described the revised experimental methodology to record the weight loss of the briquets and the kettle 

internal temperature as functions of time, and derived material balance equations to compute the weight 

fraction of charcoal consumed.  In Part V, Austing (2004b) collected experimental data and performed the 

necessary analyses to compute the First Order kinetic conversion function, the Arrhenius frequency 



factor, and the activation energy Ea/R for the charcoal combustion.  The average of the activation energy 

over ten experiments was 2433 K, which was in essential agreement with a value obtained from the 

literature for an unspecified type of charcoal.  Part VI of the investigation (Austing, 2004c) provided data 

to clarify the effect of the removal of the lid on the kettle internal temperature. 

This report, which constitutes Part VII of the investigation, examines the applicability of the so-

called “Shrinking Core Model” to the combustion process.  We consider two cases, viz., (1) that diffusion 

of oxygen through an ash layer on the briquets is the controlling resistance, and (2) that chemical reaction 

at the surface of the core is the controlling resistance.  In the remainder of this manuscript, we describe 

the model, derive the necessary relationships, and make use of the experimental data gathered in Part V to 

perform the applicable mathematical analyses and to draw appropriate conclusions. 

 

2. The Shrinking Core Model 

2.1   Description of the Phenomenon 

The experimental procedures that we employed in the previous portions of the investigations 

permitted us to measure the ash content of the charcoal briquets.  The briquets that we utilized were all 

commercially-available and were manufactured in the United States.  The ash content covered a range of 

26 to 34 percent by weight, which was several factors to an order of magnitude greater than that of 

charcoal utilized, for example, in the preparation of Black Powder. 

We have observed that a grey ash layer covers the surface of the briquets immediately after they 

have become fully ignited, and of course there is a significant amount of remaining ash residue after the 

briquets have cooled down to ambient temperature.  In observing the briquet combustion, the glowing 

surface of the core gradually moves inward and the ash clings to the briquets in such a way that the 

original size remains rather constant.  If disturbed, of course, the ash will fall off of the briquet.  But if left 

alone, the shape of the ash residue resembles that of the original briquet.  Figure 21 shows photographs 

that illustrate the phenomenon; the briquets here are arranged for what we have previously termed the 

“Alternative Method”.  The upper photograph depicts the briquets shortly after they have become fully 

ignited, and the ash covering is evident.  The lower photograph shows the briquets after they have 

combusted for about three hours and subsequently cooled down to ambient temperature.  Notice that 

many of the briquets, especially on the left side, have essentially retained their original shape. 

It is possible to consider a number of possible scenarios that are applicable to the Shrinking Core Model.  

However, in this work we have restricted our selection on two possibilities, viz., (1) that diffusion of 

oxygen through the ash layer is the controlling resistance, and (2) that First Order chemical reaction at 



 

 

 
 
 

Figure 21.  Photographs illustrating the Exterior Shape of the Charcoal Briquets immedi- 
ately following Complete Ignition (Upper Photograph) and after Cool-Down to Ambient 
Temperature (Lower Photograph). 



the surface of the core is the controlling resistance.  For both cases, we assume that the combustion of the 

briquets proceeds according to the following reaction, which previously formed the basis for our reaction 

kinetics correlations:  

 2C   +   O2   →   2CO (4) 

where O2 is the oxygen in the ambient inlet air. 

2.2   Diffusion of Oxygen as the Controlling Resistance 

 In his book on chemical reaction engineering, Levenspiel (1972a) presented a schematic drawing 

of the oxygen concentration profile through the ash layer, and derived appropriate mathematical 

relationships to describe the process.  In Part II of our report, we rederived these equations using the 

notation that is appropriate for our investigation.  Consequently, in the following we merely summarize 

these equations and the final working relationship that we needed to perform the analysis. 

Figure 8, presented previously in Part II, shows the schematic diagram for the situation where 

diffusion of oxygen through the ash layer is the controlling resistance.  We define the following symbols: 

 Ca = the oxygen concentration at any position in the ash layer (kmol/m3) 

 Cao = the ambient oxygen concentration (kmol/m3) 

 Cco = the initial carbon concentration (kmol/m3) 

 De = the effective diffusion coefficient in the ash layer (m2/min) 

 dna/dt = the reaction rate of oxygen at any time (kmol/min) 

 dnc/dt = the reaction rate of carbon at any time (kmol/min) 

 Qa = the flux of oxygen through the ash layer (kmol/m2•min) 

 r = any radius in the ash layer (m) 

 ro = the initial radius (or minor semiaxis) of the briquet (m)  

 rc = the radius (or minor semiaxis) of the core at any time (m) 

 to = the time at which the lid was placed on the kettle, at complete ignition of the  

   briquets (min) 

  t = time greater than to (min) 

The derivation then proceeds in two steps.  In the first step, 

 - dna/dt = 4πr2Qa (23) 

  Qa = DedCa/dr (24) 

 - (dna/dt)[1/rc – 1/ro] = 4πDeCao (27) 

Equation (27) represents the conditions of a reacting particle at any time. 



 
 
 
In the second step, 

 dnc/dt = 4πCcorc
2drc/dt (30)

 2dna/dt = dnc/dt (31)

 dna/dt = 2πCcorc
2drc/dt (32) 

 (Ccoro
2/6Cao)[1 – 3(rc/ro)2   +   2(rc/ro)3] = 2De(t – to) (74) 

Equation (74) is the diffusional conversion expression that relates the size of the unreacted core as a 

function of time.  If diffusion of oxygen through the ash is the controlling resistance, a plot of the data 



points for the Diffusional Conversion Function (the left-hand side of the equation) versus time should 

conform to a straight line passing through the origin, and the slope is related to the diffusion coefficient.   

Our data on the geometry of the charcoal briquets showed that they resemble oblate spheroids in 

shape.  If we assume that the r symbols in the above equations refer to the minor semiaxis of the briquet 

and of the shrinking core, then in Part II we showed the initial semiaxis ro of the briquet was related to the 

experimental conditions by the following equation: 

 ro = [3mco/{4π(rm/ro)2ρcnb}]⅓   (39) 

where: mco = the initial weight of the briquets (kg) 

 rm = the major semiaxis of the briquet (m) 

 nb = the number of briquets 

 ρc = the bulk density of the briquets (kg/m3) 

Finally, we showed that a very straightforward expression relates the ratio of the shrinking and the initial 

minor semiaxis as a function of the charcoal consumption: 

 rc/ro = [(1 – xc)/(1 – xv)]⅓   (75) 

 xc = the weight fraction of charcoal consumed at any given time during the combustion 

 xv = the weight fraction of the volatile components at time to=0 

 

2.3 Chemical Reaction at the Surface of the Core as the Controlling Resistance 

Levenspiel (1972b) also provides a detailed analysis for this case, and a schematic drawing of the 

concept.  We have reproduced this drawing with our notation in Figure 22.  Here, the oxygen 

concentration is constant through the ash layer and is equal to the ambient concentration.  Based on the 

unit available surface of the unreacted core, the rate of reaction for Reaction (4) in a First Order mode 

with respect to oxygen is 

 - dnc/dt = - 2dna/dt  (76) 

   = 2(4πrc
2)ksCao 

where:   ks = the First Order rate constant for the surface reaction (m/min) 

Equating Equation (76) and Equation (30) presented earlier for the dnc/dt, separating variables, and 

integrating results in the following: 



 - 4πCcorc
2drc/dt = 2(4πrc

2)ksCao (77) 

  - (Cco/Cao)    ∫
c

c
o

r
dr

r
= 2ks   ∫ o

t
d t

t
                        (78)

                

 (Cco/Cao)[1 – (rc/ro)] = 2ks(t – to) (79) 

 



Equation (79) is the unit surface conversion expression relating the size of the unreacted core as a 

function of time.  If the reaction at the core surface is the controlling resistance, a plot of the data points 

for the Surface Reaction Conversion Function (the left-hand side of the equation) versus time should 

conform to a straight line passing through the origin, and the slope is related to the rate constant for the 

surface reaction. 

As in the previous case, Equation (75) expresses the ratio of the shrinking and the initial minor 

semiaxis as a function of the charcoal consumption. 

 

3. Analyses of the Shrinking Core Models 

3.1 Input Data to the Computations 

We have based these analyses on six of the ten experiments discussed previously in Part V or our 

report.  The required input data for the computations are summarized in Table 30; for these experiments, 

we utilized “Kingsford” Charcoal Briquets (Kingsford Manufacturing Company, Oakland, California, 

94612, USA).  The initial minor semiaxis of the briquets was computed from Equation (39), and the 

initial concentrations were lifted from Table 17 in Part V.  The two methods refer to the placement of the 

charcoal briquets in the Weber “Smokey Joe” Cooking Kettle (Weber-Stephen Products Company, 

Palatine, Illinois, 60067, USA).  By way of brief summary, in the Primary Method the briquets cover the 

entire charcoal grate, and in the Alternative Method the briquets are positioned on either side of what 

would normally be a drip pan. 

Tables 31 through 36 in the Appendix summarize the computation of the Diffusional Conversion 

Function and the Surface Reaction Conversion Function at each time interval.  These tables first of all 

specify the progression of the weight fraction of charcoal consumed; we first reported these quantities in 

Part V.  The ratio of the core minor semiaxis divided by the initial briquet semiaxis was computed from 

the consumption data by use of Equation (75).  The two conversion functions were then computed from 

Equations (74) and (79), respectively. 

3.2 Results for Diffusion of Oxygen as the Controlling Resistance  

In order to determine if diffusion of oxygen through the ash layer is the controlling resistance, we  

analyzed the data by plotting the Diffusional Conversion Function versus time for each of the six tests.  

Two of these plots are depicted in Figure 23, for Test Nos. PM-53 and AM-31.  All six tests, however, 

show the same trend, i.e., the slope of the curves between successive data points increases with time. 



Table 30.   Summary of Input Data to the Shrinking Core Models 

 

             Charcoal Briquet Data                
Test    mco, Init. nb,   ro,  Minor Cco, Carbon Cao, Carbon 
 No.    Weight (kg) Number   Semiaxis (mm) Conc.  (kmol/m3) Conc.  (kmol/m3) 
 
    Primary Method: 
PM-53 0.561  20 12.79 39.62 0.009009 
PM-54 0.392  14 12.78 40.36 0.008924 
PM-55 0.251    9 12.76 40.75 0.009155 
    Alternative Method: 
AM-31 0.548  20 12.69 49.09 0.009630 
AM-32 0.363  14 12.45 43.69 0.009202 
AM-33 0.244    9 12.64 45.42 0.009210 
 

For “Kingsford” Briquets:    Bulk Density,   ρc = 1014 kg/m3. 
 Ratio of Major to Minor Semiaxis,   rm/ro   =   1.778.  

 

Equation (74) shows that the slope of this curve is proportional to the diffusion coefficient De.  Thus, 

increasing slope implies that the diffusion coefficient is increasing with time.  But our data in Part V 

revealed that the temperature in the kettle decreased with time, which meant that the diffusion coefficient 

(and hence the slope) should also have been decreasing.  This is so because data in the literature reveal 

that diffusion coefficients decrease with temperature, generally in an Arrhenius-type relationship (Bird et 

al., 1960; Eisenreich et al., 2004; Erickson et al., 1986; and Levenspiel, 1972c).  Thus, we have an 

apparent contradiction between our data and those of the literature.  This brings us to the conclusion that 

the mathematical analysis does not support a situation in which diffusion of oxygen through the ash layer 

would be the controlling resistance in the charcoal briquet combustion. 

3.3 Results for Surface Reaction as the Controlling Resistance 

The graphs of the data points for the Surface Reaction Conversion Function versus time are 

plotted in Figures 24 and 25 for the two experimental methods, respectively.  The curves from the linear 

regression analyses have also been drawn.  The slope of each curve is related to the First Order rate 

constant for the surface reaction, ks.  Here we see an entirely different phenomenon in comparison to the 

data in the previous section.  Each of the curves in Figures 24 and 25 yield very smooth linear regression 

correlations.  We have therefore summarized these correlations in Table 37, and at the bottom of the 

fourth column we have reported the average and standard deviation of ks; the average value is 0.1387 

m/min.  The final column reports the correlation coefficient for each test. The fact that the values    



 
 

 

are very close to 1.0 indicates that the linear regression analyses are valid. 

The above observations bring us to the conclusion that reaction at the surface of the core is the 

controlling resistance in the charcoal briquet combustion.  Since the correlations are based on 

relationships derived for First Order kinetics with respect to oxygen, we further conclude that the surface 

reaction occurred in a First Order mode, which is consistent with the analyses presented in Part V. 

3.4 Discussion 

It is interesting to note that the slopes of the curves in Figures 24 and 25 essentially did not vary 

throughout the entire combustion, which implied that the rate constants ks also did not vary.  It is 

probably true that these rate constants are functions of temperature (in an Arrhenius-type relationship).  

Thus, it appears that the temperature at the core surface remained the same throughout the major duration 

of the combustion.  This is in contrast to the temperature in the kettle, which as we have previously noted  



 
 
 
 

decreased as time progressed.  Thus, these two observations are not contradictions, but represent what 

actually occurs in the kettle as the constant-temperature core surface becomes progressively smaller 

during the combustion process. 

In future work, therefore, it is imperative that we devise a method or utilize an instrument to 

record actual temperature-time history of the charcoal briquets themselves, which we believe is in the 

range of 2000 to 3000 K.  In this manner we will obtain a truer picture of the reaction kinetics profile of 

the combustion. 

4. Conclusions 

 This manuscript is Part VII in our continuing investigation of the combustion of commercially-

available charcoal briquets utilized for the outdoor preparation of food.  The primary objective of this 

portion of our work was to establish the applicability of the so-called “shrinking core model” to the 



 
 

Table 37. Linear Regression Analyses to Compute the First Order  
 Rate Constant (ks) for the Surface Reaction 

 Testing  Intercept   ks, Slope/2    r, Correlation 
   Method     Test No.     (m)            (m/min)           Coefficient                 
Primary  PM-53 3.043 0.0862 0.9933 
  PM-54 0.899 0.1407 0.9951 
  PM-55 1.256 0.1954 0.9945 
 
Alternative  AM-31 1.450 0.1305 0.9973 
  AM-32 1.010 0.1293 0.9981 
  AM-33 1.899     0.1502      0.9982 
               Average   ±   Std. Dev.: 0.1387   ±   0.0323 

Note:   The data points at t=10 min in Tables 31 through 36 were not utilized in performing the above  
 analyses.  



combustion process.  Thus, we analyzed two possibilities, viz., (1) that diffusion of oxygen through an 

ash layer on the briquet was the controlling resistance, and (2) that chemical reaction at the surface of the 

core was the controlling resistance.  The input to these analyses was based on experimental combustion 

data obtained in Part V of our investigation. 

For the case of oxygen diffusion, we derived an expression relating the Diffusional Conversion 

Function as a function of time.  The slope of this curve at any point is related to the diffusion coefficient 

De.  For each of our experiments, we observed that the slopes increased with time, which indicated that 

the diffusion coefficient was increasing, which implied that the temperature in the kettle was increasing.  

But this was in disagreement with our previous data, which showed that the temperature actually 

decreased with time.  Thus, this contradiction resulted in our conclusion that the mathematical analyses 

failed to support a model in which diffusion of oxygen through the ash layer would be the controlling 

resistance. 

For the case involving chemical reaction at the surface of the core, we derived an expression 

relating the Surface Reaction Conversion Function as a function of time.  The slope of this curve at any 

point is related to the First Order rate constant for the surface reaction, ks.  Plots of this conversion 

function versus time yielded very smooth linear regression correlations; the average value of ks over six 

experiments was 0.1387 m/min.  On the basis of these observations, we concluded that chemical reaction 

at the surface of the core was the controlling resistance in the charcoal briquet combustion, and that the 

combustion occurred in a First Order mode. 

Future effort will include the measurement of the actual temperature of the briquets themselves.  

This will provide more realistic and reliable reaction kinetics correlations, and will shed further 

information on the mechanism of the combustion.  
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Appendix 
 

Tables of Computational Data for the Individual Experiments 

 
Table 31.   Computation of the Conversion Functions for the Shrinking Core Models  
 (Test No.  PM-53) 
 
 
Time  xc, Wt. Frac.         Diff.  Conv.         Surface Reaction 
(min)   Consumed        rc/ro         Function (m2)        Conv.  Function  (m)   
 
 0 0.2294 (xv) 1.0000 0 0 
  10 0.4286 0.9051 0.00303 5.34 
  20 0.4884 0.8724 0.00521 7.17 
  30 0.5382 0.8431 0.00792 8.82 
  40 0.5813 0.8160 0.01068  10.35 
  50 0.6245 0.7869 0.01400  11.98 
  60 0.6676 0.7556 0.01797  13.74 
   70 0.7075 0.7240 0.02234  15.52 
  80 0.7374 0.6985 0.02610  16.95 
  90 0.7739 0.6645 0.03141  18.86 
  100 0.8037 0.6339 0.03641  20.58 
  110 0.8369 0.5959 0.04288  22.72 
  120 0.8602 0.5661 0.04809  24.39 
  140 0.9000 0.5063 0.05877  27.76 
  160 0.9199 0.4702 0.06525  29.79 
  180 0.9332 0.4426 0.07017  32.46 
  

Notes:   xv = the weight fraction of volatiles, at t  =  0  min. 

 rc/ro = [(1 – xc)/(1 – xv)]⅓ (75) 

 Diffusional Conversion Function   = 

  (Ccoro
2/Cao)[1 – 3(rc/ro)2  +  2(rc/ro)3] (74) 

 Surface Reaction Conversion Function = 

  (Ccoro/Cao)[1 – (rc/ro)]   (79) 

 

 

 



Table 32. Computation of the Conversion Functions for the Shrinking Core Models 
  (Test No.  PM-54)  
 

Time  xc, Wt. Frac.         Diff.  Conv.         Surface Reaction 
(min)   Consumed         rc/ro          Function (m2)        Conv.  Function  (m)   
 
 0 0.2209 (xv) 1.0000 0 0 
  10 0.4628 0.8834 0.00463 6.74 
  20 0.5198 0.8510 0.00738 8.61 
  30 0.5720 0.8190 0.01063     10.46  
  40 0.6290 0.7809 0.01513     12.66 
  50 0.6860 0.7387 0.02081  15.10 
  60 0.7145 0.7156 0.02420  16.44 
  70 0.7619 0.6736 0.03078  18.86 
  80 0.8142 0.6201 0.03978  21.95 
  90 0.8617 0.5620 0.05014  25.31 
  100 0.9091 0.4886 0.06363  29.55 
  110 0.9329 0.4416 0.07225  32.27 
  120 0.9566 0.3819 0.08292  35.72 
  140 0.9804 0.2930 0.09755  40.85  
        

See notes at the bottom of Table 31. 
 
 
Table  33. Computation of the Conversion Functions for the Shrinking Core Models 
 (Test No.  PM-55) 
 
Time  xc, Wt. Frac.         Diff.  Conv.         Surface Reaction 
(min)   Consumed        rc/ro          Function (m2)        Conv.  Function  (m)   
  
 0 0.2105 (xv) 1.0000 0 0 
  10 0.5061 0.8553 0.00686 8.22 
  20 0.5887 0.8046 0.01203   11.10 
  30 0.6638 0.7523 0.01856   14.07 
  40 0.7314 0.6981 0.02638   17.15 
    50 0.7915 0.6416 0.03542   20.35 
  60 0.8441 0.5823 0.04561   23.72 
    70 0.8891 0.5198 0.05680   27.27 
  80 0.9267 0.4528 0.06892   31.08 
  90 0.9642 0.3566 0.08566   36.54 
  100 0.9868 0.2557 0.10113   42.27 
         

See the notes at the bottom of Table 31.  



Table 34.   Computation of the Conversion Functions for the Shrinking Core Models  
 (Test No.  AM-31) 
 
Time  xc, Wt. Frac.         Diff.  Conv.         Surface Reaction 
(min)   Consumed        rc/ro         Function (m2)        Conv.  Function  (m)   
 
 0 0.1685 (xv) 1.0000 0  0 
  10 0.3764 0.9085 0.00322  5.92 
  20 0.4402 0.8764 0.00575  7.99 
  30 0.5011 0.8434 0.00901  10.13 
  40 0.5619 0.8077 0.01322   12.43 
  50 0.6136 0.7746 0.01770   14.57 
  60 0.6744 0.7316 0.02426   17.36 
   70 0.7140 0.7007 0.02941   19.35 
  80 0.7596 0.6612 0.03644   21.91 
  90 0.7961 0.6295 0.04308   24.19 
  100 0.8356 0.5826 0.05157   26.99 
  110 0.8660 0.5442 0.05931   29.47 
  120 0.9025 0.4895 0.07050   33.01 
  140 0.9481 0.3967 0.08923   39.01 
  160 0.9938 0.1954 0.12308    -- --    
  

See notes at the bottom of Table 31. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



Table 35. Computation of the Conversion Functions for the Shrinking Core Models 
  (Test No.  AM-32) 

Time  xc, Wt. Frac.         Diff.  Conv.         Surface Reaction 
(min)   Consumed         rc/ro          Function (m2)        Conv.  Function  (m)   
 
 0 0.2248 (xv) 1.0000 0 0 
  10 0.4033 0.9165 0.00242 4.94 
  20 0.4780 0.8765 0.00515 7.30 
  30 0.5480 0.8354 0.00888       9.73  
  40 0.5993 0.8025 0.01247     11.68 
  50 0.6553 0.7633 0.01738  14.00 
  60 0.7113 0.7195 0.02355  16.59 
  70 0.7533 0.6827 0.02923  18.76 
  80 0.7953 0.6416 0.03600  21.19 
  90 0.8279 0.6055 0.04224  23.33 
  100 0.8653 0.5580 0.05074  26.14 
  110 0.9073 0.4927 0.06272  30.00 
  120 0.9213 0.4665 0.06753  31.55 
  130 0.9399 0.4264 0.07482  33.92  
  140 0.9633 0.3618 0.08617  37.74              
  150 0.9773 0.3082 0.09495  40.91 

See notes at the bottom of Table 31. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



Table  36. Computation of the Conversion Functions for the Shrinking Core Models 
 (Test No.  AM-33) 
 
Time  xc, Wt. Frac.         Diff.  Conv.         Surface Reaction 
(min)   Consumed        rc/ro          Function (m2)        Conv.  Function  (m)   
  
 0 0.2161 (xv) 1.0000 0 0 
  10 0.4079 0.9107 0.00296 5.57 
  20 0.5027 0.8592 0.00708    8.78 
  30 0.5772 0.8140 0.01194  11.59 
  40 0.6449 0.7680 0.01793  14.46 
    50 0.7059 0.7212 0.02493  17.38 
  60 0.7600 0.6740 0.03277  20.32 
    70 0.8007 0.6335 0.03999  22.85 
  80 0.8413 0.5872 0.04866  25.73 
  90 0.8751 0.5421 0.05739  28.54 
  100 0.9022 0.4997 0.06572  31.19 
  110 0.9361 0.4336 0.07867  35.31 
  120 0.9560 0.3817 0.08853  38.54 
  130 0.9699 0.3374 0.09656  41.30 
  140 0.9767 0.3098 0.10132  43.02  
         

See the notes at the bottom of Table 31.  
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ABSTRACT  
This research is conducted within the framework of the CNES-INTAS Project 03-53-

5203 started in 2004. The studies aimed at validation of the potential use of novel non-

toxic propellant for space applications. To this end, nanoaluminum – water slurries have 

to be investigated in order to develop the methods for their preparation and combustion. 

The research program consists of the following tasks: 

* Optimization of the methods for production of Al nanoparticles, including particles with 

non-oxide coating, as well as methods for their storage and mixing with gelled water. 

* Determination of single nanoAl/H2O slurry droplet combustion regimes and ignition-

combustion characteristics under different experimental conditions, such as particle size, 

mass fraction of Al, pressure of ambient gas, and heating rate. 

* Determination of the combustion wave structure in the bulk samples of Al/gelled water 

slurries and the completeness of its combustion in dependence on the particle size (for 

both nano and micro scales) and on the level of water gelling. 

* Development of mathematical models for combustion of Al nanoparticles in water 

vapor. 



The results of research dealing with the electro explosion and vapor condensation 

methods for production of non-oxide-coated Al nanoparticles and with the tests on aging 

the water based slurries are presented. Preliminary results of studying the ignition and 

combustion of the slurry droplets and bulk specimens in hot gas environment and upon 

irradiation are discussed along with the program of future research.  

 

INTRODUCTION 
It has been stated in the paper’s Call for the International Conference on Green 

Propellant for Space Propulsion (June 2001, ESTEC, Noordwijk, The Netherlands): “In 

recent years, there has been ever-increasing interest in space propellants that are  

environmentally friendly (Green propellants) and contribute towards non-toxic 

propellants. These propellants are generally easier and safer to handle than 

conventional propellants, and are expected to drive down the costs associated with 

propellant transport and storage, and in spacecraft development and on-ground 

operations. In Europe, all of these factors have made non-toxic propellants more 

desirable, especially when applied to low-cost micro-satellite missions and future 

reusable vehicles.” 

 Various spacecrafts and satellites normally use hydrazine as monopropellant for 

low thrust engines, which are required for their stabilisation, orientation, and small 

maneuvers. Unfortunately, hydrazine is a very toxic compound. The problem to replace 

hydrazine is identified as the barest necessity by CNES and other space agencies. 

Typically, monopropellants, such as highly concentrated hydrogen peroxide, binary 

HAN-water mixtures, and nitrous oxide have been considered potential candidates. In 

the project described, we focus on a novel and alternative approach. We suggest to 

consider aluminum/water slurries, which include both fuel (Al) and oxidizer (H2O). 

Aluminum combustion with steam for underwater propulsion has been studied since 

1940s [1]. Recently, it was proposed to use the combustion of Al with H2O in satellite 

propulsion [2] and information has been published concerning supercavitating 

(underwater) propulsion based on the combustion of Al in water [3].  

 The vacuum specific impulse of the Al/H2O bipropellant was shown [2] to be 

about 300 s. Experiments on flame propagation in bulk samples of nano-Al/gelled water 



slurry [4,5] demonstrated that this slurry might be used as propellant in rocket engines. 

In this case, the Al/H2O system would possess bulk physical properties like a true 

monopropellant, which is attractive for applications where hydrazine is mainly used.  

 The proposed propellant includes non-toxic components (Al, H2O, and a small 

amount of gelling agent); this may significantly facilitate preparation, storage, and other 

procedures. The main combustion products are Al2O3 and H2. It has to be noted that the 

combustion of slurry fuels (aluminium, carbon, or boron suspended in a liquid 

hydrocarbon; carbon suspended in water) in high-temperature oxidizing atmospheres 

was extensively studied for applications in propulsion and power plants [6]. Typically, 

combustion of single slurry droplets in the hot products of a gas burner was studied. It 

was found that during combustion of such droplets, the liquid fuel is rapidly vaporised, 

and then large agglomerates of particles form and burn that results in unexpectedly long 

burning times for applications.  

 However, in the case of the nanoAl/H2O slurry, the distinguishing feature is that 

the system includes both fuel (Al) and oxidizer (H2O). This fact implies that the droplets 

in such slurry may burn by a different mechanism. Note that disintegration of the droplet 

is an appropriate event if the Al particles do not agglomerate and can burn rapidly in the 

H2O rich environment of a combustion chamber. Analysis of the literature did not reveal 

publications on combustion of Al/H2O slurry droplets. Thus, determination of the droplet 

combustion mechanisms for the Al/H2O slurry is urgently needed for evaluating the 

performance of this system.  

 As is mentioned above, the Al nanoparticles may provide necessary conditions 

for successful use of Al/H2O slurry in combustion applications. The Al nanoparticles are 

considered as a promising highly energetic ingredient for propellants, explosives, and 

pyrotechnical compositions. In the proposed project, powders produced by different 

methods, such as electroexplosion of Al wires [7] and Al gas-phase condensation [8], 

will be used. The research consortium includes institutions in Russia that pioneered 

these methods. The attention is focusing currently on production of Al nanoparticles with 

monomolecular and quasi-polymer chemisorbed organic, organosilicon and inorganic 

coatings [9]. Such coatings are of great interest for the proposed project. Indeed, the 

particles should not react with water during long period of storage (normally at room 



temperature) but should effectively be ignited at higher temperatures. Thus, it would be 

promising to replace the oxide film on Al nanoparticles with coatings of appropriate 

characteristics. 

 The aim of the CNES-INTAS Project 03-53-5203 project is to develop best 

methods for preparation, atomization and combustion of nano-aluminium/gelled water 

slurry. The technical application of slurry can be in the form of injected droplets and/or in 

the form of bulk samples. Specific aspects to be studied include the following. 

• To identify best methods for production of Al nanoparticles, including particles 

with non-oxide coatings, and for their storage and mixing with gelled water.  

• To measure rheological properties of nanoAl/gelled H2O slurry and to determine 

characteristics of its atomisation and ignition; 

• To determine regimes of single nanoAl/H2O slurry droplet combustion and to 

measure ignition and combustion characteristics of such droplets under different 

experimental conditions, such as particle size, mass fraction of Al, pressure of ambient 

gas, heating rate; 

• To determine the combustion wave structure in the bulk samples of Al/gelled 

water slurry and the completeness of Al combustion depending on the particle size (in 

both nano and micro scales) and on the level of water gelling; 

• To develop mathematical models for combustion of Al nanoparticles in water 

vapour. 

 The proposed research programme includes comprehensive experimental studies 

on combustion of nanoAl/H2O slurry droplets of varied composition (e.g. particle size, Al 

mass fraction, etc.) under different experimental conditions, such as slow and fast 

heating rates, low and high pressures, quiescent and convective gas environment.  

 

PRELIMINARY RESULTS 
 As is mentioned above, the Al nanoparticles produced by the methods of wire 

electro explosion and vapor condensation (Gen-Miller’s method) have been used for 

investigations.  

 When studying the properties of Al nanoparticles produced by the methods of 

wire electro explosion, it was revealed that the chemical activity of powders meaningfully 



depends on their purity. The composition of nanoparticles is the result of their production 

method and the properties of environment gas media. It was also established that the 

water gel component polyacrilamide may hydrolyze at moderate temperatures that 

changes pH of slurry and limits the aging characteristics of slurry. 

 Study of reactivity in distilled water at temperatures up to the water boiling point 

(Tb) of aluminum powders manufactured by the Gen-Miller method has been performed. 

The kinetics of gaseous (mainly hydrogen) products formation was measured 

volumetrically with the composition of gaseous products being examined by 

chromatography method. Fractional conversion of aluminium into oxide as a result of 

reaction and composition of solid reaction products were determined with usage of X-ray 

phase analysis. An example of kinetic curve of hydrogen evolution at 950C water for 

nanoAl particles with different origin of surface coatings is shown in Fig.1. Particles size 

and shape and the topography of their surface were studied with the help of scanning 

electron microscopy. 

 In addition, the hydrogen evolution in different compositions Al/H2O slurries has 

been measured under linear heating the mixture. It was found that the oxidation starting 

temperature for most of Al powders (including those produced by electro explosion 

method) is in the range 65-750C and for the best coated particles that temperature 

equals 850C.  

 For measuring the kinetics of nano Al particles oxidation in aqua solutions a 

special set up has been manufactured. The temperature of the reaction cell electrical 

heater is measured with thermocouple and feedback control system provides 

maintaining the constant temperature for specified time (up to hundreds hours). The 

evolved gas is measured with sensitive gauge while inserted into cell thermocouple 

records the slurry temperature during the test. 
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  Fig.1. Kinetic curves for nanoAl particles  produced by Gen- Miller’s method.  

  1- oxide coating (Al1-Ox), 2 - trimethylsilyl coating (Al1-6s)). Water at 95oC. 

 

 To analyse the active metal content in powders of coated nanoAl a specific 

analytical method based on principles of cerimetry has been elaborated. This method 

involves Се4+ + е = Се3+ type reaction which is performed in strong acid environment. 

Other analytical methods give less reliable results due to high nanoAl activity in 

solutions with oxidizing agents despite the presence of passivating coating. Cerimetric 

method was used for determination of the total and active Al content in several available 

nanoAl powders. The difference in the magnitudes of active Al content is supposed to be 

dependent on the quality of the methods used. In the gas volumetry method total 

amount of gas evolved can include some absorbed gases and the gases released due 

to reaction of the impurities. It is believed that the cerimetric method has advantage as 

more reliable tool for determining the active metal content.   

 The viscosity of the gelled slurry has been measured using specially designed 

“cylinder in cylinder” viscosimeter. The device has viscosity measurement range 0.1-

5000 Pa*s with the cylinder rotation speed in the range of 0.2-200 round per minute. The 

viscosity estimates were made for the mixture of water/rectified alcohol (1/1) and 36 % 

mass Alex. The viscosity magnitude for this slurry equals 3 Pa*s at the rotation speed 

200 r/min and 390 Pa*s at the rotation speed 0.5 r/min. 

 

 



Table. The content (in mass %) of Al in analyzed samples determined by cerimetric 

method and by gas volumetry. 

Sample Total Al  Active Al Active Al, gas 

volumetry 

ASD-6 99,0 ± 0,1 97,3 ± 0,9 - 

L-ALEX 87,6 ± 0,2 78,5 ± 0,5 86,1 

Al1-1S 96,00 ± 0,1 89,1 ± 0,4 86,7  ±  0,5 

 
Note: ASD-6 – commercial powder, 5 micron mean size; L-ALEX – coated powder, 100 nm mean size; 

Al1-1S – vapor condensation powder, 75 nm mean size. 

 
To measure the ignition delay time for Al nanoparticles injected into heated for 

the given temperature reactor a specially designed set up has been fabricated. The 

experimental setup consisted of quartz tube reactor (90 mm diameter  and 400 mm 

length) heated by the nichrome wire and the fuel injection unit is shown in Fig.2. The 

heater enable to maintain the (573÷973)K temperature range in the reactor. The ignition 

delay time is measured as the time interval between the fuel injection instance 

(piezoelectric pressure gauge reading) and the sharp rise of ignited fuel luminescence 

instance (photodiode reading). The visualization of the processes inside the reaction cell 

can be made by video camera through the quartz window.   

To study the ignition and combustion behavior of the bulk samples of Al/H2O 

slurry the experimental set up (Fig. 3) based on the powerful (5 kW Xe-lamp) radiation 

source and recoil force transducer has been developed. The slurries contained 45% 

mass nanoAl and 55% distilled water with 0.1% mass of Polyacrylamide. Preparation of 

the samples with coated nanoAl particles is very difficult technical task. In the case of 

hydrophobic coating the additive of surface-active substance is required.  It was found 

that in dependence on the nature of nanoAl particles (type of manufacturing, sort of 

coating) the slurry samples ignited by radiant source may burn with ejection of flakes, 

formation of the carcass, or in the layer by layer regime with ejection of the 

agglomerates from the burning surface. The magnitude of the burning rate is typically 

about 1 mm/s at atmospheric pressure and 7 mm/s at 60 atm.  



 

 
Fig.2. Schematic of experimental setup for measuring slurry droplets ignition delay time.   

 

 

Fig.3. Schematic of experimental setup for recording ignition and combustion behavior 

of the bulk slurry samples.  

 

 
 



PLANS FOR THE FUTURE  
The research directed at the development of new efficient passivating coatings for 

nanoAl particles produced by electro explosion and Gen-Miller’s methods will be 

continued. There were made first successful attempts to obtain aluminum carbide layer 

on the surface of nanoAl particles. This may give some gain in the specific impulse 

value if it replaces the Al oxide on the particle. However, that coating could not protect 

against the Al reaction with water and special study is needed for finding additional 

coating with hydrophobic properties.  

 Detailed studies of thermal stability and reaction kinetics for new types of nanoAl 

particles in contact with gelled water will be conducted. The possible ways for ignition of 

nanoAl particles in the heated reactor in the form of slurry droplets and in the form of the 

metal particles injected into the reactive gas environment will be investigated.   

 Temperature profile in the combustion wave propagating through the bulk slurry 

samples will be studied and different ways for preparation of the slurries and ignition 

modes will be examined. Detailed study of the burning rate and composition as well as 

the properties of the condensed combustion products under different pressures will be 

conducted. The results obtained will create the basis for development of theoretical 

models describing the combustion behavior of droplets and bulk slurry samples.   
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 Derivatives of the tetrazole molecule have proven useful in a variety of 
applications.  The pharmaceutical industry uses their unique chemical properties for 
several medicinal applications, particularly as a biomimic of carboxylic acid substituents.  
Due to their relatively high nitrogen to carbon ratios, tetrazoles are also useful as gas 
generants.  Our research has suggested that the tetrazole group is a useful replacement for 
azide in energetic materials.  While we have found tetrazoles to be more chemically 
stable than their azide counterparts, they impart a nearly equivalent amount of energy on 
combustion.  Several high-nitrogen materials have been investigated in our laboratories.  
This work focuses on one particular class of energetic tetrazole compounds, those in 
which the tetrazole group is either anionic, cationic, or both, and are liquids at room 
temperature; in other words, ionic liquids. 
 
 Ionic liquids are molten salts at room temperature and have recently known 
tremendous success as “green” solvents for catalyst immobilization strategies. By 
analogy with immidazolium ionic liquids, tetrazolide ionic liquids have been designed 
and prepared (figure 1).   
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 Because of their unique property/structure relationship, an ionic liquid’s physical 
properties can be tuned in an almost limitless fashion by modifying the structure. Guided 
by theoretical simulations, the optimization of the energetic performance has been 
investigated while maintaining the desired physical properties. Taking advantage of the 
unique solubility properties of ionic liquids, another approach to realizing their energetic 
properties is to use them as a solvent for energetic organic and inorganic compounds.  In 
particular we have investigated the solubility of nitrate and perchlorate salts in ionic 
tetrazole solutions. 
  
 Ionic liquids based on the tetrazole ring are promising materials for propulsion 
and gas-generant applications. This research investigates and demonstrates applications 
that can take advantage of their insensitivity and low toxicity.  Also, physical properties 
such as density and ability to solvate other energetic materials will be investigated.  
 

Figure 1. Structural analogy 
between the immidazolium ionic 
liquid (left) and the tetrazolide 
ionic liquid (right). 
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Abstract 

An analysis of experimental data on the burning rate for double mixtures of 
titanium with potassium nitrate, barium nitrate, lead nitrate, potassium perchlorate, 
nickel oxide, iron oxide, lead oxide, molybdenum oxide, chromium oxide and 
copper oxide has been done according to the enthalpy approach. The thermal 
parameters of the critical section of the burning wave for these mixtures have been 
calculated: heat flow qm, enthalpy hm, temperature Tm. 

 

 

 

 

 

 

 

 

 

 

 

 



 - 2 - 

Introduction 
In earlier works [1 – 4] an analysis of experimental data on the burning rate 

for pyrotechnic mixtures with magnesium and aluminium as a fuel was done. 
In this report the results of analysis of experimental data on the burning rate 

for stoichiometric mixtures of titanium with different oxidizers (potassium nitrate, 
barium nitrate, lead nitrate, potassium perchlorate [5] and nickel oxide, iron oxide, 
lead oxide, molybdenum oxide, chromium oxide and copper oxide [6] are 
presented. The parameters of the critical section of the burning wave for these 
mixtures have been calculated: heat flow hm, enthalpy hm and temperature Tm. 

The Method of Analysis of Experimental Data 
In the basis of analysis of experimental data on the burning rate, there is the 

following equation (7 – 9): 
)/( hhqu mm −=ρ  (1) 

This equation comes out from the law of conservation of energy for reactive 
systems. In the equation (1) u is the linear velocity of combustion; ρ and h are the 
density and the enthalpy of combustible system at the initial temperature T 
correspondingly; hm is the enthalpy of a combustible system in the critical section 
of the burning wave; qm is the heat flow in the critical section of the burning wave. 

Parameters of the critical section of the burning wave qm and hm are derived 
from the linear dependence of the reverse mass burning rate on the enthalpy: 

( ) h
qq

hu
mm

m 11 −=−ρ  (2) 

In the coordinates h – (uρ)-1 the straight line (2) cuts off the value of hm, on 
the abscissa, while the inclination of the straight line determines the value of qm. 
The parameter qm characterizes heat-transfer from the zone of high temperatures to 
the critical section of the burning wave. It is determined by heat-generation process 
of chemical reactions in the zone of high temperatures as well as by heat-exchange 
with the surroundings. The parameter hm is determined by the nature of a 
combustible system as well as by heat-generation process of chemical reactions in 
the zone of low temperatures. 

If a combustible system were inert, it would be possible to heat it by the 
quantity of heat hm to the temperature T*. In fact, the temperature in the critical 
section Tm is a bit higher due to the low temperature chemical reactions. It can be 
calculated with the help of the following reaction: 

*

2

TT
T

R
E

m

m

−
= , (3) 

where E is the energy of activation, R is universal gas constant. 
In those cases, when the value of T* is near the temperature of phase 

transition (melting point or boiling point) of one of the components, the critical 
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temperature Tm coincides with the temperature of phase transition, and the state of 
the combustible system in the critical section is characterized by the part of melted 
or vaporized component. 

The equation for the temperature coefficient of the burning rate, which 
comes out from the equation (1), looks like this: 

hh
C

T
u

m

p
T −

=
∂

∂
=

)ln( ρβ , (4) 

where Cp is specific heat at constant pressure for the combustible system. 
At very high initial temperatures, when during the period of thermostatting 

tT the heat-generation from chemical reactions becomes noticeable, the values of u 
and βT depend not only on the initial temperature T but also on the period of 
thermostatting tT: 

),(Q Tm
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where Q is the thermal effect of a reaction, η is the part of reacted combustible 
system during the period of time tT. Therefore, at very high initial temperatures, 
which are near the temperature of self-ignition, the experimental data on the 
burning rate will deviate from the extension of the straight line (2). Due regard for 
these values when analyzing the experimental data will result in misrepresentation 
of the values of parameters hm and qm in the critical section of the burning wave. 

Experimental Data on the Burning Rate 
In work [5] measurements of the burning rate for stoichiometric mixtures of 

titanium with potassium nitrate, barium nitrate, lead nitrate and potassium 
perchlorate have been done at initial temperatures 213, 293 and 473 K on samples 
of 20 g each. The samples were pressed into paper shells with the diameter of 
24 rnm and the wall thickness of 1.2 mm. The average particle size of titanium was 
40 µm arid that of oxidizers - 120 µm. The porosity of samples was Π = 0.3. 

In work [6] measurements of the burning rate for stoichiometric mixtures of 
titanium with nickel oxide, iron oxide, lead oxide, molybdenum oxide, chromium 
oxide and copper oxide have been done at initial temperatures 213, 293 and 473 K. 
The samples were pressed into paper shells with the diameter of 15 mm, the height 
of 20 mm and the wall thickness of 1 mm. The average particle size of titanium 
was 40 µm and that of oxides - 27.5 µm. The porosity of samples was Π = 0.3. 

In works [5, 6] the samples were thermostated and burnt in massive 
capsules. The error of maintenance of the given initial temperature during the 
experiment was higher not than 5 K. 



 - 4 - 

The experimental data on the burning rate, given in Table 1, were average 
for 3-5 measurements. 
Table 1   Experimental Data on the Burning Rate for Double Mixtures of Titanium 
with Oxidizers at Different Initial Temperatures 
 

The burning rate u, mm/s  
at temperature T, K Mixture, 

content by weight 
213 293 473 

0.372 Ti + 0.628 KNO3 9.8 11.3 17.4 
0.314 Ti + 0.686 Ba(NO3)2 13.6 15.1 20.6 
0.303 Ti + 0.697 Pb(NO3)2 21.0 23.5 29.5 
0.409 Ti + 0.591 KC1O4 21.4 24.8 38.9 
0.243 Ti + 0.757 NiO 28.1 - 60.5 
0.31 Ti + 0.69 Fe2O3 22.7 - 39.0 
0.097 Ti + 0.903 PbO 44.0 49.4 59.2 
0.333 Ti + 0.667 MoO3 15.6 - 23.2 
0.321 Ti + 0.679 Cr2O3 0.34 0.40 0.64 
0.231 Ti + 0.769 CuO 181 200 235 
0.2 Ti + 0.8 Cu2O 65.1 - 130 

 
Thermodynamic Properties of Mixtures 
The temperature dependences of density ρ and enthalpy h for pyrotechnic 

mixtures were calculated according to the addition formula: 
2211 XhXhh += , (7) 

( )2211 //1 ρρρ XX +=  (8) 
where X is the content of components by weight. The indexes "1" and "2" mean the 
fuel and the oxidizer correspondingly. The values of density and enthalpy of 
components at initial temperatures were calculated on the basis of reference data 
[10-12] on the temperature dependences of heat capacity Cp and the coefficient of 
thermal expansion α for titanium and oxidizers. The value of the temperature T = 
293 K was taken as the starting point of the enthalpy h = 0. 

The Results of Analysis of Experimental Data 
The values of thermal parameters in the critical section of the burning wave 

hm, qm and Tm, which have been obtained from the analysis of experimental data 
[5-6], are given in Table 2. 

In Table 2 there is also the number of experimental points n and the mean-
square error of approximation of the experimental data on the burning rate  su . 

The values of the energy of activation E = 150.3 kJ/mol for α-titanium 
(T<1156 K) and E =130.6 kJ/mol for β-titanium (T>1156 K) from the work [13] 
have been used to evaluate the values of Tm. 
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Table 2 Thermal Parameters of the Burning Wave for Titanium / Oxidizers 
Mixtures 

Mixture , 
content by weight n su ,

% 
hm 

kJ/kg 
qm 

kJ/(m2s) 
Tm 
K 

0.372 Ti + 0.628 KNO3 3 1.6 594.4 12080 842 
0.314 Ti + 0.686 Ba(NO3)2 3 0.2 411.0 15400 867 
0.303 Ti + 0.697 Pb(NO3)2 3 1.2 448.7 32860 1056 
0.409 Ti + 0.591 KC1O4 3 0.6 372.0 19700 716 
0.243 Ti + 0.757 NiO 2 - 263.4 36580 701 
0.31 Ti + 0.69 Fe2O3 2 - 361.2 32240 806 
0.097 Ti + 0.903 PbO 3 1.7 235.9 68350 1160 
0.333 Ti + 0.667 MoO3 2 - 399.4 22240 985 
0.321 Ti + 0.679 Cr2O3 3 1.0 320.7 437.6 775 
0.231 Ti + 0.769 CuO 3 1.9 598.5 475700 1266 
0.2 Ti + 0.8 Cu2O 2 - 216.5 64520 734 

For titanium/potassium nitrate mixture the heat-generation in the critical 
section of the burning wave (which causes ignition) depends on the interaction 
between titanium and the oxygen, which is liberated at the initial stage of 
decomposition of nitrate to nitrite. 

For titanium/barium nitrate and titanium/lead oxide mixtures the temperature 
in the critical section Tm coincides with the melting temperature of the oxidizer: 
867 K for Ba(NO3)2 and 1160 K for PbO. The process of ignition depends on the 
interaction between titanium and the oxygen liberated during the oxidizer melting. 

The analogous mechanism of combustion is typical for mixtures of 
magnesium with these three oxidizers [1-3]. 

Lead nitrate, when is heated to the temperature 478-500 K, decomposes to 
PbO with oxygen generation. The temperature in the critical section of the burning 
wave for titanium/lead nitrate mixture is a bit lower than the melting temperature 
of PbO and it is 1056 K. Heat-generation in the critical section depends on the 
interaction between, titanium and the oxygen which is liberated during 
decomposition of a solid oxidizer. 

The analogous mechanism is realized for Ti/CuO mixture. The melting 
temperature of this oxide is 1609 K. But beginning from the temperature 1073 K, 
this oxide starts to decompose and the temperature in the critical section of the 
burning wave for titanium/copper oxide mixture is Tm = 1266 K. 

For all the other mixtures from the Table 2 the mechanism of combustion is 
not so evident. The values of Tm, picked out from the experimental data on the 
burning rate, are much lower than the melting temperature of the oxidizer or the 
temperature of decomposition of the oxidizer Td 

Tm = 716 K and Td = 855 K for KC1O4 
Tm = 985 K and Td = 1075 K for MoO3, 
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Tm = 701 K and Td = 2228 K for NiO 
Tm = 806 K and Td = 1838 K for Fe2O3 

Tm = 775 K and Td = 2705 K for Cr2O3, 
Tm = 734 K and Td = 1513 K for Cu2O. 
For Ti/KClO4 and Ti/MoO3 mixtures this difference in the values can be 

explained by the error of experiment. For example, if we use the values of hm = 
487.5 kJ/kg and qm = 26690 kJ/m2s (which correspond to the value of Tm = 855 K) 
for Ti/KClO4 mixture, the root-mean-square error of description of the 
experimental data on the burning rate will be 6 %. 

But for Ti/NiO, Ti/Fe2O3, Ti/Cr2O3, and Ti/Cu2O mixtures the difference in 
the values of Tm, and Td is so great explained by the error of experiment. For these 
mixtures heat-generation in the critical section depends, perhaps, not only on the 
direct interaction between titanium and oxygen but on some other reactions, for 
example, the reactions of a self-propagating high temperature synthesis. 

Thus, the enthalpy approach allows not only to describe the temperature 
dependence of the burning rate with high accuracy but it also allows getting 
important information about physical and chemical processes in the critical section 
of the burning wave. 
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ABSTRACT 

Ultra fine aluminum, or nano-sized aluminum (nanoAl) is a promising 
component for solid propellants, gel propellants, explosives, etc. The work is 
focused upon a problem of determining active (metallic) aluminum content in 
nanoAl powders as objective characteristic of their reactivity. It is shown that 
high reactivity, presence of gases adsorbed or coating matter on particle 
surface restrict traditionally used permanganatometric and volumetric analytic 
methods. The new technique for determining the active aluminum content is 
presented. This is an adaptation of known cerimetric method based on 
analytical reaction Се4+ +е = Се3+. The method can be applied for nanoAl 
(including ones with organic coating), ordinary grade aluminum powder, and for 
their condensed combustion products.  

 

INTRODUCTION 

It is known [1] that a decrease in aluminum particle size leads to an 

increase in specific surface area of the powder and to enhancement of its 

chemical activity. Development of techniques for producing the ultrafine 

aluminum (below refer to as nanoAl) with particle size less than 200 nm, such 

as vaporization/condensation (Gen-Miller method) [2-4], plasma recondensation 

[5-6], electroexplosion of wire [7-9] initiated a number of works dealing with 

investigation of combustion of various propellant compositions containing 

nanoAl. 

The following possible directions for the application of nanoAl in energy 

systems, that is, in classical and hybrid engines, can be outlined: 

• in solid propellant formulations for enhancement of the burning rate and 

changing its dependency on pressure, 

• in solid propellant formulations to reduce agglomeration, 

• in mixtures with liquid hydrocarbon fuels for jet engines, 

• in mixtures with gelled water as a promising ecologically safe propellant for 

space applications. 



Brief reviews of the basic publications are presented in [1, 10-11]. It should 

be noted that energy systems are not a sole application area in which increased 

reactivity of nanoAl is required. For instance, its use as a reagent in 

hydrothermal synthesis of metal ceramics Al2O3/Al is of interest [12].  

In any case, the use of nanoAl requires objective characterization of its 

properties [13-16], the most important among which are the particle size 

distribution and content of active (metal) aluminum. It can be noted that the 

corresponding analysis methods are still under development, since conventional 

methods which were developed for usual aluminum powders are often 

unsuitable for the analysis of nanoAl or require substantial modification. In the 

present work we consider the problem connected with determination of metal 

aluminum in nanoAl by means of analytical chemistry.  

 

DIFFICULTIES OF CHEMICAL ANALYSIS OF nanoAl 
A decrease in the particle size causes changes in specific surface of the 

powder, as well as structure, phase composition and relative thickness of the 

oxide film. These parameters are also affected by the method of powder 

producing. As a result, the reactivity of the powders changes substantially: 

oxidation and combustion of nanoAl proceed in a manner differing from that for 

the ordinary size aluminum powders [1, 10-11, 13, 16]. A very indicative 

example is the interaction of nanoAl in the stoichiometric mixture with gelled 

water in the regime of layer-by-layer self-sustaining combustion [17]. Moreover, 

nanoAl reacts with water even at room temperature, which is illustrated in 

Figure. The interaction of fine aluminum with water is one of the factors 

bringing complications in analysis. Here we only mention this statement to 

consider it in detail below. Independently of producing method, nanoAl powders 

are subjected to passivation in order to provide their stability. Passivation 

involves treatment of the surface with gaseous or liquid reagents [9, 18-19] 

forming a protective layer. In the simplest case, this may be an oxide layer; in 

more complicated cases, in addition to the oxide, a layer of special-purpose 

substance is created on the surface. For example, some organic compounds 

form coatings preventing the particles from conglutination [18], others render 

hydrophobic properties and stability toward water [19]. The latter is especially 



important in relation to the possible use of nanoAl/H2O propellant for space 

applications. In general, the compatibility of nanoAl with other components of 

propellant is to be considered. It should be noted that very promising protective 

coatings for use in solid propellants would be those, which do not worsen the 

propellant energetics (for example, colloxylin). From the viewpoint of chemical 

analysis, the presence of coatings other than oxide can be a complicating 

factor, and it is necessary to take it into account.  

 

 
 

An important feature of nanoAl (including the particles with coatings) is their 

ageing, i. e., degradation of properties during storage [19].  

Subsequent importance of controlling their chemical composition dictates 

definite requirements to chemical analytical procedures; they should be 

efficient, convenient for multiple analyses, etc.  

A gaseous "shell" is known to be formed on the surface of particles when 

nanoAl is produced by electroexplosion of wire. The composition and thickness 

of this "shell" depend on the process parameters (nature of gaseous medium, 

pressure, etc.). For example, when the process is carried out in argon, its 

primary content in the powder (at the moment of powder formation) can reach 

10 %. (Here and below, we use mass per cent values). According to the data of 

gravimetry, the content of adsorbed gases is up to 5 %, while according to the 

Figure: 

The result of interaction of the 

nanoAl powder with water at room 

temperature, with hydrogen 

evolution.  

A mixture of (50/50) nanoAl with 

water turned into a loose porous 

material after 24 hours.  

Water was twice distilled and 

then purified in Deioniser B114 

ELGA, pH=5.5. 



data of thermal desorption in vacuum it is up to 7.1 % [16]. In spite of this fact, 

many authors use gas volumetric procedure to determine metal aluminum 

content. Let us estimate maximal possible systematic error for this method 

assuming that complete desorption of gases occurs during dissolution of the 

powder in alkali. Thus, for a weighed powder portion of 0.300 g, with the true 

metal content being equal to 90 % (0.270 g or 10 mmol of neat aluminum), 

reacting with the solution of alkali according to reaction  

Al + NaOH + 3H2O = NaAl[(OH)4] + 1,5H2  , 

15 mmol of hydrogen will be evolved. In the case when nanoAl with its gas 

"shell" is analyzed, this volume should be summed up with the volume of 

adsorbed gases; that contribute 7 % or 0.021 g. For the gases of different molar 

mass this value corresponds to different amount of moles, which determines the 

systematic error of analysis (Table 1).  

 

Table 1: Possible errors of volumetric analysis caused by the presence of 

adsorbed gases  

Composition of the gas shell of particles H2 N2 Ar Xe Air* 

Molar mass, g/mol 2 28 40 131 29 

Absolute error, mmol 10 0,75 0,52 0,16 0,72 

Relative error, % 67 5,0 3,5 0,10 4,8 

 

*) The contribution from carbon dioxide, which is soluble in alkali, may be neglected 

since its concentration in the air is about 0.03 %.  

 

After the powder is formed in a certain gas medium, the composition of its 

gas shell will evidently change during storage and approach the composition of 

the atmospheric air. In the case when powder is passivated with air, the 

composition of the gas shell is initially close to air.  

In the case of hydrogen, large error indicated in Table 1 cannot manifest 

itself in practice, because the main part of hydrogen gets quickly desorbed 

when the gas medium is changed. Nevertheless, even a small amount of 

hydrogen can bring about a noticeable error. According to the data reported in 

[16], the residual content of hydrogen in nanoAl can be up to 1-2 %. In 



agreement with the estimation made, this may result in a 9-18 % relative error 

of gas volumetric analysis.  

Thus, the presence of adsorbed gases is a factor, which may lead to 

overestimated aluminum content determined by means of gas volumetric 

analysis in powder obtained by electroexplosion method.  

Because of this, additional information is needed for substantiation of the 

[16] authors' conclusion that the metal content in the resulting powder increases 

with an increase in the molar mass of the gas environment. The estimation 

(Table 1) shows that this may be a consequence of the dependence of the 

systematic error of gas volumetric method on the molar mass of the adsorbed 

gas.  

At the same time, it is evident that the nature of gas environment, in which 

the powder is obtained, is an essential technological factor determining 

characteristics of the desired product, i. e. nanoAl. For example, when hydrogen 

is used, which is a strong reducing agent, it is reasonable to expect lower 

oxidation degree of the surface of metal particles. Because of this, in order to 

make final conclusions concerning the content of active aluminum in nanoAl, 

the data obtained with the gas volumetric method have to be compared with the 

results obtained by other methods. In order to eliminate the systematic error of 

the gas volumetric method, it might be possible to carry out sample preparation 

before analysis by removing the gaseous shell of particles in the sample 

through vacuumization or thermodesorption. However, one cannot be quite sure 

that this would not lead to partial oxidation of the surface, changes in the 

chemical composition of the sample under analysis and distortion of the results 

of analysis. Therefore, the problem of chemical analysis of nanoAl requires the 

application of independent procedures followed by comparison of the results 

obtained.  

The permanganatometric method [20] developed by us has been 

successfully used for analyzing both the initial aluminum powders and 

condensed combustion products (in general consisted of Al2O3 and unburned 

Al). In fact, in our experience, this method, being more convenient and 

accurate, has completely replaced the volumetric method. However, its use for 

the analysis of a number of nanoAl powders, first of all those with coatings, 



gave unsatisfactory results. The powders exhibited high chemical activity, which 

resulted in the competitive reaction with hydrogen evolution and, as a 

consequence, caused poor reproducibility and gave negative systematic error. 

This was confirmed by the results of chelatometric determination of total 

aluminum content of these powders. The oxygen content, calculated as a 

difference, allows estimating the content of aluminum oxide as the main 

compound on the surface of metal particles. Taking into account the mass 

balance, the obtained values showed that aluminum content determined by 

means of permanganatometric procedure was underestimated, even if we take 

into account that the nanoAl powders contain admixtures of other metals and 

gases adsorbed on the surface.  

As a matter of fact, the main problem in the analysis of nanoAl is that the 

passivating coatings, though provide partial protection of the particle surface 

from oxidation by air (oxygen), are easily permeable under the action of 

oxidizing reagents in solution and do not hamper manifestation of high chemical 

activity of nanoAl during analytical reactions.  

 

CERIMETRY IS A PROCEDURE TO SOLVE THE PROBLEM 

The use of oxidative-reductive reactions for analytical purposes implies a 

definite difference of the oxidative-reductive potential (ORP) values of the 

corresponding semi-reactions that provides their completeness. However, 

calculating the corresponding equilibrium constants for nanoAl powders one 

cannot use the standard ORP values, because it was shown [16] that, for 

example, for the electroexplosion method nanopowders the obtained ORP 

values are substantially shifted toward the negative region. This is because fine 

aluminum is much stronger reducing agent than coarse or bulk samples and 

readily interacts with the protons of acids and water. The fine disperse state of 

the powder determines also the kinetics of the process: hydrogen evolving at a 

high rate does not have enough time to reduce Fe3+  ions in solution during 

permanganatometric analysis.  

Based on these prerequisites, we decided to use a stronger oxidizing agent 

than Fe3+ ions (the standard ORP is 0.77 V) to oxidize aluminum, in order to 

suppress the participation of protons in this process and in order to avoid 



hydrogen evolution from the reaction mixture. This idea was successfully 

realized by using cerimetric method. This method is widely known itself [21-22], 

but it has never been used in such systems.  

Cerimetric procedure is based on the analytical reaction Се4+ + е = Се3+, 

which is carried out in strongly acidic environment. The value of its formal 

potential depends on the nature and concentration of an acid. In a 1-4 М 

solution of sulfuric acid it is equal to 1.44-1.42 V. Large ORP value, the absence 

of side reactions, stability of the working solution of the titrant, simplicity of fixing 

the equivalence point are undoubtedly the advantages of this known method.  

Direct titration with the solution of cerium (IV) can be used to determine the 

content of Fe2+ ions formed in the solution of ferric ammonium alum during the 

oxidation of metal aluminum, that is, instead of potassium permanganate or 

dichromate. We checked this for ordinary grade aluminum powders PA-4 and 

ASD-6 types and with both methods obtained coinciding results.  

In order to analyze metal aluminum in aluminum powder, including nanoAl 

with coatings, a special procedure of back titration was developed according to 

the following reactions:  

Al + 3Fe3+  = Al3+ + 3Fe2+ ;          Се4+ + Fe2+ = Ce3+ + Fe3+. 

Powder dissolution is carried out in a solution of cerium sulfate; its excess 

is titrated with a solution of Mohr's salt. Dissolution of nanoAl and ASD-6 

powder proceeded quietly, without noticeable gas evolution at room 

temperature for 10-15 minutes; in the case of PA-4 powder, slight heating was 

necessary to accelerate the process.  

Reagents used: 

1. Cerium sulfate, 0,20-0,25 N solution in 1М sulfuric acid.  

2. Mohr's salt, 0,20 – 0,25 N solution in 1М sulfuric acid.  

3. Phenylanthranylic acid or ferroin (0,1 % aqueous solution of an indicator).  

Analysis procedure involves the following: 

Precisely measured volume of the solution of cerium sulphate taken in 

excess (25,00-40,00 ml) is poured into a flask for titration. An exact sample of 

aluminum powder (30-40 mg) is weighed in a small glass cup and transferred 

into the flask, so that the powder is immersed into the solution together with the 



cup. After complete dissolution of the sample at room temperature (for nanoAl) 

or under slight heating for coarse powder (after cooling back to room 

temperature), 1-2 drops of the indicator are added to the solution; titration with 

Mohr's salt is carried out until pink color appears.  

The metal aluminum content (mass %) is calculated using equation: 

%Al = (VCe *NCe – VFe*NFe)*МE(Al)*100/m,  

where V designates the volume of solution, litre; N is the concentration (equiv/l) 

of solution; МE(Al) = 8,993 g/equiv – equivalent mass of aluminum; m is the 

sample mass, gram. 

One of the two procedures described below is used to standardize the 

working solutions: 

1. An exact volume of the solution of cerium sulfate is titrated with the solution 

of Mohr's salt, which was preliminarily standardized by means of 

permanganatometric or dichromatometric procedures.  

2. An excess of cerium sulfate is added to precisely weighed portion of sodium 

oxalate, the mixture is heated to 50-60°С, kept at this temperature for 5-10 

minutes, cooled; indicator is added, and the excess cerium is titrated with the 

solution of Mohr's salt.  

Preparation of solutions and the methods of standardizing them are 

described in the textbooks on analytical chemistry [21-23]. Cerium solution titre 

is constant with time; it must be used directly before the analysis to check the 

titre of the solution of Mohr's salt, which decreases during storage.  



RESULTS AND DISCUSSION 

The procedure was tested with the following objects: 

1. L-Alex4 – nanoAl powder produced by electroexplosion of wire, spherical 

particles, mean size is 100-200 nm (BET); modified with the vapor of palmitic 

acid with the formation of the layer of aluminium palmitate, a salt which is 

chemically bound with the metal [19]. 

2. NanoAl0 – powder produced by Gen-Miller's method, spherical particles, 

mean particle size is 150 nm; stabilized by means of soft oxidation in the air. 

The thickness of hydrophilic oxide film is 2-3 nm [18].  

3. NanoAl1 – powder produced by Gen-Miller's method, spherical particles, 

mean size 150 nm; the surface is modified with the vapor of propionic acid and 

stabilized by soft oxidation in the air. Coating in the form of sandwich, the 

surface is hydrophobized with quasi-polymer film [18]. 

4. NanoAl2 – powder produced by Gen-Miller's method, spherical particles, 

mean size 150 nm; the surface is modified with the vapor of 

hexamethyldisilazane and stabilized by means of soft oxidation in the air. 

Coating in the form sandwich, the surface is hydrophobized by a monolayer 

hydrophobic film [18].  

5. ASD-6 – commercial aluminum powder, produced by liquid metal 

pulverization, spherical particles. Mean sizes (Malvern 3600E): D10 = 3.3 µm, 

D30 = 3.8 µm, D43 = 5.4 µm.  

6. PA-4 – commercial aluminum powder, teardrop-shaped particles. Mean 

sizes (Malvern 3600E): D10 = 8.6 µm, D30 = 14.6 µm, D43 = 41 µm.  

As suggested by the method of obtaining nanoAl powder and its further 

storage, all the samples under analysis had a protective coating on the particle 

surface; this coating should prevent their oxidation. The powders were stored 

under usual conditions in the air for rather long time, which allows considering 

their state as stable (established).  
The results of powder analysis are presented in Table 2.  

The PA-4 and ASD-6 powders were analyzed using three procedures: 

permanganatometric method [20], cerimetric method with direct titration 

involving alum, and cerimetric method with back titration. For each of these 



powders, the results obtained using different methods coincide within the 

random error value; the percentage of metal aluminum shown in Table 2 for 

these samples is the result of measurement by the listed three methods.  

The nanoAl powders were analyzed using the proposed cerimetric 

procedure with back titration. The results of analysis are well reproduced; the 

relative standard deviation (sr =s/xmean) does not exceed 0.8 %.  

Additionally, the nanoAl powders were analyzed for total aluminum (both 

active and oxidized) content by means of the back chelatometric titration [20]. 

The obtained total aluminum content is in agreement with the results of the 

cerimetric procedure.  

 

Table 2: Results of chemical analysis  

Sample Total Al, % mass 
Our data 

Metal Al, % mass 
Our data 

Metal Al, % mass  
Volumetric method 
data [19, 18], 

PA-4 97.9 ± 0.4 95.5 ± 0.6 N/A 

ASD-6 99.0 ± 0.1 97.3 ± 0.9 N/A 

L-Alex 87.6 ± 0.2 78.5 ± 0.5 86.1 

nanoAl0 96.00 ± 0.1 89.1 ± 0.4 86.7 ± 0.5 

NanoAl1 95.9 ± 0.2 87.7 ± 0.3 85.5 ± 0.7 

NanoAl2 95.6 ± 0.3 90.5 ± 0.6 90 ± 0.6 

 
 

Before passing to data analysis, we are to note the following. When making 

comparison between our data and the data of the manufacturers of the powders 

[18, 19], it should be kept in mind that the powders at our disposal were made in 

2001, i. e. they were stored for 3 years. At the same time, it is known that during 

storage the particle size increases, the amount of adsorbed gases decreases, 

and the composition of powders changes. For example, for freshly obtained 

Alex powder [19], the metal content is within the range 86 % - 92 % mass., 

while after storage at 40°С and 75 % humidity it decreases by a factor of 4 after 

10 days. The L-Alex powder stabilized by the hydrophobic coating is more 



stable toward the action of environment; however, even in it the metal content 

decreases by several percents during the storage for the same time.  

Analyzing the data presented in Table 2 we may summarize the following: 

1. Metal aluminum content in the NanoAl0, NanoAl1, NanoAl2 powders 

after storage for three years, determined by using the cerimetric procedure, is 

close to each other and to the content reported in [18] after storage for 30 days, 

determined by using gas volumetric procedure. This allows concluding that 

different powder treatment methods [18] (gas-phase deposition of the 

hydrophobic coating or passivation with the air with the formation of hydrophilic 

coating) result in approximately equal stabilization of the powders and prevent 

them from further oxidation in the air.  

2. The content of metal aluminum in the L-Alex powder, determined by 

using the cerimetric procedure, is noticeably lower than the content determined 

in [19] by using gas volumetric procedure. As we showed above, for the 

powders obtained by means of electroexplosion, the gas volumetric procedure 

can give systematic error due to the presence of adsorbed gases. Because of 

this, the observed difference should not be interpreted as degradation of the 

properties of powder with time. An alternative explanation is the error of gas 

volumetric analysis.  

 

CONCLUSIONS 

Extremely high reactivity of the nanoAl powders brings complications into 

determination of the metal aluminum content by means of permanganatometric 

procedure, which was developed and made a good showing for the analyses of 

usual aluminum powders and condensed combustion products. The use of 

volumetric method for nanoAl powders produced by means of electroexplosion 

of wire can lead to a systematic error because of the presence of adsorbed 

gases.  

For the analysis of nanoAl powders, including those with various 

passivating coatings, the procedure of cerimetric determination of metal 

aluminum has been developed; the procedure is free from the above-indicated 

shortcomings.  



The proposed procedure is suitable not only for the analysis of nanoAl 

powders but also for the usual powders and condensed combustion products. 

The procedure is rather simple, accurate and reliable (is characterized by good 

reproducibility of results and the absence of systematic error); it is 

recommended for multiple analyses.  

In spite of the fact that the new procedure can replace in some cases the 

traditional permanganatometric and volumetric procedures, different 

independent methods should be used, when it is possible, in order to obtain 

complete and reliable information; comparison of the results should be carried 

out. 
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ABSTRACT 
 

A follow-up measurement study on a larger sample size than reported at the 31st IPS 
Seminar of a typical storage configuration of M819 Red Phosphorus Mortar Cartridges 
has been completed.  The results confirm those reported in the earlier study where no 
personnel exposures above the permissible phosphine exposure limits were evident, even 
though phosphine concentrations in the containers were significant. 
 
 

INTRODUCTION 
 
Red phosphorus-based pyrotechnics have been the source of considerable attention in 
recent years.1-4 An issue that has caused concern has been phosphine (PH3) generation 
from red phosphorus pyrotechnics.  In the presence of moist air red phosphorus can react 
to produce PH3, a chemically reactive and toxic gas, and corrosive phosphoric acids, eg. 
 
3.5 P4+ 21 H2O + 11.27 O2 → 5.2 H3PO4 + 7.1 H3PO3 + 0.65 H3PO2 + PH3 
 
Phosphine gas is toxic when inhaled.  Its effects are on the respiratory system and they 
vary dependent on the concentration and length of exposure.  Numerous governmental 
regulatory and advisory agencies in the US establish allowable exposure levels:  the 
Occupational Safety and Health Administration (OSHA) in the form of their permissible 
exposure limits (PELs); the U.S. Navy’s Occupational Exposure Levels (NOELs); the 
American Conference of Governmental Industrial Hygienists (ACGIH) consensus 
standards called the Threshold Limit Values (TLVs); and the National Institute of 
Occupational Safety and Health publishes Recommended Exposure Limits (RELs).   
 
Standard permissible exposure concentrations for phosphine take two forms.  The first is 
the 8-hour time weighted average (TWA).  This is the average allowable airborne 
concentration for an 8-hour day.  The presumption is a worker will suffer no ill effects if 
exposed to this concentration five days per week, over his lifetime.  The second is a short 
term exposure limit (STEL).  This is the average allowable airborne concentration for a 
15-minute exposure period.   
 



 

For phosphine, the STEL limit is 1.0 ppm  and the TWA for an 8-hour shift, forty-hour 
workweek is 0.3 ppm.  
 
Additional advisory information is available from NIOSH (National Institute for 
Occupational Safety and Health), which advises an IDLH (Immediately Dangerous to 
Life and Health) value of 50 ppm. 
 
In a previous paper we presented results of a PH3 measurement survey on the storage and 
handling environments of the M819 81 mm mortar device.5  The M819 round is a red 
phosphorus-based white smoke pyrotechnic device used by the US military that has a 
long history of PH3 and corrosion problems.  The results of our initial study indicated that 
although there are no PH3 exposure issues in ventilated storage magazine environments, 
phosphine values exceeding the IDHL were measured near the mouth when opening 
metal storage containers and the fiber tubes in which individual M819 cartridges are 
stored.  In contrast to the localized values exceeding IDHL, area and breathing zone 
levels were below the detection limits and therefore STEL and PEL limits were not 
exceeded.  These results were interpreted to suggest that administrative controls, 
including appropriated warnings and restrictions, such as requiring that handling 
operations be performed in ventilated areas, may be adequate to control the phosphine 
exposure problem.         
 
In this paper we report the results of a more extensive PH3 measurement program that has 
been performed to add validity to the above conclusion that the administrative controls 
are adequate to address the PH3 exposure issue for the M819 device.   Phosphine 
monitoring measurements were made during a M819 rework program where some 
existing lots in storage inventory were reworked by adding a gas-adsorbing module to the 
storage container.  In this assessment evaluation we obtained a larger database than the 
initial study, primarily by utilizing a data logger, which allowed us to make and record 
PH3 measurements every ten seconds.  
 
 

EXPERIMENTAL 
 
In the rework procedure where the phosphine sampling was done, pallets from six 
different production lots (≈700 M819 rounds) stored in the metal box configurations were 
removed from a storage magazine at one location and moved to an outdoor work area. 
The three explosive operators that were involved with the actual opening of the storage 
containers in this rework operation wore PH3 monitoring instruments as described in the 
following paragraphs.  The pallets were disassembled by removing the metal banding and 
individual metal storage boxes were removed from the pallet.  The individual metal 
storage boxes were placed in three separate rows with spacing between individual storage 
containers of about four feet.  The next step in operational sequence involved opening the 
metal storage containers and removing the metal storage container lid and the packaging 
foam cushions that was between the fiber tube containing the M819 cartridge and the 
storage container lid.  The opened storage container and exposed cartridge fiber tube was 
allowed to vent at this stage before going on to the next operational step. After this, the 



 

three individual fiber tubes were removed from the storage container round.  The lids 
were removed from the fiber tubes and the opened fiber tubes were placed in a cart. After 
another five-minute waiting period, the cart containing the opened fiber tubes was moved 
to the repackaging table.   The M819 cartridges were removed from their fiber tube and 
stenciled to indicate that a rework procedure had occurred. At this point the rounds were 
returned to the fiber tube, along with two phosphine Gas Adsorbing Modules (GAMs ).  
The fiber tube cap was then reassembled before the rounds were repackaged in the metal 
storage containers and repalletized.   
 
Similar to the earlier study three types of PH3 measurements were obtained during the 
above rework operation:  (a) operator exposure measurements, (b) localized point 
measurements and (c) area measurements.5  The emphasis in the present study is heavily 
on the operator exposure measurements.   
 
Operator Exposure Measurements.  The three operators who were involved in opening 
the storage containers during the above rework procedure wore at upper chest (breathing 
zone) level two different types of PH3 monitoring devices.  
 
Each operator wore, secured to his chest, a Drager Safety Inc. PAC-IIIH instrument 
equipped with a data logger and 0-10 ppm sensors.   Each of these three Pac IIIH 
instruments were set with threshold alarms at 0.3 ppm and 1 ppm levels so any dangerous 
condition could be detected.    
 
In addition, breathing zone samples were collected for all three operators using personal 
sampling pumps and treated filters.  Short and long term (STEL and TWA) samples were 
collected from two operators during each day.  A long term sample was collected from 
the third operator on one day.  Samples were collected, preserved and forwarded to an 
independent laboratory using the methods and procedures of  OSHA Method 10036. 
  
 
Localized Point Measurements. A Drager PAC-III instrument was used to obtain 
measurements at the location of the lid when metal storage containers and fiber tubes 
were being opened.  Measurements were obtained for approximately ¼ of the containers 
when they were opened. This instrument was equipped to give an immediate display and 
the container opening location was monitored manually until values were reached 
approximating the IDHL value because the goal of this phase of measurements was to 
verify the conclusion reached in the earlier study that significant levels of PH3 are present 
when a container is opened. 
 
Area Measurements.  Both a Drager Chip Management System (CMS) and Drager 
PAC-III instruments were used to obtain area measurements at random times during the 
rework operations. 
  



 

 
RESULTS 

 
Operator Exposure Measurements 
 
PAC III Results.  The data logger in the PAC IIIH monitor records a PH3 measurement 
every 10 seconds, which allows the data, be to plotted as a function of time.  Figure 1 is 
typical of the eighteen plots covering close to 4-5 hour work periods obtained during this 
study and indicates the large 
quantity of data obtained in this 
study.     Before the rework 
procedure commenced, the PAC 
IIIH units were calibrated with a 
known source.  Then one pallet 
of storage containers were 
processed before the next pallet’s 
contents were opened.  The 
cyclic behavior during the 5-hour 
time period that data represents 
in Figure 1 is apparent.  This 5-
hour period occurred when the 
highest localized point 
measurements were obtained. 
 
The operations of opening the 
storage container, and removing 
the foam spacer released a large 
amount of PH3 caused the first 
two concentration peaks of 
Figure 1.  The last peak occurred 
after the fiber tubes were 
removed from the storage 
containers, uncapped, and 
collected in a cart.  The large 
quantity of opened rounds in the 
cart caused high PH3 indications.  
   
Figure 1 shows that any average 
value of PH3 is certainly less 
than 0.05 ppm, provided the 
peaks are short in duration. 
Figure 2 is the largest 
concentration peak of Figure 1.  
Similar to other peaks, its 
duration is about 30 seconds and 
contributes very little to time-

Figure 1- Exposures During Unpackaging 
Operations  

Figure 2-Magnified Peak Value showing Duration of 
Individual Peak  



 

weighted average values.  
 
The PAC IIIH data logger permits downloading of the data that allows calculation of both 
the STEL and the 8 hour TWA.  The sum of the concentration recorded for each ten 
second interval is divided by the number of intervals to obtain an average value. These 
calculated values are summarized in Table 1 
 

 Table 1.  Calculated STEL and Long-Term TWA PH3 Levels  for 15-minute 
and Long Term Exposures  

Highest Calculated 15 min 
TWA 

(where STEL =1.0 ppm) 

Average Exposure for 8-hour 
Time Period 

(where PEL=0.3 ppm) 

 

Operator Operator 
Date A B C A B C 
10/26/04  AM 0.031 0.025 0.026 .00467 .00221 .00232 
10/26/04  PM 0.019 0.009 0.012 .00297 .00073 .00188 
10/27/04  AM 0.014 0.012 0.014 .00153 .00221 .00386 
1027/04  PM 0.008 0.022 0.006 .00056 .00184 .000526 
1028/04  AM 0.011 0.009 0.030 .00020 .00221 .00793 
1028/04  PM 0.015 0.024 0.030 .00223 .00352 .00379 

 
It is apparent that the regulated maximum allowable values were never approached in the 
any of the given time intervals.  These levels are two orders of magnitude lower than the 
permissible STEL level of 1.0 ppm for 15-minute exposures and an order of magnitude 
lower than the 8-hour TWA permissible level of 0.3 ppm.  
 
OSHA Method 1003 Results.   Tables 2 and 3 provide summaries of the chemical 
analysis results from the OSHA Method 1003 TWA Long Term Exposure and STEL 
samples, respectively, which were sent off to an independent laboratory for analysis. In  
 
Table 2.  Summary of Phospine Time-Weighted Results for  
TWA Long-Term Exposure Determination-OSHA Method 1003 
 

Sample 
Number 

Date Clock 
Time 

Total Time
Sample 

Collected 
(hours) 

Operator
        

Measured 
Phosphine 

Concentration 
(ppm) 

IH05-0001 10/26/04 0958 – 1441 4.72 B <0.045 ppm 
IH05-0002 10/26/04 0958 – 1441 4.72 A <0.046 ppm 
IH05-0003 10/26/04 0958 – 1441 4.72 C <0.056 ppm 
IH05-0007 10/27/04 0826 - 1500 6.57 B <0.018 ppm 
IH05-0025 10/28/04 0839 - 1104 2.42 B <0.066 ppm, 
IH05-0026 10/28/04 0839-1104 2.42 A <0.071 ppm 
 



 

Table 3.  Summary of Phosphine Time-Weighted Results for  
STEL Determination-OSHA Method 1003 
 

Sample 
Number 

Date Clock 
Time 

Total Time
Sample 

Collected 
(minutes) 

Operator
 

Measured 
Phosphine 

Concentration 
(ppm) 

IH05-0004 10/26/04 1015 - 1030 15 B <0.22 ppm 
IH05-0005 10/26/04 1015 - 1030 Pump Malfunction 
IH05-0006 10/26/04 ----------- ---- B <0.22 ppm 
IH05-0009 10/27/04 0826 - 0841 15 B <0.22 ppm 
IH05-0010 10/27/04 0900 - 0915 15 B <0.22 ppm 
IH05-0011 10/27/04 0934 - 0949 15 B <0.22 ppm 
IH05-0012 10/27/04 0952 - 1007 15 B <0.22 ppm 
IH05-0013 10/27/04 1040 - 1055 15 B <0.22 ppm 
IH05-0014 10/27/04 1320 - 1335 15 B <0.22 ppm 
IH05-0015 10/27/04 1425 - 1440 15 B <0.22 ppm 
IH05-0016 10/27/04 0826-0841 15 A <0.22 ppm 
IH05-0017 10/27/04 0900-0915 15 A <0.22 ppm 
IH05-0018 10/27/04 0934-0949 15 A <0.22 ppm 
IH05-0019 10/27/04 0952-1007 15 A <0.22 ppm 
IH05-0020 10/27/04 1040-1055 15 A <0.22 ppm 
IH05-0021 10/27/04 1320-1335 15 A <0.22 ppm 
IH05-0022 10/27/04 1425-1440 15 A <0.22 ppm 
IH05-0023 10/27/04 1445-1500 15 A <0.22 ppm 
IH05-0024 10/27/04 1445 - 1500 15 B <0.22 ppm 
IH05-0027 10/28/04 1105 - 1120 15 B <0.22 ppm 
IH05-0028 10/28/04 1050 - 1105 15 B <0.22 ppm 
IH05-0029 10/28/04 1035 - 1050 15 B <0.22 ppm 
IH05-0030 10/28/04 0836 - 0852 16 B <0.22 ppm 
IH05-0031 10/28/04 0940 - 0955 15 B <0.22 ppm 
IH05-0032 10/28/04 1105-1120 15 A <0.22 ppm 
IH05-0033 10/28/04 0836-0852 15 A <0.22 ppm 
IH05-0034 10/28/04 1050-1105 15 A <0.22 ppm 
IH05-0035 10/28/04 0940-0955 15 A <0.22 ppm 
IH05-0036 10/28/04 1035-1050 15 A <0.22 ppm 
 
all cases the PH3 collected over the 15-minute and 6-hour samples are significantly  
below the detection limit for the method and the regulated levels .  This is agreement with 
the PAC III operator exposure results described in the previous section and with the 
OSHA Method 1003 measurements reported in the earlier study.    
 



 

Storage Container Measurements    
 
Table 4 lists a summary of the PH3 levels observed when the metal storage containers 
were opened.  The PH3 levels at storage container and fiber tube opening locations were 
similar to that observed in the earlier study. That is, PH3 levels exceeding IDHL value of 
50 ppm were observed at the mouth of the container on opening a significant fraction of 
the containers. The italicized values of Table 4 represent the time when the maximum 
concentrations were found at the mouth of the storage containers.  This is the same period 
of time where the operator exposure measurements described in Figures 1 and 2 were 
made.   
 

Table 4.  Phosphine Levels Observed When Opening Metal 
Storage Containers 

DAY  Lot Readings (ppm) 
10/26/04 AM 1 1 32 25 15 28 42  
10/26/04 PM 2 >95 0 >12     
10/27/04 AM 3 0 0 1 20 5 10 10 
10/27/04 AM 4 0 0 0 0 0 0  
10/27/04 AM 5 0 >41 11 >40 17   
10/27/04 PM 6 10 20 14 30 2   
10/28/04 AM 6 115 126 188 222    
10/28/04 AM 6 >10 >20 12 >30 >30   
10/28/04 AM 6 >30 >30 >20     
10/28/04 PM 5 131 53 3 41 182 114  
10/28/04 AM 5 21 2 0 25 128 1  

 
It also was apparent that PH3 had absorbed in the foam packaging material and fiber tube 
bodies because it took significantly longer for the PH3 to dissipate from these materials 
that it did from the metal storage containers.  For example, small residual levels were 
detectable over the empty fiber tubes for periods as long as two hours after the fiber 
bodies had been removed from the storage containers. 
 
In addition, it was observed when fiber tubes containing M819 rounds were exposed to 
sunlight for approximately two hours before being opened had PH3 levels significantly 
higher than fiber tubes not conditioned to a higher temperature environment.  This 
suggests that quantity of PH3 emitted from the cartridges is strongly temperature 
dependent. 
 
Area Measurements  
 
All area measurement results taken during the rework operation were below the detection 
limit of the monitoring instruments used.  This result can be interpreted to validate that 
operations carried out in a ventilated area are an effective personnel exposure control 
measure. 
 
  



 

DISCUSSION AND CONCLUSIONS 
 
The results of this study, similar to earlier studies, have shown that M819 metal storage 
containers can contain PH3 levels that exceed IDLH 50 ppm limits.  PH3 levels increase 
with temperature.  Operator exposure to PH3 is highest during the opening and removal of 
the storage container lid.  Other operations where PH3 may be present are during the 
removal of upper foam packing material and the removal of the M819 cartridge from the 
bottom foam packaging material.   PH3 absorbed in the foam and fiber tube bodies vents 
slowly.   However, the results of this study have shown that on opening the metal storage 
containers in ventilated areas, the released PH3 is rapidly diluted to levels below the 
STEL 1.0 ppm and the TWA long-term 0.3 ppm limits.  These results, in agreement with 
those of an earlier study, are derived from a much larger database.  They provide the 
basis to make the conclusion that appropriate administrative controls, including warnings 
and regulations such as a requirement that work be done in a ventilated area, are adequate 
to control the operator exposure issue in field usage.  Concentrations exceeding the STEL 
and 8 hour time weighted average values can be mitigated/avoided by proper 
arrangement of the workplace.   
 
The above relationship between IDLH, STEL and TWA long-term values supports the 
argument that making operator exposure policy decisions using only IDLH data can 
result in management approaches that are more conservative and costly than the situation 
actually requires.   
 
The PAC IIIH offers a user-friendly, as well as an accurate, method to obtain operator 
exposure measurements.   It represents a lower-cost, more accurate method of 
measurement, if used and interpreted by qualified personnel. 
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ABSTRACT 
 
30 years ago, the international annual conference of ICT was a seminar about explosives where, 
besides scientific research results, research results from accidents were presented. At that time it 
was generally believed that accidents were due to the ability of explosives to ignite, mainly because 
of external energy that was introduced by factors to do with the handling or normal industrial 
operations. 
 
The extensive and thorough investigation of the accident at Lapua Cartridge Factory in Finland in 
1976 suggests that even though the technical cause of ignition in the accident has been credibly 
defined, the actual cause that led to the ignition has not been explored fully. 
 
An accident follows from a malfunction that the system is not able to control. Therefore it is 
necessary to know the causes and effects so that the complexity of the accident can be understood. 
It may be useful to employ positive indicators but the results derived from these indicators are no 
guarantee that safety prevails. Therefore negative indicators - accidents - are used to look at safety 
in this study. 
 
The investigation consists of accident reports and of the Finnish VARO register where, since 1978, 
material from explosion accidents has been collected, and of the results of interviews with people 
who work in the explosives industry. The investigation illustrates that safety is not an unambiguous 
baseline in spite of claims to the contrary. People are working hard to achieve safe conditions but it 
is often what we do not do that leads to accidents. It is a consequence of ourselves – of our ethical 
values. 
 
INTRODUCTION 
 
The job of Accident Description and Accident Investigation is to 

- describe the event and its causes and causal factors 
- respond to the event through provision of training and instruction, procedural requirements, 

and recommendations. 
 

An inspection of a work community attempts then to elucidate the legality and also validity of its 
activities. This validity includes operations, which consist of the work that is subject to licence, and 
various other elements associated with it.  
 
By combining the lessons learned from various accidents with the information that the different 
organisational levels of a company are able to produce, for example as a result of a survey, a fairly 



comprehensive and reliable picture of the operations and their levels can be gained, regardless of 
the initial purpose. 
 
ON ACCIDENTS AND CAUSAL FACTORS 
 
An essential part of safety development is the elucidation of the nature of accidents. When the 
factors leading to an unsafe situation or accident are known, we are better prepared to avoid similar 
events in future. For this reason, we are reviewing four explosion accidents that have occurred at 
different times in order to discover whether there are any correlations and whether they can be used 
to draw general conclusions about accidents and the factors affecting their occurrence1.  
 
Case 1. Accident in Lapuan Patruunatehdas 1976 
This explosion accident, which was the most serious in Finland since WWII, caused the deaths of 
40 people when gun powder ignited as charging equipment for bolt pistol cartridges was being 
serviced. Ignition was transmitted through a gun powder feed tube to the gun powder storage attic 
where explosions further caused the ignition and detonation of gun powder containers in adjacent 
rooms (Karhulahti 1979). The cause of the accident was considered to be the Nobel CK-4 gun 
powder, the properties of which were not known to the company.  
 
Two factors had an impact on the extent of the accident: 

1. Transformation of a gun powder fire into a detonation, which was transmitted to the gun 
powder containers in the storage attic, which in turn exploded. 

2. Constructional layout of the production facility; partly because it was a two-storey building 
(gun powder was stored in the attic and fed down) and the fact that the building collapsed 
and the ceiling caved in onto the work space. 

 
Other issues associated with the accident include: 

- the properties of the raw material (gun powder) when in production were not known 
- maintenance was being carried out without removing the gun powder from the 

production system 
- it was not understood that a gun powder fire can turn into a detonation 
- it was not understood that the fire/detonation may be transmitted from one gun 

powder container to another through concrete walls in the storage attic 
- in keeping with the generally prevalent practice, cartridge charging was regarded a 

relatively risk-free activity and several production lines had been located in the same 
space, resulting in a large number of employees being there. 

 
Case 2. Accident at Oy Forcit Ab 1993 
The accident occurred in the start-up of factory-scale production of a new explosive, FPX-4. The 
first products were manufactured in February 1993 (Onnettomuustutkinta 1993). Due to certain 
problems, production was suspended and then restarted in May, but there were occasional problems 
with the process, as a result of which certain modifications were carried out. At the same time, a 
change took place in the source batch of one of the raw materials used. On the morning of 7th June 
1993 anomalies were detected in product control, resulting in the personnel leaving the facility and 
the explosion occurring soon afterwards. 
 
The investigation committee’s report has entries of numerous issues involved in the accident: 
                                                 
1 ∗ At this point it should be particularly emphasised that the descriptions of accidents or the results of safety reporting 
below are in no way related to culpability or liability for compensation. It is also emphasised that the sample cases 
described in this paper are not to be generalized to apply to all similar occasions. 



- the factory’s own product development resources were scarce 
- research facilities associated with product development were limited 
- the external product developer’s knowledge of plastic-bonded explosives was based on his 

own practical experience, he had no formal education in polymer chemistry 
- the company had not implemented a documented method for systematic assessment of a 

product idea’s feasibility  
- the project schedule was tight because of a desire to introduce the new product quickly 
- in 1991 the decision was made to select the explosive being developed for a weapons 

system’s explosive 
- specifications set for the product were downgraded 
- there was a direct migration from a small-scale (5kg) facility to a factory-scale (400kg) 

facility 
- all tests in the explosive’s development were made with a maximum of 13kg charges.  
 

Case 3. Warehouse Accident in Ähtäri in 1999 
In summer of 1999, an explosion accident occurred in a munitions depot in Ähtäri. A munitions 
warehouse containing 28 tonnes of 40 mm anti-aircraft gun ammunition was destroyed in the 
accident, but loss of life was avoided. The reason for the detonation is believed to be the explosive’s 
self-ignition (Karhulahti 2001). 
 
Factors associated with the accident include: 

- in part, the items were in very poor condition and some at a point of disintegration  
- some of the items had already been disposed of by defusing 
- in previous years personnel cuts had been effected for reasons of economy 
- items had pyrotechnic tracer fillings consisting mainly of Mg  
- the depot had applied for permission to destroy the poorest items and had been waiting three 

years to obtain permission 
- the items had been stored outdoors for over three years and some of the packaging contained 

water 
- poor material accounted for about 1% of the total 
- various levels of organization were aware of the problem. 

 
Case 4. Handling of Explosives in an Apartment Block 
It should be stated that the person involved in this accident has a respectable list of achievements 
and knowledge in the field of explosives and their development, including an academic degree. 
Nevertheless, he worked on explosives in the basement of an apartment block consisting of 16 
residential apartments. The accident occurred as he was measuring out black powder into a bag. As 
the powder (about 200g) was being poured through an polyethene funnel it ignited, according to 
him under the funnel, apparently as a result of static electricity discharge (TUKES 2002). 
 
Furthermore, there was about 500g of black powder, approximately 1kg of other gun powders and 
other explosives and tens of kilograms of Mg and Al powder in the same space. 
 
FINNISH VARO REGISTER 
 
Accidents linked to explosives were studied using the VARO Register, maintained by the Safety 
Technology Authority (TUKES). Within the Register, a search on explosives accidents was carried 
out for those accidents where the supervising authorities had been informed or gained knowledge of 
these events. The descriptions entered into the VARO Register are drawn up by an expert at 
TUKES, the person maintaining VARO, or the company. 



 
The search for material was extensive. The specifications used were:  

- type:   all cases 
- categories:  explosives 
- time limits:   1.1.1978 – 31.12.2003 

 
The search yielded 182 cases and their descriptions. On the whole, the results of the search were not 
comprehensive in respect of the accidents occurred. No records or only partial records exist for: 

- accidents in the defence forces (no records), of which the explosion of a warehouse in 1999 
(Karhulahti 2001) can be considered a major accident worth investigating, and  

- a serious accident in 1993, investigated by a major accident investigation committee 
(Onnettomuustutkinta 1993), still returns the message “investigation pending completion”. 

- some of the accidents linked to pyrotechnics are classified as “fireworks, home-made 
bombs”, and are not included in this study. 

 
Method 
The purpose was to assess the information on the VARO Register by categorising it into 
corresponding groups. This study used the following categorisation: 

1. place 
2. technical cause 
3. consequences of the accident 
4. recorded remedial instructions and procedures 

 
In addition, any information that cannot be directly classified has been assessed and classified by 
means of separate criteria. General error types are well suited as tools to be used when assessing an 
existing description and the factors that led to an accident. The assessment entails the same review 
of the situation and monitoring of the circumstances associated with the daily work in explosives 
production facilities and with the studies on the validity of that work (Karhulahti 1994). In this 
sense it can be considered that deficiencies in these cases can lead to deviations in correct operation, 
and this in turn may lead to an accident.  
 
Since a mere study of documents can produce nothing definite about the cases and their causes, 
each case was assessed in three stages, thus causal links would yield three different factors. In some 
cases the second or third factor was not considered appropriate to identify, if the previous stages of 
the case were believed to have provided the final result. 
 
The material thus collected was processed with SPSS 11.0 statistics software, with a frequency 
analysis for the basic material by: 

- the location of the event,  
- the cause of the event cited, 
- the consequences,  
- the recorded remedial instructions, and  
- the classification of the assessed causal factors 1, 2 and 3. 

 
Cross-tabulation was also applied in the study using the same SPSS 11.0 software to the following 
cases: 

- the central assessed causal factors in relation to the consequences 
- the central assessed causal factors in relation to the instructions  
- the consequences in relation to the instructions.  

 



Results 
In total the VARO Register has records of 182 accidents (N=182), of which 151 (83.0%) occurred 
in manufacturing, 11 (6.0%) in construction, 2 (1.1%) in storage, and 18 (9.9%) in other processing.  
Review of the accidents by their causes indicates that no cause is mentioned or known in 77.5% of 
the cases. Process failures account for 3.3% and equipment failures for 8.8%, and another cause is 
identified in 9.9% of the cases with manufacturing errors accounting for 0.5%. 
 
As a result of these accidents, 8 lives were lost (4.4%), 15 cases (8.2%) were separately classified as 
severe personal injuries, and 28 cases (15.4%) as minor personal injuries. The remaining 131 cases  
(72.0%) caused various degrees of damage to property. There was 1 case involving death in 
manufacturing, which is 0.7% of the accidents in the industry, 4 cases in construction, which 
accounts for 36.4% of their total number of explosions. Other processing was responsible for 3 
deaths or 16.7% of the accidents. 
 
The remedial instructions or procedures entered into the register were assessed and classified by 
their contents so that there was a significant requirement to follow instructions in 4 cases (2.2 %), 
and in 13 cases (7.1%) an instruction or order was issued that could be considered a requirement. 
However, in over a half of the cases, being 93 (51.5%), the contents of the remedial instruction 
could not be considered as a requirement, but a self-evident or meaningless statement. In 72 
(39.6%) cases no remedial requirements or instructions were entered at all. 
 
Table 1. Frequency Distribution of the Accidents in Relation to the Three Different Causal Factors. 

Factor 1 Factor 2 Factor 3 Assessed Causal Factor 
Frequency Percentage Frequency Percentage Frequency Percentage

incompatible goals 0 0 0 0 0 0 
lack of organisation 0 0 0 0 0 0 

lack of communication 1 0.5 1 0.5 0 0 
insufficient supervision 10 5.5 28 15.4 99 54.4 

design faults 20 11.0 9 4.9 5 2.7 
inadequately designed 

protection 
4 2.2 55 30.2 6 3.3 

inappropriate materials 0 0 0 0 0 0 
insufficient structural 

protection 
4 2.2 13 7.1 2 1.1 

inadequate operational 
instructions 

43 23.6 19 10.4 7 3.8 

inadequate training 3 1.6 18 9.9 6 3.3 
inadequate 

maintenance 
programme 

88 48.4 24 13.2 8 4.4 

inadequate 
maintenance 
instructions 

0 0 3 1.6 1 0.5 

others 9 4.9 1 0.5 0 0 
0 0 0 11 6.0 48 26.4 
N 182 100.0 182 100.0 182 100.0 

 
Table 1 presents a frequency table following a classification by general error type, where the 
assessed causal factor for each accident is presented in relation to the three stages of assessment.  
 



The first assessment found Inadequate Maintenance Programme as the most important causal factor 
(48.4%), Inadequate Operational Instructions (23.6%) as the second and Design Faults (11.0%) as 
the third. In the second stage of assessment, the most common causal factor was Inadequately 
Designed Protection (30.2%), the second was Insufficient Supervision (15.4%), and the third 
Inadequate Maintenance Programme (13.2%). In the third round of assessment, Insufficient 
Supervision was considered to be the biggest causal factor in 54.4% of the cases. In 26.4% of the 
cases a third factor was not identified, Inadequate Maintenance Programme provided a causal factor 
in 4.4% of the cases and Inadequate Operational Instructions in 3.8 % of the cases. 
 
Cross-Tabulation, Assessed Causal Factors in Relation to the Consequences: 
Deaths 
When using the first causal factor to study fatal accidents, the most important factor appeared to be 
Inadequate Operational Instructions (75%). The second factor was assessed to be Design Faults 
(25%). In the second round of assessment, the most important cause was Inadequate Supervision 
(25%) and Inadequate Training (25%). Other factors were Lack of Communication, Inadequate 
Maintenance Programme, Inadequate Maintenance Instructions and other causes, each at 12.5%. In 
the third round of assessment, 62.5% of the cases were included in the previous assessments, i.e. no 
third causal factor was identified. Insufficient Supervision (25%) and Inadequate Training (12.5%) 
were other causes in fatal events. 
 
Severe Personal Injuries 
For severe personal injuries, the biggest emphasis in the first assessment, 23.3%, was on Inadequate 
Operational Instructions, Inadequate Training accounted for 20%, and the rest was divided between 
Insufficient Supervision, Inadequate Maintenance Programme and Other Causes, each at 13.3%. 
The second assessment identified Design Faults (33,5%) and Inadequate Training (20%) as the 
central causal factors of severe injuries. Similarly, 53.3% of the cases in the third assessment were 
already included in the previous rounds, and 26.7% were linked to Insufficient Supervision. 
 
Minor Personal Injuries 
Similarly in the first assessment for minor personal injuries, distribution concentrated on Inadequate 
Operational Instructions, 35.7%, Inadequate Maintenance Programme, 21.4%, and Design Faults, 
14.3%. The second assessment identified Inadequate Maintenance Programme, 21.4%, and 
Inadequate Operational Instructions, 17.9%. In 14.3% of the cases, both Insufficient Supervision 
and Inadequately Designed Protection were each assessed to be the cause. In the third assessment, 
32.1% of the results were classified under previous causal factors. 39.3% of the third round results 
were linked to Insufficient Supervision and 10.7% Inadequate Operational Instructions. 
 
Damage to Property 
The main attention in damage to property was directed in the first round to Inadequate Maintenance 
Programme (62.0%) and Inadequate Operational Instructions (16.3%), as well as Design Faults 
(10.1%). The second assessment concentrated on Inadequately Designed Protection (38.8%), 
Insufficient Supervision (16.3%), Inadequate Maintenance Programme (12.4%), and Inadequate 
Operational Instructions (10.1%). The third assessment identified Insufficient Supervision (62.8%) 
as the main cause, and 19.4% of cases were previously identified. 
 
Cross-Tabulation, Assessed Causal Factors in Relation to Remedial Instructions: 
 
Table 2 below presents assessed causal factors in accidents in relation to significant remedial 
instruction and orders. 
 



Table 2.1 Assessed Central Causes in Relation to Remedial Instruction 
Assessed Causal Factor [%] Significant instruction 

[%] 
Instruction [%] 

inadequate maintenance programme 48.4  15.4 
inadequate operational instructions 23.6 50.0 23.1 
design faults 11.0  38.5 
insufficient supervision 5.5 50.0  
 
Table 2.2 Assessed Central Causes in Relation to Remedial Instruction 

Assessed Causal Factor [%] Significant remedial 
instruction [%] 

Remedial instruction 
[%] 

inadequately designed protection 30.2  15.4 
insufficient supervision 15.4  15.4 
inadequate maintenance programme 13.2 50.0 23.1 
inadequate operational instructions 10.4  23.1 
inadequate training 9.9 50.0  
inadequate maintenance instructions 1.6  15.4 
 
Table 2.3 Assessed Central Causes in Relation to Remedial Instruction 

Assessed Causal Factor [%] Significant remedial 
instruction [%] 

Remedial instruction 
[%] 

insufficient supervision 54.4 50.0 30.8 
inadequate maintenance programme 4.4   
inadequate operational instructions 3.8  23.1 
inadequate training 3.3  15.4 
inadequately designed protection 3.3   
inadequate structural protection 1.1 25.0  
 
Cross-Tabulation, Consequences in Relation to Remedial Instructions: 
 
Fatal Accidents 
None of the fatal accidents involved remedial instructions that could be considered significant. In 1 
case (12.5%) the instruction contained demands, and in 5 cases (62.5%) the instruction and demand 
was essentially a self-evident statement. No remedial instructions or demands were reportedly 
issued in 2 cases. 
 
Severe Personal Injury 
There were no significant remedial instructions for severe personal injuries either. In 1 case (6.7%) 
the instruction issued can be assessed as a demand. However, in 10 cases (66.7%) the remedial 
instruction or demand issued appears to be a self-evident statement, and in 4 cases (26.7%) no 
remedial instructions or demands were mentioned. 
 
Minor Personal Injuries 
For minor personal injuries, there is 1 (3.6%) remedial order that could be classified as significant, 
and in 5 cases (17.9%) some kind of instruction or order was issued. In the remaining 22 cases 
(78,6%) the instruction was a self-evident statement or was not mentioned at all. 
 



Damage to Property 
Where damage to property occurred, significant orders or instructions were issued on 3 occasions 
(2.3%), and in 6 cases (4.7%), an instruction or a demand was issued. However, in the remaining 
120 cases (93,1%) instructions were not issued or mentioned at all. 
 
The cases where the contents of the instructions were not considered to be significant, or where 
there were no instructions at all are not considered in this respect, as the instructions in these cases 
were of no major significance to the cause. 
 
INTERVIEW SURVEY 2004 
 
A wider survey on operational safety in the Finnish explosives industry was conducted in the 
beginning of 2004. A total of 34 persons, who represented a cross-section of each company's 
personnel, took part in the interview part of the survey. In all there were 4 participating companies. 
18 persons represented the employees and the middle management, and 16 represented the senior 
management and directors. The average age was 49 years and the average career in the explosives 
industry 22 years. 
 
A sample of the 60 questions from the interview have been selected for this paper. 

1. Can the publication of a policy determine, and if so how, that the achieved  
i. safety level has been enhanced? 

ii. work morale, if it is being measured, has improved? 
2. Are any functions discontinued because of their safety risks? If so, what is considered to be 

the limiting factor? 
3. How thoroughly are functional risks assessed prior to decision making? 
4. How does the internal audit consider 

i. the functionality of technical solutions? 
ii. the organisation and its effect on the activities as a whole, and with reference to 

safety? 
iii. people's attitudes and values in relation to the activities, the compliance with 

instructions or decision making? 
5. Does the audit pay any attention to the personnel's actual expertise and level of competence? 

If so, how is this measured or verified? 
6. Does a person's position in the organisation carry more weight than his or her knowledge of 

the issue?  
7. When explosives are manufactured in a company, how and on what grounds are the 

protection requirements associated with rescue defined? 
8. Does the employee know the dangers associated with his or her work, and the factors that 

realise these dangers? How is this verified? 
9. Are service and maintenance personnel able to identify the risk factors in their work areas, 

and take them into account in their work? If so, how is this verified? 
10. Where compatibility in different forms is an issue, how is this taken into account when 

making procurement decisions? 
11. Does change instigate any specific inspections or requirements? If it does, what are they in 

respect of 
i. technology? 

ii. people? 
iii. instructions? 

12. Do inspections by authorities, and in what way, apply to 



i. ensuring the validity of the manufacturing system (the process and its direction and 
management, work procedures, raw materials, work instructions, documents etc.)? 

ii. reviewing latent faults and defects? 
13. How well do the authorities respond to the validity of the operations, i.e. what is the level of 

confidence in them? 
14. How would you describe the central values of your company? 
15. Are there differing views on safety in your company, and do these cause conflicts? If so, 

what kind of conflicts? 
 
Due to the small size and heterogeneousness of the sample, only the frequency distribution of the 
results are being reviewed, by dividing the answers into five categories (strongly disagree, disagree, 
neither agree nor disagree, agree, agree strongly), and ”does not know”. 
 
Table 3. Results Of A Frequency Review In The Interview Survey, N=34. 

Question no 
(interview number) 

Disagree 
strongly [%] 

Disagree 
[%] 

Neither 
agree nor 

disagree [%]

Agree [%] Agree 
strongly 

[%] 

Does not 
know 
[%] 

1i (2ii, ii) 8.8 5.9 8.8 32.4 38.2 5.9 
1ii (2ii, iii) 14.7 8.8 20.6 26.5 20.6 8.8 
2 (3ii)  8.8 23.5 29.4 35.3 2.9 
3 (3iii)  11.8 23.5 29.4 26.5 8.8 
4i (4iii, ii) 8.8 14.7 14.7 38.2 8.8 14.7 
4ii (4iii, iii) 17.6 8.8 23.5 17.6 5.9 26.5 
4iii (4iii, iv) 17.6 20.6 23.5 29.4  8.8 
5 (4viii) 11.8 11.8 23.5 38.2 8.8 5.9 
6 (4ix) 8.8 8.8 5.9 20.6 47.1 8.8 
7 (5i) 11.8 14.7 5.9 5.9 5.9 55.9 
8 (7ii)  32.4 23.5 35.3 5.9 2.9 
9 (9i) 8.8 5.9 29.4 44.1 11.8  
10 (11i) 2.9 14.7 20.6 8.8 11.8 41.2 
11i (12i, i)  20.6 20.6 20.6 20.6 17.6 
11ii (12i, ii) 5.9 17.6 23.5 14.7 23.5 14.7 
11iii (12i, iii) 2.9 5.9 17.6 29.4 23.5 20.6 
12i (Vir b, v) 11.7 17.6 11.7 11.7 8.8 38.2 
12ii (Vir b, vi) 20.6 29.4 5.9 5.9 8.8 29.4 
13 (Vir c, ii) 29.4 29.4   9.4 38.2 
14 (Eett a) 5.9 23.5 20.6 17.6 32.4  
15 (Eett g) 5.9 8.8 8.8 44.1 26.5 5.9 
 
REVIEW OF THE RESULTS 
 
Common features which have contributed to causing explosives accidents can be found in examples 
such as: 

- the processed explosive material and its properties were not known or insufficiently 
recognised  

- at work no attention was paid to the fact that an explosive, by definition, can be ignited and 
detonated 

- work was not carried within capabilities 
- specifications were changed mid-process 



- decision making in the organisation took years 
- product development or operational system design was not completed 

 
When the accident register and its information was reviewed the following corresponding 
observations could be made: 

- in majority of cases no cause for accident had been given 
- the contents of the reported remedial instructions and demands following the accident were 

mainly not orders, but could be considered merely as statements 
- in majority of accidents no remedial instruction was recorded 
- in the case of serious accidents, such as fatal or severe personal injury, the report mentioned 

no remedial instructions of any substance 
- there appeared to be no statistical correlation between the causal factors and remedial orders 

and instructions that were significant. 
 
On the other hand, the central causal factors of the accidents in the VARO Register were: 

- Inadequate maintenance programme 
- Inadequate operational instructions 
- Design faults 
- Insufficiently designed protection 
- Insufficient supervision. 

 
All these causal factors have the common feature of belonging to organisational factors. They are 
issues that the company's line management and safety management systems should supervise and 
update. 
 
A review based on survey interviews only cannot provide a statistically reliable review as today’s 
explosives industry operating in Finland is fairly small. The results do, however, give rise to the 
following comments 

- the level of safety has been enhanced as a result of defining company policy, even if it has 
not had a similarly positive effect on improving work morale 

- safety risks restrict operations 
- the internal audit is fairly reliable for technical solutions, but its significance is reduced 

when it is focused on the organisation and its activities, and further when it deals with 
people, and their attitudes and values in complying with instructions and making decisions 

- reasonable attention is being paid to people's actual competence, but this is apparently not 
sufficient, as there is room for improvement in knowledge of dangers and risk factors 

- knowledge of the fundamentals of protection requirements for rescue operations is fairly 
poor 

- there is fairly limited knowledge of the inspections carried out by the authorities and their 
purpose, which is to ensure validity or to review latent faults and defects, is not understood  

- central values of the companies are mainly regarded as positive, although this is not the 
experience of a considerable number of respondents 

- the companies have a fairly uniform view of safety and in this respect there are few 
conflicts. 

 
When an attempt is made to find points of convergence in the accidents, reports and survey 
questions described above, one needs to consider what points relate to explosives safety as a whole: 
The starting point and premise for safe operations are knowledge and know-how. It presumes the 
identification of the target object’s nature but, on the other, complete knowledge is difficult to 
attain. Even experts may disagree on issues and their status (Green et al. 1980, Tuomi 1999). 



Mistrust of information has grown, which manifests itself in the fact that risks occur at an 
unacceptable level, products are not properly understood, and information dissemination in 
hazardous situations is not under control. It has become apparent that the public’s reactions to the 
risks concentrate on technical, social and psychological hazards, which are not satisfactorily 
modelled in technical risk assessments (Slovic 2001, Dennis 2001). Also technical development has 
been very fast, and man must clarify what kind of actions are ethically acceptable, and not just 
technically possible. Therefore it is ethically problematic to accept moral practices and work 
performances that we cannot convincingly justify. When man acts improperly, he cannot defend 
himself by saying, “I’m only doing my job” (Daniels 1996, Räikkä 2002, Pietarinen and Launis 
2002). 
 
Apart from knowledge, behaviour is also affected by attitudes (Green et al.1980). Behaviour can 
always be evaluated by the juxtapositions of good/bad, positive/negative. This problem of 
juxtaposition is compounded by each person taking his decision alone, since generally people do 
not concern themselves with each other’s interests (Hellsten 1996). Thus there is no difference 
between a public system and an individual because any community is made up of individuals. As a 
skilled professional, the individual should use his knowledge and skills to be a credible moral 
authority who ensures that he benefits the big picture and general well-being to the best of his 
abilities. He should know how to be helpful and take responsibility not only for his own clientele, 
but also for potential clients, because he is trained to identify and resolve problems (Koehn 1994). 
 
Values are inseparably linked with behavioural choices, but it is not unusual that they are in conflict 
with each other. It is not a question of ideology, but of natural predisposition where each policy has 
its own specific ethics (Green et al. 1980, Koehn 1994). Correspondingly, responsibility should be 
seen as both individual and community responsibility. An individual is a part of a larger whole and 
thus responsible for not only himself but also for the other parts of the whole. Thus the 
responsibility for other people becomes central. Correspondingly, a company and its management 
have responsibility for what they do. Therefore any community should have a constitution, 
principles and rules, which control and guide the actions and behaviour of individuals (French 1984, 
Hellsten 1996).  
 
Knowledge and know-how are regarded as the starting point for doing things correctly and avoiding 
risks. In these industrial and warehouse accidents as well as in the reported cases of accidents, this 
knowledge has been deficient or entirely absent. Correspondingly, these features of uncertainty are 
contained in the results from the interview survey; issues focus on machinery and equipment, and 
operational validity is left in the background. On the other hand, the obligations and demands that 
are presumed by technical development, and are deemed ethically acceptable, have not been 
sufficiently perceived. Today in particular, the speed and multiple solutions of technical 
development emphasize the need for this view. Morally suspect operations are allowed or engaged 
in, specifications that are considered correct are forfeited, or decisions are taken before an 
understanding is reached of what is actually being decided (Daniels 1996, Räikkä 2002, Pietarinen 
and Launis 2002). In such cases the justification of the operations must be questioned; why are 
things done the way they are done? 
 
The significance of attitude is highlighted in all of these three separate reviews; 

- the attitude to safety is such that it is not seen as applying to the competent researcher, while 
community safety is compromised 

- financial factors are allowed to influence decision making  
- market conditions and bureaucracy direct the operations without taking into account the 

safety factors and requirements implicit in them 



- a safety register is maintained, while insufficient attention is paid to its validity and 
reliability 

- a system is maintained, while its fundamentals are poorly understood 
- addressing issues that are difficult to manage, such as organisation and its activities, is 

avoided 
- work by the authorities is seen as distant and unconvincing by the object of supervision. 

 
It is regarded as self-evident that different people value different things in different ways (Green et 
al 1980, Koehn 1994). For this reason there is no definitive model for what is good, in which case 
the material values are emphasized. This is what can be said to have happened when specifications 
set for products are modified, regulations are contravened at work thus endangering both the 
operators’ own and other people’s safety, no resources are allocated for research, a deficient 
information system is maintained, and a product that is still under development is taken into service, 
while high quality and technical safety standards would normally be required from it. These cases 
indicate a lack of consideration when making ethical decisions, and inadequate regard for the 
significance of moral decision-making on other people and society as a whole (Hellsten 1996, 
Pietarinen and Launis 2002).  
 
CONCLUSION 
 
When safety is seen as a technical issue, as previously reviewed, it can be defined using the 
concepts of preventive measures, probability and consequences. Because accidents do occur, 
however, the concept of safety must also be considered against the background of man as the 
operator - not part of a process.  
 
Above a number of accidents, an accident register, and interview results of a survey in the 
explosives industry have been reviewed. When the review focuses on the causes of accidents, it can 
be determined in all cases that man and his set of ethical values are in contradiction with safety 
philosophy. Therefore the concept of safety should be supplemented by a fourth function of ethical 
values, which has an impact on overall safety which equals that of the factors listed above. Thus the 
safety function reads: 
 

f (safety) =  
f(probability) x f(preventive measures) x f(consequences) x f(ethical values). 

 
It could be pessimistically stated that as long as man’s set of ethical values cannot be controlled or 
modified to become safety-driven we will have accidents and mishaps. 
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INTRODUCTION  
Much effort has been devoted to an ongoing search for more powerful, safer and 

environmentally friendly explosives. Since it was developed in the late 1990s1, 1,1-
diamino-2,2-dinitroethene (FOX-7), with lower sensitivity and comparable performance 
to RDX, has received increasing interest. Preliminary results on the physical and 
chemical characterization of FOX-7 have shown that it possesses good thermal and 
chemical stability.1 It is expected that FOX-7 will be a new important explosive 
ingredient in high performance, insensitive munition (IM) explosives.2  

One of the major focuses in research on this novel energetic material is a study of 
its thermal properties. Östmark et al have reported that DSC curves exhibit two minor 
endothermic peaks as well as two major exothermic peaks.3 Two endothermic peaks at 
∼116 and ∼158 °C suggest the presence of two solid-solid phase transitions. A third phase 
change below 100 °C has also been reported based on a X-ray powder diffraction (XPD) 
study.4 The shapes, areas and observed temperatures of the two decomposition peaks at 
∼235 °C and ∼280 °C vary with different batches and sources of the sample, and 
occasionally these two peaks are merged into one.5,6 The factors leading to this variation 
and a more complete investigation are in progress. 

Our laboratories have been interested in the thermal properties of energetic 
materials characterized by means of various thermal analysis techniques. This paper will 
present our results for the thermal behavior of FOX-7 including the phase changes, 
decomposition, kinetic analysis and the decomposition products using DSC, TG, ARC 
(Accelerating Rate Calorimetry), HFC (Heat Flow Calorimetry) and simultaneous TG-
DTA-FTIR (Fourier Transform Infrared Spectroscopy)-MS (Mass) measurements. 
 
EXPERIMENTAL 

FOX-7 (1,1-diamino-2,2-dinitroethene) used for ARC, HFC and TG-DTA-FTIR-
MS analysis was obtained from NEXPLO Bofors AB; For DSC measurements it was 
synthesized at Lawrence Livermore. 



DSC measurements were conducted using a TA Instrument model 2920 
Differential Scanning Calorimeter and hermetically sealed aluminum pans with pinholes 
in the lids. Sample sizes were approximately 0.5 mg.  TA Instruments model 2960 TG-
DTA and open aluminum pans have been employed to measure weight loss. 
Approximately 0.5 mg decomposed at heating rates from 0.1 to 1.0 oC min-1.  
Degradation was carried out under nitrogen carrier gas at a flow rate of 100 cm3 min-1. 

A modified SETARAM C-80 instrument was used for a HFC study on thermal 
decomposition of FOX-7. About 50 mg of FOX-7 was placed in an alumina liner which 
was loaded into a stainless steel vessel. An equivalent mass of sapphire was used as the 
reference material. The experiments were conducted at ambient and 8.85 MPa argon 
pressure and a heating rate of 0.3 °C min-1 in a temperature range of 28 to 300 °C. 

The ARC measurements were performed on a Thermal Hazard Technology 
instrument to evaluate the thermal stability of FOX-7. A lightweight spherical titanium 
vessel was employed for the sample container. The isothermal experiments were carried 
out in a closed system and set to run at 200 °C and 210 °C respectively in argon.  

TG-DTA-FTIR-MS was applied to study the thermal behavior and identify the 
volatile products formed in the course of the experiment. A simultaneous TG-DTA 2960 
module was interfaced to a Boman MB100 FTIR and a Balzers Thermostar GSD300 
Quadrupole MS. The experiments were performed in helium and in air with 5 mg of 
FOX-7 at a heating rate of 5 °C min-1. An isothermal study with the same sample size 
was conducted at 190, 195, 200 and 205 °C in helium with a flow rate of 100 cm3 min-1. 
 
RESULTS and DISCUSSION  
Solid phase transition study by DSC 

The three solid-solid phase transitions prior to chemical decomposition are 
summarized in Table 1.  The first transition (α→β) is a second-order monoclinic-
orthorhombic transition that occurs over the temperature interval of 75-95 oC, but it is not 
visible by DSC. Consequently, we determined kinetics only for the second two solid-
solid phase transitions by DSC.  An endotherm was reported earlier by Jones et al.7 for 
FOX-7 over the 75-95 oC interval in a Heat Flux Calorimeter (HFC), which uses 50 mg 
sample sizes.  However, that endotherm did not appear for thermally cycled samples and 
was therefore attributed to impurities.  

 



Table 1.  Summary of phase transformation information from Bemm and Eriksson5

 phase formation T notes 
α  monoclinic, P2(1)/n, d = 1.91 g cm-3

β ~ 85 oC orthorhombic, 4.3 % volume increase from α 
γ ~115 oC formed directly from α at high heating rates 
δ ~155 oC  

 

 

 

 

Kinetic characteristics of the phase transitions are illustrated in Figures 1 and 2, 
which show the endotherms and exotherms for a first heating through the γ phase to the δ 
phase, a cooling and reversion to the α phase, and a second heating to the γ and δ phases.  
The largest uncertainty in the phase transformations is whether the broad feature that 
sometimes occurs during cool down in the vicinity of 150 oC is a reversion from δ to γ or 
merely a baseline problem.  It is possible that the reversion at 75 oC for cooling at 3 oC 
min-1 and at 50 oC at 30 oC min-1 is a direct transformation from δ to α phase.  The 
increase in reversion temperature with a decrease in heating rate is consistent with the 
previous observation of the reversion peaking at 102 oC for cooling at 0.3 oC min-1. 

A summary of the peak temperatures, Tp and enthalpy values, ∆H during the β→γ 
and γ→δ transformations at various heating rates, r is given in Table 2.  There is a small 
increase in the Tp of the endotherm in each case.  The standard deviations of Tp averaged 
0.25 oC for β→γ and 0.7 oC for γ→δ, so the overall increase is far greater than the 
uncertainty at any given heating rate.  There is no obvious dependence of ∆H on r, and 
the average enthalpies were 21.6 J g-1 for β→γ and 17.7 J g-1 for γ→δ. 
 

-1.20

-0.80

-0.40

0.00

0.40

25 75 125 175
Temperature, oC

H
ea

t f
lo

w
, m

W

1st heating

2nd heating

cooldown

β→γ γ→δ

γ←δ ?

α←γ ? 30 oC/min

 
Figure 1.  Cyclic heating and cooling of 

Fox-7 at 30 oC min-1. 
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Figure 2.  Cyclic heating and cooling of 
Fox-7 at 3 oC min-1. 



Table 2.  Summary of phase transition data at multiple heating rates. 

 β→γ γ→δ 
r/oC min-1 Tp/ oC ∆H/J g-1 Tp/oC ∆H/J g-1

0.1 114.5 25.3 158.5 15.0 
0.35 114.9 21.3 158.9 14.6 
1.0 115.8 18.7 160.4 16.8 
3.0 118.1 21.9 164.7 21.0 
10 119.7 21.5 163.8 18.7 
30 122.3 20.7 165.3 20.0 

 

One approach to derive kinetics for such a transformation is to use the 
equilibrium-inhibited Prout-Tompkins approach of Burnham et al.:7

-dx/dt = kxn(1-qx)m(1-1/Keq)         (1) 
where x is the fraction unconverted, k is the rate constant (k = Ae-E/RT), n is the reaction 
order, q is an initiation parameter, m is a nucleation-growth parameter, and Keq is the 
equilibrium constant for the transition (Keq = Koe-∆H/RT). A fit to the data, shown in Figure 
3, was obtained when Ko and ∆H were fitted as well as the Prout-Tompkins kinetics 
parameters.  The fit was obtained with the LLNL Kinetics05 program.  Note that the 
width of the transformation is underestimated at the lowest heating rate (probably 
because of a distribution of nucleation energies), and the induction time is underestimated 
at rapid heating rates.  A more detailed model would be needed to fit these aspects. 
 

 

Figure 3.  Measured and calculated 
fractions converted (β→γ) at heating 
rates of 0.1, 0.35, 1.0, 3.0, 10, and 30 
oC min-1 (left to right).  The model 
parameters are ln(A/s-1) = 64.9, E = 
215.0 kJ m ol-1, n = 1.34, m = 0.21, q 
= 0.999, lnKo = 13.1, and ∆H = 42.27 
kJ mol-1. 

  
The back-reaction during cool down also has thermodynamic and kinetic aspects.8  

The driving force for the reversion increases in proportion to the degree of undercooling, 
but the rate constant decreases exponentially with temperature.  Consequently, the two 
factors work in opposite directions for reversion, while they work in concert for 
conversion.  This accounts for the greater dependence of the peak temperature for 



reversion as a function of heating rate than for conversion.  A complete kinetic model for 
conversion and reversion will be reported at a later date. 

 
Thermal decomposition study by means of DSC and TG 

There are a few previous DSC investigations of FOX-7 thermal 
decomposition.5,6,7  For the most part, two exotherms are observed.  However, only one 
exotherm is observed by de Klerk et al.6 for a single crystal weighing 1.47 mg, and Jones 
et al.7 observe only a single exotherm in a HFC using 50 mg samples.  Furthermore, de 
Klerk et al. report a more pronounced first peak using TG and DTA for dry samples than 
wet samples, and Bemm and Eriksson5 reported that the temperature of the second 
exotherm is higher for finer powder and for samples prebaked at 135 oC.  Consequently, 
the kinetics of the decomposition probably depends on confinement conditions due to 
reactions between volatile products and remaining solid.  The decomposition kinetics we 
report here are for heat up of sub-mg powdered samples in an open pan by TGA and in 
hermetically sealed pans (with pinholes in the lid) by DSC, and their generality is not yet 
established.  

With that caveat, the peak temperatures, Tp and enthalpy values, ∆H for the two 
peaks are summarized in Table 3.  The total energy released decreases slightly as heating 
rate, r increases, but a more pronounced affect is that the fraction of heat released in the 
first peak decreases substantially as r increases.  Baseline drift causes the energies to be 
less certain at the lowest heating rates, but the shift in energy from the first to second 
peak as r increases is unmistakable.  The peak temperature of the first exotherm increases 
steadily with heating rate, and the apparent activation energy using Kissinger’s method is 
238.3 kJ mol-1.  The second peak is more problematic, undergoing an increase in Tp from 
0.1 to 1.0 oC min-1, above which the Tp is roughly constant.  Kissinger’s method applied 
to the 0.1 to 1.0 oC min-1 data yields an apparent activation energy of 322.4 kJ mol-1.  The 
invariance of Tp at higher heating rates could be due either to a mechanistic change 
related to the redistribution of heat from the second to first peak or to thermal runaway, in 
which the sample temperature is much higher than the measured temperature.  Peak 
temperatures for differential thermogravimetric analysis (DTG) are also reported in Table 
3 at the lowest three heating rates.  They agree extremely well with the DSC peak 
temperatures. 

Two more sophisticated methods of kinetic analysis were done:  isoconversional 
Friedman-type analysis, and a fit to parallel nucleation-growth reactions, both using the 
LLNL software Kinetics05. Due to the agreement in Tp for DSC and DTG as well as  



Table 3.  Summary of thermal decomposition data at multiple heating rates. 

 1st exotherm 2nd exotherm total 1st DTG 2nd DTG
r/ 

oC min-1
Tp/oC -∆H/ 

kJ g-1
Tp/oC -∆H/ 

kJ g-1
-∆H/ 
kJ g-1

Tp/oC Tp/oC 

0.10 202.3 1.98 261.7 0.61 2.59 201 260 
0.35 210.6 1.20 271.7 0.99 2.19 209 269 
1.0 217.3 1.20 278.6 1.14 2.34 217 277 
3.0 226.2 0.85 277.2 0.96 1.82 ⎯ ⎯ 
10 238.3 0.52 274.0 1.40 1.92 ⎯ ⎯ 
30 249.5 0.52 278.8 1.39 1.91 ⎯ ⎯ 

 

problems getting a good DSC reaction profile at the lowest heating rate due to baseline 
drift, the DTG data was used to derive the kinetic parameters, and those parameters were 
compared to a subset of the DSC data.  The nucleation-growth kinetics model is given in 
Table 4, and a comparison of measured and calculated reaction rates is given in Figure 4.  
This model was fitted simultaneously to both the reaction rate and fraction reacted, even 
though we show only the former.  The isoconversional model parameters are shown in 
Figure 5, and a comparison of measured and calculated rates is given in Figure 6.  The 
isoconversional fit is better (RSS about half as large), as would be expected, since it is 
essentially a 200 parameter fit rather than an eight parameter fit.  The isoconversional 
analysis yields an activation energy that is roughly constant and equal to that obtained 
from the model fitting for α>0.4.  For α<0.4 the isoconversional activation energy varies 
about the mean value determined from model fitting.  However, it is clear from Figure 4 
that a constant activation energy is not a good approximation for that reaction.  Also, the 
isoconversional kinetic parameters are very close to those reported by Roduit et al9 from 
DSC data over the same heating rate range. 
 
Table 4.    Kinetic parameters derived 
for two parallel nucleation-growth 
reactions from FOX-7 mass loss data. 
 
Parameter 1st reaction 2nd reaction 

fraction 0.422 0.578 
ln(A/s-1) 50.8 61.5 
E/kJ mol-1 219.4 307.8 
n 3.63 0.31 
m 0.89 0.00 

(constrained) 
 

Figure 4.  Comparison of measured and 
calculated rates of mass loss for FOX-7 
heated at 0.1, 0.34, and 1.0 oC min-1.  
Model parameters are given in Table 4.



 
Figure 5. Isoconversional kinetic 
analysis from LLNL Kinetics05 
software.  

 
Figure 6.  Comparison of measured and 
calculated rates of mass change as a 
function of heating rate for 
isoconversional kinetic analysis. 
 

Heat Flux Calorimetry (HFC) 
A modified heat flow calorimeter10 was used to study the decomposition behavior 

of FOX-7 at ambient and 8.85 MPa argon pressure. The curve of heat flow against 
temperature at ambient pressure shows one sharp exothermic peak (Figure 7). The 
exothermic peak at 233 °C, with a ∆H = -1.65 kJ g-1, suggests one-step decomposition 
under the experimental conditions used. This result is different from that observed in the 
DSC, which shows two exothermic peaks in this temperature range and a total larger ∆H 
of -2.10 ± 0.06 kJ g-1,7. However, the HFC thermal curve obtained at 8.85 MPa shows 
two exothermic peaks with an increased total ∆H of –3.04 kJ g-1, one large peak with a 
peak temperature of 239 °C and a small peak with a peak temperature of 244 °C (Figure 
7). The decomposition temperature shifts to higher temperature when the system pressure 
was increased under the experimental conditions used. This observation suggests that 
pressure may be one of the factors affecting the decomposition process of FOX-7. More 
detailed work on the pressure effect is in progress.  The two phase transitions at ~114 °C 
(β-γ) and ~159 °C (γ-δ) have also been detected in both runs of ambient pressure and 
high pressure, in agreement with the DSC results.  

 
Accelerating Rate Calorimetry (ARC) 

The thermal stability of FOX-7 has been investigated by the ARC technique using 
the heat-wait-search technique.7 In this work, an isothermal experiment on a sample of 
200 mg in argon was carried out at 200 °C, and it was set to run for 96 h in a closed 
system. Detectable heat release occurs after about 100 h, and sample runaway occurred at 
~233 °C. When the sample size was increased to 1 g for an isothermal temperature of 200 



°C, runaway was seen after 41 h due to the smaller heat loss per unit sample.  For a 1 g at 
210 °C, it took 28 h for FOX-7 to attain runaway. 
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Figure 7. HFC study on FOX-7: 
50 mg, 0.3 °C min-1 at p = 0.07 
and 8.85 MPa

TG-DTA-FTIR-MS measurements 
Simultaneous TG-DTA-FTIR-MS on FOX-7 at a heating rate of 5 °C min-1 in 

helium and air has been performed and the results are compared. Both TG-TDA curves 
(Figure 8) obtained in helium and air exhibit two-step decomposition with a total mass 
loss of   83 % in helium and 93 % in air. The higher mass loss in air suggests more FOX-
7 has been converted to volatile products. It is also noted that the second exothermic 
DTA peak is relatively larger in air than that in helium. This is probably due to the more 
violent reaction occurring in the second-step decomposition in air than that in helium. In 
addition, a minor mass loss prior to the major mass loss has been observed at a 
temperature of 161 °C in helium and 205 °C in air and we have assumed these mass 
losses are from impurities in the sample.  

The FTIR results revealed that the gases, CO2, HCN, N2O, NO2, HOCN, H2O, 
and NO, were generated from the two decomposition steps. HNO2 and HCOOH were 
also observed from the second decomposition step in both helium and air. More CO2 and 
HOCN gases were evolved in the second decomposition step in air than in helium. The 
mass spectra data also support the observations from the FTIR experiments.  

Isothermal TG-DTA-FTIR-MS experiments have been performed at 190, 200, 
205, and 205 °C in helium. Figure 9 represents the results obtained from one of these 
experiments at 205 °C. The Figure 10 shows DTG curves at various isothermal 
temperatures. On the basis of regression line of ln(time of maximum DTG) vs 1/T, the 
initial activation energy of decomposition was estimated as 191 ± 4 kJ mol-1 (Figure 10). 
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Figure 8. TG-DTA results for 5 mg FOX-7 heated in helium (top) and air (bottom) at 5 
°C min-1. 
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Figure 9. Isothermal (a) TG-DTA, (b) FTIR, and (c) MS data on FOX-7 at 205 °C 
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Figure 10. Isothermal DTG curves and kinetic analysis from TG- DTA data. 
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Figure 11. FOX-7 IsoKin – TG-DTA Isothermal Results Tiso = 190 - 205 °C. 
 

An isoconversional kinetic analysis was also performed based on the isothermal 
TG-TGA study with the software IsoKin.11 Figure 11 demonstrates the dependence of 
activation energy, Ea, on the extent of the first step decomposition, α. It was noted that 
the activation energy is constant within the 95 % confidence limits at the initial 
decomposition step 0<α<0.2, then decreases gradually in the range of 0.2<α<0.4, which 
suggests an autocatalytic reaction. This result agrees well with those obtained from the 
non-isothermal TG and DSC experiments over the same conversion range. 
 
CONCLUSIONS 

Cyclic DSC measurements on FOX-7 revealed that the phase changes through the 
γ phase to the δ phase for the first heating, then reverse to the α phase on cooling, and 

  



transform to δ phase via γ phase on the second heating. The phase reversion from δ to γ 
on cooling still needs to be further verified due to the its uncertainty and broad feature 
observed in this DSC measurement, the similar phenomenon has been noticed in the HFC 
cyclic study in our lab. The equilibrium-inhibited Prout-Tompkins approach has been 
used for kinetic analysis for these phase transformations. 

The total energy released from the two-stage decomposition measured by DSC 
decreases slightly as heating rate increases, but a more pronounced effect is the 
substantial decrease in the fraction of heat released in the first peak as heating rate 
increases. The apparent activation energies obtained via Kissinger’s method are 238.3 kJ 
mol-1 for the first decomposition peak and 322.4 kJ mol-1 for the second one.  Two 
approaches of isoconversional Friedman-type analysis, and a fit to parallel nucleation-
growth reactions have been used for kinetic analysis of the decomposition process. The 
isoconversional analysis yields an activation energy that is roughly constant for α > 0.4.  
For α < 0.4 the isoconversional activation energy varies about the mean value determined 
from model fitting.  

At ambient pressure one exothermic peak is observed in the HFC curve whereas 
at elevated pressure two exothermic peaks are observed with higher onset temperature of 
the first peak. This observation suggests that pressure may be one of the factors affecting 
the decomposition process of FOX-7. 

ARC results indicate that a larger sample mass accelerates the self-heating 
process of FOX-7 and that the time to onset of runaway is decreases as isothermal 
temperature increases. 

The simultaneous TG-DTA-FTIR-MS heating rate study performed in helium and 
in air shows the evolution of H2O, CO2, HCN, N2O, NO2, and HOCN from the two steps 
decomposition, and the generation of HNO2 and HCOOH from the second decomposition 
step. In the second step, more CO2 and HOCN were evolved and a higher mass loss was 
observed in air than in helium.  

The isoconversional kinetic analysis based on the isothermal TG-DTA data shows 
that the activation energy is approximately constant for α up to about 0.2, then drops 
gradually as α increases from 0.2 to 0.4, suggestive of a self acceleratory reaction. The 
results obtained from isothermal experiments are in good agreement with those from the 
nonisothermal experiments over the same conversion range. 
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ABSTRACT 
       Nucleation-growth kinetic expressions are derived for thermal decomposition of HMX from 
a variety of types of data, including mass loss for isothermal and constant rate heating in an open 
pan, and heat flow for isothermal and constant rate heating in open and closed pans.  Conditions 
are identified in which thermal runaway is small to nonexistent, which typically means 
temperatures less than 255 oC and heating rates less than 1 oC/min.  Activation energies are 
typically in the 140 to 165 kJ/mol regime for open pan experiments and about 150-165 kJ/mol 
for sealed-pan experiments. The reaction clearly displays more than one process, and most likely 
three processes, which are most clearly evident in open pan experiments.  The reaction is 
accelerated for closed pan experiments, and one global reaction fits the data fairly well.  Our A-E 
values lie in the middle of the values given in a compensation-law plot by Brill et al. (1994). 
Comparison with additional open and closed low temperature pyrolysis experiments support an 
activation energy of 165 kJ/mol at 10% conversion. 
 
Keywords:  thermal decomposition, chemical kinetics, activation energy, HMX, thermal analysis 
 
INTRODUCTION 

Optimizing the application of high explosives for innumerable applications often employs 
mechanistic models of the detonation process.  Such models usually require an estimation of the 
amount of gas generated and heat released as a function of time and temperature.  Methods for 
calibrating the gas and heat generation rates range from fitting empirical equations to complex, 
integrated experiments to detailed mechanistic chemical kinetic models.  

   Thermal analysis, specifically thermogravimetric analysis (TGA), differential thermal 
analysis (DTA), and differential scanning calorimetry (DSC) is frequently used as a part of 
developing global kinetic models of the decomposition process.  Unfortunately, the range of 
experimental results and kinetic parameters from these techniques is so great that some modelers 
regard such kinetic information with great skepticism, and justifiably so. 

                                                 
∗ This work was performed under the auspices of the U. S. Department of Energy by University of 
California, Lawrence Livermore National Laboratory, under Contract No. W-7405-Eng-48 

  



 The objective of this paper is to obtain meaningful global kinetic models for mass loss 
and heat generation for the decomposition of HMX.  We conclude that the best prior thermal 
analysis work is that of Wight and Vyazovkin [1], who took great effort to maintain conditions 
where thermal runaway of the sample is avoided.  We agree with their conclusion that the 
experiments must be done at relatively low temperatures or heating rates, that the mean 
activation energy for HMX decomposition is in the vicinity of 150 kJ/mol, and that it varies with 
extent of conversion, but the broadest range of experiments support an activation energy of ~165 
kJ/mol.  

Ancillary conclusions of Wight and Vyazovkin are that the best way to derive kinetic 
parameters is with “model free” isoconversional methods and that model fitting gives unreliable 
results.  We agree with their conclusion in that regard for the subset of data analysis procedures 
they considered, which are typical for the thermal analysis community.  However, we show that 
model fitting can be a useful approach to analyzing the data when multiple thermal histories are 
analyzed simultaneously.  Comparing behavior for isothermal and linear heating can also give 
insight into model validity. 

In addition, we show that the kinetic parameters for heat release and mass loss are not the 
same, because they measure different processes, and that the heat release kinetics depend on the 
nature of the sample confinement, which influences the extent of secondary reactions involving 
gaseous products.  Finally, we show based on an additional comparison to lower temperature 
decomposition work by Behrens and Bulusu [2] and Burnham et al. [3] that the global activation 
energy for HMX decomposition is probably about 165 kJ/mol for a reaction extent of 10%.  
Although the activation energies from any particular study may be higher or lower, this 
activation energy fits data from sealed tube experiments at 120 oC over 5 years to thermal 
analysis experiment taking a few minutes at temperatures up to 270 oC. 
 
EXPERIMENTAL METHODS 

The β-HMX used in this study was manufactured by Holston Defense Corporation (lot # 81 
H030-033) for Lawrence Livermore National Laboratory using the Bachmann synthesis process.  
It was determined to be >99.90% pure as analyzed by HPLC for RDX impurity.  Particle size 
analysis indicated that >90% of the material was between 30 and 500 µm diam.     

Simultaneous TGA and DTA measurements were carried out using a TA Instruments 
Simultaneous Differential Thermogravimetric Analyzer (SDT), model 2960, manufactured by 
TA Instruments.  Degradation was carried out under nitrogen carrier gas at a flow rate of 100 
cm3/min.  A Differential Scanning Calorimeter (DSC), TA Instrument Model 2920, and its 
associated software, Universal Analysis, were used for additional analyses.  All samples were 
weighed in a Sartorius MC 5 Electronic balance accurate to ≤ 5 µg.  All sample pan total weights 
were matched with a reference pan of the same mass (or within 100 µg) to match heat flow due 
to the heat capacity of aluminum for the sample and reference.  For kinetics measurements, 

  



sample weights of 0.5 mg or less were decomposed from ~20 oC to 350 oC at heating rates 
ranging from 0.1 to 1.0 oC/min or isothermally at or between 230 and 250 oC.  
 Such small sample sizes and heating rates were necessary to prevent thermal runaway.  A 
2-mg sample heated at 10 oC/min will self-heat faster than the programmed heating rate during 
decomposition, so it will actually cool during the last stages of decomposition to meet the 
programmed temperature [4].  From the profile shape, self-heating appears to start at a few 
oC/min.  Furthermore, the reaction profile is significantly distorted by the melting isotherm at 
rapid heating rates, as shown in Figure 1. 
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Figure 1.  Heat flow normalized to the 
integrated heat flow and divided by the 
heating rate for HMX heated in a 
perforated DSC pan at heating rates 
from 1.0 to 32.9 oC/min.  The 
endotherms ~280 oC are due to melting, 
and they shift at higher heating rates 
due to either kinetic or heat transfer 
limitations.  Temperatures were 
corrected by the relation Ttrue = Tmeas – 
Hr/10 determined by calibration with In 
and Sn at heating rates from 0.5 to 100 
oC/min. 

  
KINETIC ANALYSIS 

Data were collected and processed so that each experiment had between 100 and 1500 
points covering the region over which any reaction occurred.  Kinetic analysis was done with the 
LLNL program Kinetics05, which is an upgrade of a program described earlier [5].  Three 
principal methods of kinetic analysis were used.   

The first is Friedman’s method [6].  For an nth-order Arrhenius reaction, 
 
ln(-d(1-α)/dt) = -E/RT + ln(A(1-α)n),        (1) 
        

where α is the fraction converted and n is the reaction order.  A plot of ln(-d(1-α)/dt) at a given 
fraction reacted versus the 1/T value at which that conversion is reached for several different 
thermal histories will be linear with a slope equal to –E/R and an intercept of ln(A(1-α)n).   

The second is an extension [5,7] of Kissinger’s method [8], where a plot of a function of 
heating rate and Tmax versus 1/Tmax gives E/R from the slope and A/E from the intercept: 

 
ln(Hr/RTmax

2) = - E/RTmax + ln(A/E)       (2) 
 

  



Our extension looks at the ratio of the measured and calculated profile widths and the profile 
asymmetry to estimate other reaction parameters such as reaction order and nucleation 
characteristics. 

The third is nonlinear regression to an extended Prout-Tompkins (PT) model [5,7]: 
 
d(1-α)/dt = -k(1-α)n(1-q(1-α))m         (3) 
 

where m is a nucleation parameter, q is an initiation parameter ordinarily fixed at 0.99, and k = 
Aexp(-E/RT).  The nonlinear regression minimized the squared residuals simultaneously for a 
chosen criterion.  Ordinarily, we weighted each experiment equally and minimized the residuals 
for both the reaction extent and reaction rate. 
 
RESULTS 
Single reaction fits to mass loss 

Mass loss provides a measure of both evaporation and formation of volatile products.  Table 
1 summarizes the rate constants derived for mass loss from an open pan for both constant heating 
rate and isothermal conditions.  Isoconversional kinetics are determined for the two sets 
separately and agree qualitatively.  The modified Kissinger analysis gives a similar activation 
and frequency factor and initial estimates for reaction order and nucleation order.  Nonlinear 
regression of both sets separately and together gives similar results.  

The only definitive way to compare various kinetic expressions is to plot the data and 
calculations together.  In Figure 2, the reactions rates for the isothermal and constant heating 
rates experiments are compared to their respective fits.  The single reaction models fit reasonably 
well, but there are clear indications of multiple reaction processes.  In Figure 3, the fractions 
reacted for both sets of data are compared with all three sets of nonlinear regression kinetic 
parameters.  The three sets of parameters agree well with each other and the data at the highest 
temperature and heating rate.  The isothermal kinetic parameters become progressively slower 
than the other two as temperature decreases.  This is reflected in the higher activation energy 
from the isothermal experiments. 

Subsequent to the original analysis, we collected isothermal TGA data at 210 and 190 oC 
to increase the confidence in extrapolation to lower temperatures more typical of storage 
conditions and thereby obtain more reliable lifetime predictions. A first component with A= 
7.04×107 and E = 101.1 kJ/mol, accounts for 2% of the initial mass loss, and may well be loss of 
moisture.  The main component has A= 5.84×1013, E= 167.2 kJ/mol, n=0.823, and m=0.691.  
This activation energy is noticeably higher than for the 230-250 oC data, and the 190 oC data is 
largely responsible for the higher activation energy.  Even so, the calculated rate constant is not 
substantially different at the higher temperatures due to the compensation law effect, which will 
be discussed near the end of the paper. 

 

  



 
Table 1.  Kinetic parameters derived from mass loss for both constant heating  
rate and isothermal heating of HMX at LLNL. A is in s-1 and E and σE are in kJ/mol. 
 
 Constant heating rate Isothermal 
Friedman An=1 E σE An=1 E σE

0.1 9.13E+08 125.5 6.3 1.53E+11 148.8 6.9 
0.2 1.80E+11 146.1 0.5 1.44E+11 145.2 29.0 
0.3 1.91E+11 145.5 2.0 1.27E+09 123.8 23.8 
0.4 7.29E+10 140.6 0.8 3.20E+10 137.0 16.2 
0.5 6.39E+10 139.2 1.6 2.27E+12 154.6 11.2 
0.6 9.70E+10 140.0 3.1 1.91E+12 153.4 10.0 
0.7 2.75E+11 143.7 2.9 3.26E+12 155.3 21.9 
0.8 9.07E+11 147.7 2.2 6.97E+12 157.6 5.9 
0.9 5.20E+12 153.2 2.6 3.64E+13 162.9 2.7 
       
Kissinger An=1 E σE APT n m 
(c.h.r. only) 1.30E+10 135.6 3.5 3.54E10 0.649 0.722 
       
Nonlin. Reg. PT APT E n m T50%

*  
const. h. r. 1.087E+11 141.4 0.483 0.539 249.9  
isothermal 9.243E+11 148.9 0.901 0.740 252.0  
both 5.501E+10 137.7 0.639 0.647 250.9  
*Calculated temperature for 50% conversion at 0.5 oC/min 
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Figure 2.  Comparison of the isothermal and constant-heating-rate reaction rates with their 
respective fits to an extended Prout-Tompkins model.  The nonlinear regression analysis 
simultaneously minimized the squared residuals for both rates and fractions reacted for all 
experiments of each type. 
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Figure 3.  Comparison of all three models to fractions reacted at constant heating rates (left) and 
constant temperatures (right). The red curve is the fit to that the constant heating rate data, the 
turquoise curve is a fit to the isothermal data, and the blue curve is a fit to both data sets 
simultaneously.  
 
 
Kinetics of heat release from DTA at a constant heating rate 

Heat release does not necessarily follow the same kinetics as mass loss, in that they 
represent different weighted sums of complex processes.  The SDT apparatus provides a way of 
directly comparing how close the two processes are.  Of course, the full heat of detonation is not 
realized in an open-pan decomposition, nor is it possible to accurately measure the heat 
generated in an open-pan DTA experiment.  Consequently, for making this comparison, we have 
normalized the DTA results to match the initial reaction rate curves.   

The resulting comparison of mass loss and heat release at four heating rates is shown in 
Figure 4.  The multiple reaction processes noticed in the previous section for mass loss are 
clearer in the heat release profiles.  The low-temperature shoulder is close to the tallest peak at 1 
oC/min.  A high-temperature shoulder is also pronounced at 0.2 and 1 oC/min.  At 2.5 oC/min, the 
reaction profiles change qualitatively.  This probably corresponds to thermal runaway or gas-
phase ignition. 

The DTA data was fitted to the various kinetic models as before.  Table 2 reports both 
Friedman and modified Coats-Redfern isoconversional analysis.  The modified Coats-Redfern 
method is based on the integral (a la Ozawa-Flynn) rather than the rate as for the Friedman 
method.  Figure 5 shows a comparison of measured and calculated reaction curves for single and 
three-reaction nucleation growth models.  Although the three-reaction model provides a 
qualitative improvement in agreement with some aspects of the data, the overall residual sum of 
squares are about equal.  This lack of improvement is probably due to two factors.  First, the 
single-reaction model is truly optimized by the computer program, while the three-reaction 
model is partially optimized by iteration.  Second, the profile shape changes with heating rate, 

  



indicating that the reaction mechanism is not truly three independent parallel reactions.  
Consequently, the low temperature shoulder is overestimated at the low heating rate and 
underestimated at the high heating rate. 

 

1 oC/min

0.0

0.1

0.2

0.3

0.4

0.5

210 230 250 270
Temperature, oC

R
ea

ct
io

n 
ra

te

mass loss
heat release

0

0.01

0.02

0.03

0.04

0.05

0.06

190 210 230
Temperature, oC

R
ea

ct
io

n 
ra

te

mass loss
heat release

0.1 oC/min 0.2 oC/min

0

0.02

0.04

0.06

0.08

200 220 240
Temperature, oC

R
ea

ct
io

n 
ra

te

mass loss
heat release

2.5 oC/min

0

1

2

3

4

5

250 260 270 280
Temperature, oC

R
ea

ct
io

n 
ra

te

heat release
mass loss

1 oC/min

0.0

0.1

0.2

0.3

0.4

0.5

210 230 250 270
Temperature, oC

R
ea

ct
io

n 
ra

te

mass loss
heat release

0

0.01

0.02

0.03

0.04

0.05

0.06

190 210 230
Temperature, oC

R
ea

ct
io

n 
ra

te

mass loss
heat release

0.1 oC/min 0.2 oC/min

0

0.02

0.04

0.06

0.08

200 220 240
Temperature, oC

R
ea

ct
io

n 
ra

te

mass loss
heat release

2.5 oC/min

0

1

2

3

4

5

250 260 270 280
Temperature, oC

R
ea

ct
io

n 
ra

te

heat release
mass loss

 
Figure4.  Comparison of heat release and mass loss reaction rates for HMX at four heating rates. 
 
  
Kinetics of heat release from isothermal DSC 
Differential scanning calorimetry gives more reliable baselines than DTA for estimating reaction 
rates.  Even so, the thermal transients at the beginning of a nominally isothermal experiment do 
provide a challenge.  Our experiments were conducted in the modulated mode, with a peak-to-
valley amplitude of 10 oC and cycle frequency ranging from 1.6/min at 232 oC to 0.6/min at 251 
oC.  Fourier filtering is used to separate the reactive (irreversible) and heat capacity (reversible) 
components of the heat flow.  The kinetic parameters derived from this data are given in Table 3.  
The isoconversional activation energies are more variable and somewhat higher than from other 
experiments.  A comparison of the fit with the data is given in Figure 6.  The model fits the 
profile overall, but it misses a few key aspects.  First, the asymptotic approach to baseline is not 

  



  
Table 2.  Kinetic parameters from HMX DTA data at constant heating rates  
of 0.1, 0.2, and 1.0 oC/min.  A is in s-1 and E is in kJ/mol. 
 Friedman Modified Coats-Redfern 
Fraction reacted An=1 E σE An=1 E σE

0.1 1.29E+09 125.8 9.1 7.92E+09 137.4 7.9 
0.2 1.45E+10 134.5 6.7 6.78E+09 134.9 7.5 
0.3 1.96E+12 154.6 5.7 1.48E+10 137.1 7.5 
0.4 6.43E+11 149.3 1.6 3.29E+10 139.6 6.8 
0.5 6.54E+10 139.0 2.0 4.69E+10 140.5 5.7 
0.6 1.35E+10 131.4 2.4 4.69E+10 139.9 4.9 
0.7 1.73E+10 131.5 3.7 4.23E+10 138.8 4.6 
0.8 3.44E+10 133.7 3.5 4.33E+10 138.2 4.4 
0.9 9.41E+10 136.9 1.5 5.00E+10 138.0 4.1 
       
Single PT rxn. APT E n m  T50%

*

 5.957E+10  138.0 0.651 0.523  246.9 
       
Three PT rxns. APT E n m f 242.4 
 2.500E+10 127.6 1.00 1.00 0.29  
 9.600E+10 136.0 1.00 0.90 0.49  
 6.300E+10 136.0 1.00 0.50 0.22  
*Calculated temperature for 50% conversion at 0.5 oC/min 
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Figure 5.  Comparison of LLNL DTA data at 0.1, 0.2, and 1.0 oC/min with the one- and three-
reaction models in Table 2.  The residual sum of squares is not improved substantially, because 
the relative abundance of the three reactions does not appear to be independent of heating rate 
and the profile shape changes accordingly. 

  



consistent with the abrupt drop in the experiments.  The drop is not as pronounced at 232 oC, but 
that may be a baseline correction limitation.  Second, the fit tends to miss the sharpness of the 
initial rise in reaction rate and peaks at longer times for the two higher temperatures. 

Figure 7 compares the isothermal DSC data with calculations using the kinetics derived 
from the constant-heating-rate DTA data.  The calculations agree with experiment pretty well at 
the higher two temperatures, although they miss the change in relative height of the first two 
peaks from 241 to 251 oC.  However, they are too fast at the lowest temperature.  The slowness 
of the isothermal reaction rate at 230 oC appears to be a recurring theme.  
  
 
Table 3.  Kinetic parameters from HMX isothermal DSC 
data at 232, 241, and 251 oC.  A is in s-1 and E is in kJ/mol. 
 Friedman 
Fraction reacted An=1 E σE  
0.1 2.54E+15 187.2 43.9  
0.2 6.79E+09 130.4 22.0  
0.3 4.74E+09 128.2 8.1  
0.4 3.13E+12 155.5 1.9  
0.5 1.25E+15 180.4 4.1  
0.6 1.06E+16 189.0 13.4  
0.7 4.46E+16 194.7 21.6  
0.8 1.13E+18 208.1 29.0  
0.9 1.00E+19 216.6 17.4  
     
Single PT rxn.* APT E n m 
 2.324E+12  150.3 1.195 0.850 
*Calculated temperature for 50% conversion at  
  0.5 oC/min equals 247.9 oC 
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Figure 6.  Fit of isothermal open-pan DSC 
data at 232, 241, and 251 oC to a nucleation-
growth kinetic model. 
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Kinetics of heat release from closed pan experiments 

While the open-pan experiments are interesting and useful to learn about decomposition 
reaction characteristics, applications of high explosives involve confined spaces in which 
reaction products can undergo secondary reactions with one another.  Furthermore, it is well 
known that the amount of heat release in an open pan is substantially smaller than in a closed or 
partially closed pan.  Consequently, we undertook a study of heat release kinetics in a 
hermetically sealed pan.  The original intent was to fit the differences in open and closed pan 
experiments to a secondary reaction model, but the secondary reactions actually cause the entire 
reaction to complete faster, so they are not additive.  Comparing to the results in Figure 6, the 
reaction is completed about 5 oC sooner at 0.1 oC/min and 10 oC sooner at 1 oC/min.  
Consequently, we fitted the closed pan experiments to a single reaction model.  The results are 
summarized in Table 4, and a comparison of measured and calculated rates and fractions reacted 
are given in Figure 8.   

The highest heating rate data appears to be sharper and shifted to lower temperatures more 
than the lowest heating rate data, so one concern is that the highest heating rate may be 
approaching thermal runaway.  That would shift the activation energy above its correct value, 
with a compensating increase in the frequency factor.  

 
 

Table 4.  Kinetic parameters derived from constant heating rate of HMX  
in a hermetically sealed vessel at LLNL.  A is in s-1 and E is in kJ/mol. 
 Constant heating rate 
Friedman An=1 E σE

0.1 1.30E+10 136.4 0.5 
0.2 1.53E+12 154.8 11.7 
0.3 4.68E+13 167.9 12.9 
0.4 1.56E+14 171.7 6.8 
0.5 5.40E+14 175.8 3.4 
0.6 1.37E+15 178.4 12.0 
0.7 5.56E+15 182.8 19.1 
0.8 8.44E+16 192.7 19.9 
0.9 1.42E+19 212.3 20.6 
    
Kissinger An=1 E σE APT n m 
(c.h.r. only) 2.06E+12 156.1 31.7 8.678E+12 0.402 0.900 
       
Nonlin. Reg. PT APT E n m T50%

*  
const. h. r. 3.806E+13 164.4 0.320 0.635 250.0  
*Calculated temperature for 50% conversion at 0.5 oC/min 
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Figure 8.  Comparison of heat release from HMX at 0.1, 0.35, and 1.0 oC/min in a sealed pan 
with a fit to a single nucleation-growth model: rate (left) and fraction reacted (right). 
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Figure 9.  Comparison of literature values of rate constants and kinetic parameters, leading to 
the conclusion that a activation energy of ~165 kJ/mol is both consistent with the reaction rate 
over a wide temperature range [3] (left) but also in the middle (filled square) of those reported in 
the literature, as compiled by Brill et al. [9] (right). 
 

Figure 9 shows how the results in this paper fit in with the large body of literature on 
HMX thermal decomposition kinetics.  The left-hand figure is adapted from Burnham et al. [3], 
which shows how rate constants at 10% conversion from this work and from lower temperature 
work by Sandia workers fit on a straight line over six orders of magnitude and indicate an 
activation energy of ~165 kJ/mol.  This is essentially the same energy as determined by 
nonlinear regression in Figure 8.  These parameters (filled square) lie on the compensation-law 
line and in the middle of the pack of the Arrhenius parameters compiled by Brill et al. [9].  Also 

  



noteworthy in Brill’s compilation is that the rate constants from melted HMX tend to be in the 
high-activation energy range, which may be reflective of self heating. 
 
CONCLUSIONS 

A broad range of experiments and kinetic analysis methods indicates that the global 
activation energy of HMX is close to 165 kJ/mol, which is lower than determined by many 
workers using rapid thermal analysis. The lower activation energies result from more careful 
attention to using conditions in which sample self-heating is minimized, meaning sample sizes 
less than 0.5 mg and pyrolysis temperatures lower than about 260 oC.  At higher temperatures, 
both thermal runaway and interference of the melting endotherm prevent getting accurate 
thermal histories. 

The reaction in an open pan shows evidence for three global processes, although constant 
heating rate mass loss is described fairly well by a single nucleation-growth model.  The 
activation energies determined by model fitting to multiple thermal histories are similar to those 
determined by isoconversional analysis.   

The decomposition reaction is accelerated in a sealed pan, presumably because gaseous 
intermediates react with the decomposing solid.  The heat release in a closed pan completes 5-10 
oC sooner that either heat release or mass loss in an open pan.   A single nucleation-growth 
model fits the heat release from the sealed pan fairly well, and its use is preferable for cases in 
which a simple model is needed to predict high explosives performance. 
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ABSTRACT 

Decomposition kinetics are determined for HMX (nitramine octahydro-1,3,5,7-tetranitro-
1,3,5,7-tetrazocine) and CP (2-(5-cyanotetrazalato) pentaammine cobalt (III) perchlorate) 
separately and together.  For high levels of thermal stress, the two materials decompose faster as 
a mixture than individually.  This effect is observed both in high-temperature thermal analysis 
experiments and in long-term thermal aging experiments.  An Arrhenius plot of the 10% level of 
HMX decomposition by itself from a diverse set of experiments is linear from 120 to 260 oC, 
with an apparent activation energy of 165 kJ/mol.  Similar but less extensive thermal analysis 
data for the mixture suggests a slightly lower activation energy for the mixture, and an analogous 
extrapolation is consistent with the amount of gas observed in the long-term detonator aging 
experiments, which is about 30 times greater than expected from HMX by itself for 50 months at 
100 oC.  Even with this acceleration, however, it would take ~10,000 years to achieve 10% 
decomposition at ~30 oC.  Correspondingly, negligible decomposition is predicted by this kinetic 
model for a few decades aging at temperatures slightly above ambient.  This prediction is 
consistent with additional sealed-tube aging experiments at 100-120 oC, which are estimated to 
have an effective thermal dose greater than that from decades of exposure to temperatures 
slightly above ambient. 
 
INTRODUCTION 

Accelerated aging tests play an important role in assessing the lifetime of manufactured 
products.  There are two basic approaches to lifetime qualification.  One tests a product to failure 
over range of accelerated conditions to calibrate a model, which is then used to calculate the 
failure time for conditions of use.  A second approach is to test a component to a lifetime-
equivalent dose (thermal or radiation) to see if it still functions to specification.  Both methods 
have their advantages and limitations. 

A disadvantage of the 2nd method is that one does not know how close one is to incipient 
failure.  This limitation can be mitigated by testing to some higher level of dose as a safety 
margin, but having a predictive model of failure via the 1st approach provides an additional 
measure of confidence.  Even so, proper calibration of a failure model is non-trivial, and the 
extrapolated failure predictions are only as good as the model and the quality of the calibration. 
                                                 
* This work was performed under the auspices of the U.S. Department of Energy by the University of 
California, Lawrence Livermore National Laboratory under Contract No. W-7405-Eng-48. 
 

 



This paper outlines results for predicting the potential failure point of a system involving 
a mixture of two energetic materials, HMX (nitramine octahydro-1,3,5,7-tetranitro-1,3,5,7-
tetrazocine) and CP (2-(5-cyanotetrazalato) pentaammine cobalt (III) perchlorate).  Global 
chemical kinetic models for the two materials individually and as a mixture are developed and 
calibrated from a variety of experiments.  These include traditional thermal analysis experiments 
run on time scales from hours to a couple days, detonator aging experiments with exposures up 
to 50 months, and sealed-tube aging experiments for up to 5 years. 

Even though HMX and CP clearly interact with each other under severe thermal exposure 
conditions, the mixture is still quite stable thermally when compared to most energetic materials.  
Our conclusion is that sealed mixtures of HMX and CP will not have significant deterioration 
over a few decades at temperatures <40 oC. 
   
EXPERIMENTAL AND KINETIC METHODS 

HMX (Lot # 81H030-033) used in the thermal analysis experiments was manufactured by 
Holston Defense Corporation.  CP was manufactured by Pacific Scientific of Chandler, AZ.  Lot 
#82936 was used for the thermal analysis experiments, and Lot # 81931 was used for the sealed-
tube experiments.   

A Differential Scanning Calorimeter (DSC), TA Instruments Model 2920, and its 
associated software, Universal Analysis, were used to monitor the rate of reaction of HMX-CP 
mixtures.  These experiments used hermetically sealed pans.  Sample sizes were typically 0.45 
mg, and heating rates were 0.1, 0.35, and 1.0 oC/min.   

Weight loss measurements of HMX, CP, and mixtures thereof were carried out using a 
TA Instruments Simultaneous Differential Thermogravimetric Analyzer (SDT), model 2960, and 
TA open aluminum pans.  From 0.4 to 3 mg of total material was used, but never more than 1.5 
mg total (HMX + CP).  Degradation was carried out under nitrogen carrier gas at a flow rate of 
100 cm3/min.  Isothermal experiments were conducted between 190 to 250 oC.   

A group of detonators containing CP and HMX were aged isothermally in ovens at 50, 
75, and 100 oC for periods of 24 and 50 months.  Three to five detonators were exposed at each 
condition.  Two detonators were analyzed at the start for a baseline.  Five detonators were held at 
room temperature for 50 months and used as controls.  Independently, a set of sealed tubes 
containing only HMX were heated for up to 5 years at temperatures of 60, 80, 100, and 120 oC, 
with evolved gases analyzed at six months intervals.  A subsequent set of sealed-tube 
experiments exposed 100 mg of HMX, 100 mg of CP, or 200 mg of a 50/50 mixture for one 
week and one month at temperatures of 100 and 120 oC.   Tubes were backfilled with 1% Ar in 
He at a pressure of ~1 atm.  The evolved gases were analyzed by gas chromatography.  In order 
to resolve water and ammonia in addition to other gases, a Haysep C column was used.  

Chemical reactions are often treated mathematically as 1st-order reactions with their 
temperature dependence described by the Arrhenius rate law:  k=Aexp(-E/RT), where E is the 
activation energy.  Even when the reaction is not 1st-order, it is generally possible to describe the 
temperature dependence at any specific reaction extent as an exponential function of 

 



temperature.  In the simplest form, plotting the inverse of the time for a given reaction extent 
versus reciprocal temperature will be a straight line with slope -E/RT.  More generally, this 
method is called isoconversional kinetic analysis when E is determined as a function of reaction 
extent. 

A reaction model we have found to be particularly adaptable to a wide range of materials 
is the extended Prout-Tompkins model1,2 
 
 dα/dt = k(1-q(1-α))m(1-α)n ,        (1) 
  
where α is the fraction reacted, n is the reaction order, m is a nucleation-growth parameter, and q 
is an initiation parameter.  It has limits of the original Prout-Tompkins model (m = n = 1), a first-
order reaction, and an nth-order reaction, which is equivalent to a gamma distribution of 
frequency factors.1  This reaction model was fitted to some data sets using the LLNL kinetic 
analysis program Kinetics05.1 
    
RESULTS AND DISCUSSION 

A.  Long-term Aging Studies of HMX-CP Mixtures in Detonators.  The fractions 
decomposed in these experiments can be used to calibrate a kinetic model for extrapolation to 
other times and temperatures.  Equation (1) was used with n and q constrained to 1.00 and 0.99, 
respectively.  The results are shown in Figure 1.  The reaction is strongly acceleratory, or 
autocatalytic, as indicated by the m value of 1.83.  This means that the reaction quickly takes off 
after a long period of latency (induction period).   
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Figure 1.  Observed and calculated fractions of HMX decomposed for a fit of an extended Prout-
Tompkins nucleation-growth model to the Sandia detonator aging studies.  The kinetic parameters are 
A=8.95×108 s-1, E=109.7 kJ/mol, m=1.83, n=1.00, and q=0.99.  Two scales are shown for a better view of 
the comparison between experiment and calculation.  The acceleratory nature of reaction causes it to be 
nearly complete by 5 years at 100 oC. 
 

 



B.  HMX decomposition kinetics.  To assess whether the amount of gas generation from 
the detonator experiments is greater than expected for HMX alone, results from a variety of 
HMX experiments were compiled and analyzed.  These results were obtained from open-pan 
TGA, sealed-pan DSC, and gas-generation measurements at high and low temperatures.  Data 
was taken from the literature3,4 and from experiments conducted specifically for this work.  The 
objective was to determine whether the reaction follows a single activation energy over a wide 
temperature range and to estimate rates of gas generation rates at the detonator aging 
temperatures (50-100 oC).  
 Kinetic analysis of isothermal TGA data from 190 to 250 oC and nonisothermal TGA and 
DSC data for heating rates from 0.1 to 1.0 are summarized in Table 1 and Figures 2-4.  The main 
stage of the reaction (ignoring minor mass losses due to moisture and sources near the β→δ 
phase transition) is well characterized by a single autocatalytic reaction, even though deviation 
from the model indicates the presence of multiple rate processes.  The deviation from a single 
peak is most noticeable at the slowest DSC heating rate in Figure 4. 

For the open-pan isothermal TGA experiments, a 2% weight loss occurred essentially 
during sample heatup, likely occurring due to loss of residual moisture.  Kinetic parameters are 
reported for only the main stage of HMX decomposition in the ramped TGA and DSC 
experiments.  In the TGA-DTA experiments, a weight loss process occurred just above the solid-
solid phase transition, but the amount of weight loss was inversely proportional to heating rate.  
At high heating rates, the weight loss spikes might be associated with either a small exotherm or 
endotherm in the DTA and may be due to impurities.  At low heating rates where the mass loss 
was larger, there was a larger exotherm, which may result from interaction with the purge gas 
(residual moisture or oxygen) during the extended heatup.  It is not obvious that any of these 
early signals are related to HMX decomposition itself.  In the DSC experiments, no early 
processes could be distinguished from the phase transition endotherms.  Consequently, we do not 
have any convincing evidence in any of the three data sets that there is a HMX decomposition 
process other than the main reaction, i.e., the continuous and obvious process occurring, for 
example, between 200 and 270 oC in Figure 3.   

Even though a good fit to the main reaction can be obtained with a single nucleation-
growth reaction model, it must be emphasized that it is not a single homogeneous process.  
Inflections in reaction rate plots show clear evidence for multiple overlapping processes.  
Empirical models having three parallel reactions have been developed to attain a marginally 
better fit,3 but they have not been used in this study. 

Behrens and Bulusu4 studied the decomposition of HMX using evolved gases as a 
measure of the reaction.  This particular paper added data in the 175-200 oC range to earlier work 
from 210 to 235 oC.  The reaction showed clear evidence of induction and acceleratory phases, 
and HMX sublimation contributed significantly to the gas formation rate in the early stages of 
the reaction.  Individual gas species had different release kinetics, e.g., evolution of CH2O lags 
that of N2O. 

 



Behrens and Bulusu4 describe their kinetics in terms of three sequential processes, which 
over the small reaction interval studied, are essentially straight lines.  The first process is an 
induction period, in which gas generation occurs, and the induction time is described by an 
Arrhenius-like relationship.  The acceleratory phase is described by two sequential first-order 
reactions operating over time intervals that are calculated to achieve prescribed fractions reacted.   

Equation (1) automatically achieves these characteristics with a continuous function.  
Consequently, we reanalyzed the results of Behrens and Bulusu using our approach.  The results 
are shown in Figure 5.  The model fits the data well.  The resulting A and E parameters are 
intermediate between Behrens’ first and second acceleratory phase Arrhenius parameters.  Figure 
6 shows a similar comparison to the fractions reacted calculated from the main reaction of our 
kinetic expression calibrated on open-pan TGA data (Table 1).  The agreement is very good at 
200 oC and within a factor of two at 175 oC.  The gas evolution data is more strongly 
autocatalytic, and there may be a contribution from sublimation to the TGA model. 

 
Table 1.  Summary of kinetic parameters from thermal analysis of HMX sample B-844.   
 fraction A, s-1 E, kJ/mol m n 
Isothermal TGA  0.02 7.04×107 101.1 0.00 1.00 
     (open pan, 190-250 oC) 0.98 5.84×1013 167.2 0.691 0.823 
Ramped TGA  1.00 1.087×1011 141.4 0.539 0.483 
     (open pan, 0.1-1.0 oC/min) see text     
Ramped DSC  1.00 3.81×1013 164.4 0.635 0.320 
     (hermetically sealed pan) see text     
 
 Another source of HMX decomposition data comes from multi-year, low-temperature, 
sealed-tube experiments at Sandia-NM.  N2O generation over 5 years for temperatures ranging 
from 60 to 120 oC are shown in Figure 7.  For example, these experiments achieved 5% HMX 
decomposition in 2.7 years at 120 oC, based on the conversion of HMX nitrogen to N2O, which 
is the only gas reported.  By analogy to the aging experiments summarized in Table 1, we 
estimate that the fraction reacted as measured by mass loss of HMX would be only half a great as 
that estimated from nitrogen conversion.  Similarly, the maximum yield at 100 oC (as measured 
by N2O generation) was 1% from 1.5 to 3.5 years.  These and additional 80 oC experiments result 
in a low apparent activation energy of 96 kJ/mol.  However, the flatness in 100 oC gas yield from 
1.5 to 3.5 years is reminiscent of a faster process for the first percent or so of decomposition in 
thermal analysis experiments and may not be representative of the bulk reaction.   

A requirement for kinetic analysis is that unless the reaction is demonstrated to follow an 
assumed model exactly, one must use comparable extents of reactions at all measurement 
temperatures for the A and E determination or they can be distorted by the characteristics of the 
model assumed—either higher or lower than the true values.  Consequently, kinetics parameters 
calibrated on this low conversion data are not particularly reliable.  Instead, we view this data, 
particularly the rate at 120 oC, as an excellent way to test the extrapolation of the more extensive 
work at higher temperatures to the conditions of interest for the accelerated aging tests.
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Figure 4.  Comparison of model (lines) and 
experiment (points) for DSC heat release in a 
hermetically sealed pan at heating rates of 0.1, 
0.35, and 1.0 oC/min.   
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Figure 2.  Comparison of model parameters in 
Table 2 for isothermal weight loss from HMX 
(open-pan TGA).  Two time scales are shown 
enable a comparison over the entire temperature 
range.  Only partial reaction was achieved at 190 
oC due to the slowness of the reaction.  The 
autocatalytic character (m>0) is particularly 
evident at the lower temperatures where it is 
clearly separated from thermal heatup. 

Figure 5.  Extended Prout-Tompkins 
autocatalytic model for the low temperature 
HMX decomposition data of Behrens and 
Bulusu4 using q=0.9999. The resulting kinetic 
parameters were A= 7.71×1018 s-1, E = 210.1 
kJ/mol, and m=0.676.   
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Figure 3.  Comparison of model and experiment 
for weight loss (open-pan TGA) at heating rates 
of 0.1, 0.2, and 1.0 oC/min, from left to right, 
respectively. The thin line is the model. Figure 6.  Comparison of HMX reacted from 

gas evolution data4 with that calculated from 
isothermal TGA kinetics (Table 1).  

 

 



Are these various kinetic expressions are consistent with the accelerated aging test data 
and therefore are a reliable estimator of storage lifetime of components containing HMX?  
Figure 8 compares the time to achieve 10% HMX decomposition for various kinetic experiments 
and models, which would certainly raise concern about HMX performance in a component.  The 
various experiments actually agree very well and imply an overall activation energy of about 165 
kJ/mol for the first 10% of the reaction from 120 to 270 oC.  The reaction time at the lower 
temperature (100 oC) time of the sealed-tube experiments falls above the trend line from the 
other experiments, but it is not as reliable due to the extremely low extent of reaction.  The 80 oC 
result from Figure 7 would continue that trend line, but it is an even less reliable basis to estimate 
a time for 10% conversion due to the very low extent of reaction. 

 The gas yields from the detonator aging tests are clearly greater than for HMX 
decomposition alone by a factor of about 30, since all the results from disparate experiments 
follow the same basic trend line from 270 oC down to at least 120 oC.  Even though the 100 oC 
data point for HMX alone indicates nearly a tenfold enhancement in HMX decomposition in the 
CP-HMX detonator.  Additional information supporting an enhanced HMX decomposition in the 
detonator aging tests is given in the following section, which explores the decomposition of 
HMX-CP mixtures.  
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Figure 8.  Compilation of rate constants for 
HMX decomposition from a variety of 
experiments.  Rate constants are expressed 
in terms of the reciprocal time needed for 
10% decomposition.  The filled squares for 
the sealed-tube experiments represent a most 
likely value based on estimated mass loss.   

 
C.  High-Temperature Decomposition of CP and CP-HMX mixtures.  The enhanced 

decomposition of HMX in the detonator accelerated aging experiments over that expected for 
HMX alone suggests that CP and HMX are interacting with each other.  Consequently, a series 
of DSC experiments were performed with CP by itself and CP mixed with HMX.  The 

 



experiments used hermetically sealed pans, and the reaction rate was monitored by heat flow.  
The working hypothesis was that trace gases evolved from the early stages of CP decomposition 
accelerate the decomposition of HMX.  There was some variability in the measured reaction 
rates, so the most representative runs from at least three replicates was used in this analysis. 

Examples of the heat release for CP by itself at three different heating rates are shown in 
Figure 9.  These reaction profiles are similar to those reported by Massis et al. for a sealed pan.5  
Due to variability of the reaction profiles, no detailed kinetic analysis was attempted.  However, 
analysis of the shift in Tmax of the sharp exotherm, using Kissinger’s method,6 yielded an 
activation energy of 196.9 kJ/mol.  Searcy and Shanahan7 report that the decomposition occurs in 
three stages.  Stage I is an endothermic process that includes the dissociation of ammonia ligands 
from the cobalt atom, rearrangement of the 5-cyanotetrazolato ligand, and oxidation of the cobalt  
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Figure 9.  Reaction profiles for decomposition 
of CP by itself.  The first stage of decomposition 
gives the endotherm most evident for 0.35 
oC/min at 240 oC. 

 to the +2 oxidation state.  Stage II is the 
oxidation of the ligands around the cobalt 
atom by the perchlorate ion, and Stage III is 
the oxidation of the residual solid products 
by the perchorate ion.  Because the 
decomposition in a open system occurs 
faster, more or less at the temperature of the 
endotherm in a closed system, it has been 
postulated that ammonia inhibits the 
exothermic decomposition.5  However, the 
endotherm itself appears to be accelerated 
by ammonia.8  Regardless of the details of 
the complete decomposition mechanism, it 
is possible that the ammonia liberated during 
the early, endothermic stage of CP might 
react with HMX to accelerate exothermic 
decomposition reactions for HMX.     

To investigate possible acceleration of HMX decomposition by early CP gaseous 
products, CP and HMX mixtures were heated at both a constant temperature and heating rates.  
Both show clear evidence for acceleration of HMX decomposition by CP. 

Results for ramped heating in hermetically sealed DSC pans are shown in Figure 10.  The 
primary exotherm of the mixture is clearly ~20 oC lower than HMX, whose exotherm precedes 
that of CP by a similar amount.  The 20 oC shift in the reaction profile of the mixture compared 
to neat HMX corresponds to an increase in the reaction rate by a factor of 6.  The very beginning 
of the endotherm for CP alone, particularly evident at a heating rate of 0.35 oC/min, is similar to 
the beginning of the exotherm of the mixture.  The peak of the neat CP endotherm corresponds to 
the early stages of HMX decomposition by itself.  These simple observations provide support for 
the hypothesis that ammonia released from CP enhances the decomposition of HMX. 

 



Due to the complexity of the reaction profile of the mixture in Figure 10, no 
comprehensive kinetic analysis was attempted.  However, the first exothermic peak in the HMX-
CP mixture is described fairly well by a nucleation-growth model having parameters of 
A=2.22×1013, E=154.8 kJ/mol, and m and n ≈1.  Even though this activation energy appears to be 
lower than the mean value of 165 kJ/mol for neat HMX, we cannot be sure due to the variability 
in replicate runs.   

 Results for the isothermal TGA experiments for CP, HMX, and the CP-HMX are shown 
in Figure 11.  Again, the weight loss of the mixture is clearly that the two materials 
independently, even though these experiments were conducted in open pans.  A quantitative 
measure of the acceleration is difficult due to changes in character from experiment to 
experiment of the initial weight loss from neat CP, but generally speaking, the decomposition of 
the mixture is 3-5 times faster than either HMX along or a weighted average of the two materials 
independently.  This result is qualitatively consistent with the nonisothermal DSC experiments in 
Figure 10.  

The acceleration appears to be greater at the lowest temperature, which supports the 
concept that the activation energy for decomposition of the mixture is lower than that for HMX 
alone.  Perhaps significant is that Pickard et al.8 report an activation energy of 147.3 kJ/mol for 
the endothermic decomposition stage of CP, which is strikingly close to our estimated value for 
the CP-HMX mixture. 

The kinetic results for the CP-HMX mixtures are shown with earlier results for HMX 
alone in Figure 12.  The limited number of kinetic experiments and the variability in the results 
prevent a quantitative prediction of the mixture reactivity at 100 oC and below, but one can make 
a qualitative prediction.  First-order kinetic parameters for HMX consistent with the various 
experiments are A=2×1013 s-1 and E=165 kJ/mol.  If we assume that the correct activation energy 
for the mixture is 147 kJ/mol, the corresponding frequency factor must be 1.2×1013 s-1 to have a 
6-fold faster rate constant at 200 oC.  When these two rate expressions are extrapolated to 100 
oC, one finds that the rate constant for the mixture is 20 times faster than for HMX alone.  
Consequently, we can conclude that the combination of the faster rate for the CP-HMX mixtures 
at high temperatures and a lower activation energy result in an extrapolated reactivity that is 
qualitatively consistent with the enhanced gas generation observed in the Sandia detonator 
accelerated aging tests.   

D.  Short-term Aging Studies of HMX, CP and HMX-CP Mixtures.  Because of the 
HMX-CP interactions found for relatively severe thermal exposures in the thermal analysis 
experiments, additional sealed-tube experiments were conducted for 1 week and 1 month at 100 
and 120 oC.  In all cases, the estimated amount of HMX decomposition is less than 0.1%.  The 
amount of HMX decomposition may be as much as two times larger than with HMX alone, but it 
certainly is not substantially different.  The amount of HMX decomposed individually is 
qualitatively as expected.  A simple linear extrapolation of Figure 10 (dividing by two to obtain 
mass loss) predicts ~0.08% mass loss for one month and 0.02% for one week at 120 oC, in 
excellent agreement with these experiments.  Similarly, a linear extrapolation of Figure 10  
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Figure 10.  Comparison of DSC reaction 
profiles of HMX, CP, and CP-HMX mixtures.  
Note that the endothermic reaction for CP is 
coincident with the exothermic decomposition of 
HMX, and it is particularly evident in the 
profiles at 0.35 oC/min.  Even though the CP-
HMX mixture decomposes faster than either 
individually, one should compare the mixture 
Tmax of 240 oC at 1 oC/min to the corresponding 
values of 180 oC for PETN, 215 oC for RDX, 
and 275 oC for TNT. 
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Figure 11.  Comparison of isothermal weight 
loss for neat HMX and CP and mixtures of the 
two materials.  The time for 10% weight loss is 
accelerated 3-5 times compared to either HMX 
alone or a weighted average of the two materials 
independently.  The sharp mass loss for 
corresponds to a sharp exotherm in the 
simultaneous delta T signal in the SDT 
apparatus and probably corresponds to rapid 
oxidation by perchlorate. 

 



results predicts 0.02% decomposed for one month at 100 oC, again in excellent agreement with 
these short-term aging studies.  The decomposition enhancement of less than two times for 
HMX-CP mixtures in these experiments might be due to being too early in the autocatalytic 
interaction.  Although both HMX and CP decomposition by themselves are autocatalytic, the 
detonator results are more strongly autocatalytic than HMX by itself.  Consequently, there may 
be insufficient CP decomposition products at this early stage to have had an acceleratory effect 
to the extent observed in detonators heated for 50 months at 100 oC.  

E. Lifetime Predictions for Storage Conditions.  Storage temperatures for explosives 
would typically be less than 40 oC, and the desired lifetime of the component would be a few 
decades.  The allowable amount of degradation would depend on application, but it is likely in 
the 1 to 10% range.  Figures 12 and 13 strongly support the validity of an Arrhenius 
extrapolation.   

Although the precise lifetime may be difficult to predict, one can establish bounds by 
approaching the issue from different directions.  First, we extend the Arrhenius plot previously 
shown in Figure 12 to estimate how much time would be required for 1 to 10% decomposition of 
the HMX.  This extrapolation is shown in Figure 13.  We can estimate the time for the lifetime-
equivalent thermal dose in accelerated aging experiment using these activation energies and 
compare conclusions to the failure extrapolation approach. 

The extrapolation based on a combination of the high temperature thermal analysis 
experiments and the gas yields from the accelerated aging tests predict that >100,000 years are 
needed to attain 10% HMX decomposition at 30 oC.  The extrapolation based on kinetics derived 
solely from the accelerated aging tests is less favorable due to the lower apparent activation 
energy.  Even so, the mixtures would be expected to survive for ~10,000 years based on this 
extrapolation.  The equivalent-lifetime thermal-dose approach comes down clearly on the side 
that the lifetime of HMX-CP mixtures is much greater than required.  Using a conservative value 
of 150 kJ/mol for E, one finds that 2 days at 100 oC and less than one hour at 120 oC are 
equivalent to 50 years at 40 oC.  Equivalent times for 30 years at 30 oC are 10 times less.   
 
CONCLUSIONS 

HMX shows enhanced decomposition in the presence of CP in both high-temperature 
thermal-analysis experiments and lower temperature detonator experiments.  Even so, kinetic 
extrapolations to a hypothetical storage temperature of 30 oC indicates that such mixtures would 
still last for thousands of years.  Although the amount of HMX decomposition that is acceptable 
depends on application, it is reasonable to use a degradation value between 1 and 10% in a first-
cut assessment.  The predicted time for 10% decomposition is calculated to be from 10,000 to 
100,000 years, based on models calibrated on detonator aging tests alone and a combination of 
the sealed-tube aging and thermal analysis tests.  The activation energy from the latter is 
probably more reliable, giving the longer lifetime prediction.   
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Figure 12.   Arrhenius plots for HMX alone, 
HMX-CP mixtures, and the Sandia aging tests.  
The enhanced gas yields from the accelerated 
aging tests are qualitatively consistent with an 
extrapolation of the high-temperature thermal 
analysis experiments of CP-HMX mixtures. 
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Figure 13.  Prediction of mixture lifetimes at 30-
40 oC based on an Arrhenius extrapolation of 
high-temperature and accelerated aging tests.  The 
predicted lifetimes are much greater than required. 

 
These long lifetimes must be qualified by the possibility that a low activation energy 

process related to oxidation or hydrolysis could cause a curvature of the Arrhenius relationship, 
even though there is substantial evidence in the literature that Arrhenius relationships can persist 
for >10 orders of magnitude differences in reaction rates.  However, sealed-tube tests at 120 oC 
for a month, which actually represents an overtest of the material by several orders of magnitude, 
do not show any evidence of substantial reaction.  This time is long enough that internal 
diffusion limitations should be negligible, and enhanced importance of oxidation or hydrolysis 
reactions could only occur if there were a continuous supply to replace depletion by reaction.  
Consequently, we consider this mechanistic possibility remote. 
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NEW APPROACH ON HAZARD CLASSIFICATION TESTING OF AMMUNITION 

ITEMS UNDER DIFFERENT CONDITION 
A.K.KALSY 

 ADDL.GENERAL MANAGER 
INDIAN ORDNANCE FACTORIES, INDIA 

ABSTRACT 
 

One of the Indian Ordnance Factories basically designed and meant for 
manufacture of small Arms Ammunitions was required to produce High Caliber High 
Explosive Mortar Ammunition. 
 
02. In the absence of much technical data and inadequate experience in the field the 
expansion of the factory was not possible due to fast urbanization around the geometrical 
location.  In addition the Storage and Transport of Explosive Committee (STEC) 
regulations being very stringent does not allow the construction of additional process 
buildings or expansion of the factory.  
 
03. Since no deviations from the STEC regulations were permitted, the management 
of the Ammunition Factory was left with no other option but to study and evolve new 
concepts to process & hold higher quantum of explosives.  To tide over the situation, 
various aspects pertaining to explosives manufacturing/handling were studied by factory 
personnel in co-ordination with local safety experts like Directorate of Explosive Safety.  
A good number of new concepts were evolved and established after carrying out certain 
trials.  They are as  below : 
 

(i) Application of unit risk formula by suitably partitioning the building with 
Reinforced Cement Concrete (RCC)/brick walls of appropriate thickness. 

(ii) Providing additional protective feature in the form of blast walls/traverses 
and other geometric protection between buildings. 

(iii) Handling of ammunition/explosive in clusters of suitable quantities which 
are inter-spread with the distance equivalent to crater radius of Net 
Explosive Content (NEC) of explosives handled so as to avoid 
sympathetic detonation. 

 
04. However, cream of these efforts lies in contemplating and conducting various 
classification trials involving Ammunition and Explosives.  Broadly these trials involved 
Hazard Classification Testing of Mortar Ammunition; Anti Personnel Mines, Propellants 
and Pyrotechnic stores in semi finished and finally packed conditions as handled in the 
process, transit and storage buildings. 
 
05. The encouraging results, as enumerated in Annexure I & II have opened a new era 
in Indian Ordnance Factories consequent to which no ammunition/explosives are handled 
in the absence of proper data gathered by conducting suitable trials. 
 



 Normally, whenever developmental productionisation items are undertaken in the 
absence of any data about its behaviour a higher category of UNHD i.e. 1.1 would 
normally be assigned to these items. 
 
 Assigning higher category and human nature "fear for the unknown" used to 
create a sort of lurking fear in the minds of personnel engaged on the operations of such 
new items. 
 
 However, categorization trials helped to show the behaviour of stores when 
detonated or ignited and sometimes would also indicate the lower hazard division 
atmosphere in the building reducing the tension level amongst the operators handling 
explosives stores.  These trials have proved very fruitful barring an exception of trials for 
packed higher caliber ammunition which is assigned as HD 1.1.  Trial in this respect did 
not show any inclination to bring down its hazard division to HD 1.2. However, this 
failure also promoted to think of some minor modifications to the existing package which 
may finally give us favorable results. 
 
 

A number of trials in respect of various propellants were carried out by Indian 
Ordnance Factories Board in association with Directorate of Explosives Safety and it was 
astonishing to note that propellants which were erstwhile treated as HD 1.1 behaved as 11 
D 1.3. 
 
     Experimental details of trials conducted on propellants have been enumerated in 
Annexure III. 
 

It would be noteworthy to mention that the trials carried out conforming to guide 
lines stipulated in the ON publication on “Transport of Dangerous Goods - Tests & 
Criteria” of 1986.  It is further desired that exchange of reports pertaining to such trials 
should take place between Indian Ordnance Factories and other foreign Institutes 
engaged in the field of explosives handling and safety like Explosive storage and 
Transport Committee (ESTC) London or Department of Defense Explosive Safety Board 
of United States of America.  This will enable the factories not only to follow universal 
code of UN hazard division but also common hazard division for similar stores/ 
explosives. 
 
 
 
 
 
 
 
 
 
 



 
Annexure I 

 
 
Sl.N

o 
 
 

(1) 

Store Under Trial 
 
 

(2) 

Back Ground for 
Conducting Trial 

 
(3) 

 

Brief 
Description 

of Trial 
(4) 

Out Come of 
Trial 

 
(5) 

Remarks 
 

 
(6) 

1 Medium Caliber 
Mortar HE filled 
& fuzed 
Ammn.packed in 
container Assy 
13-A(700 gms 
TNT) 

A new plastic 
container package 
(container 10C 
packed in carrier 
13-A) was 
introduced in the 
Ammunition 
packing.  In the 
absence of any 
data about 
behaviour of 
bombs in this net 
pk. HD. 1.1 was 
assigned to 
packed ammn.  
Due to inadequate 
QD available for 
HD 1.1, explosive 
limit violations 
were on the 
increase. 

One carrier 
13 – A 
containing 4 
rounds was 
kept in a pit 
dug in the 
ground and 
was tamped 
with sand 
bags all 
around.  
Once bomb 
in the box 
was 
detonated 
using CE 
pellet, safety 
fuze, PEK – 1 
and 
detonator.  
Trial was 
repeated 3 
times. 

Three other 
rounds in the 
container 
assy did not 
detonate 
sympathetical
ly and hence 
we could 
assign HD 
1.2 to 
medium 
caliber mortar 
ammn bombs 
packed in 
new package. 

No more explosive limit 
violations in the packing 
building. 

2 High Caliber 
Mortar Ammn 
filled & ligged 
(2500 gms TNT). 

 High caliber 
mortar ammn, 
filled and plugged 
belongs to UNHD 
1.1.  These 
Bombs are 
required to be  
stored in  
interstage storage 
bldgs. Before 
subjecting for 
further 
operations.  
However storage 
are not adequate 
enough for 
required no of 
bombs which are 
assigned HD 1.1. 

Specially 
designed 
pigeon hole 
wooden racks 
were 
fabricated 
keeping in 
view the 
principle of 
air spacing.  
Bombs were 
arranged in 
these pigeon 
holes and 
bomb in the 
center was 
artificially 
detonated.  
Trial was 
repeated 
thrice. 

It was 
observed that 
other bombs 
in the 
adjacent 
pigeon holes 
did not 
detonate 
sympathetical
ly ie, they 
behave as HD 
1.2 store 
when stored 
in the racks. 

By introducing specially 
designed wooden racks 
we could use the 
physical space available 
in the bldg for interstage  
storage of medium 
caliber mortar ammn 
filled bombs.  On the 
same analogy racks have 
also been designed for 
other medium and high 
caliber Ammn. Also.  
The spacing between HE 
filled shells was 
calculated from the 
formula S=14.3 C2.W-3/2 
where s is spacing in 
cms, C weight of HE 
filling in gms. In case of 
120 mm mortar bombs 
worked out to be 40 
cms. 
 



Annexure II 
 
Sl.No 

 
(1) 

Store Under Trial 
 

(2) 

Back Ground for 
Conducting Trial 

(3) 

Brief Description of 
Trial 
(4) 

Out Come of Trial 
 

(5) 

Remarks 
 

(6) 
4 Propellant SPA - 3 SPA – 3 Propellant 

used in 12 Bore 
sporting ammn. Have 
been categorized as 
HD 1.1 

A stack was prepared 
using four camric 
cloth bags, each 
containing 25 kgs 
propellant SPA – 3 
on a plane ground.  
Size of stack was 
around 50 cm x 50cm 
x 50 cm.  The stack 
was temped with 
sand filled bags on all 
sides including top.  
The propellant in 
central bag was 
ignited by using 50 
gm gun powder and a  
squib. 

En mass fire with 
immense heat on 
ignition was 
observed. 

Up to 100 kgs 
stack can be 
assigned HD 1.3 
whereas  trial 
with  more than 
100 kgs were not 
carried out as the 
requirement was 
fulfilled. 

 
 

Annexure III 
 

Sl.No 
 

(1) 

Store Under Trial 
 

(2) 

Back Ground for 
Conducting Trial 

(3) 

Brief Description of 
Trial 
(4) 

Out Come of 
Trial 

           (5) 

Remarks 
 

(6) 
5 Rocket Propellant 

for Medium 
Caliber High 
Explosive Anti-
Tank (HEAT) 
Ammn. 

To ascertain correct 
hazard classification 
categorization  data 
not being available. 

48 Propellant grains 
were taken in a 
cylindrical (Diameter- 50 
cms & height – 75 cms).  
The container was 
tempted with sand filled 
bags on all sides 
including top .  One 
propellant grain in the 
middle was ignited using 
50 mg Gun powder and a 
squib. 

Enmass fire with 
immense heat 
was observed .  
The top in the 
fully burnt 
condition with its 
shape as before 
was observed. 

Up to 100 kg 
stack could be 
assigned as 
HD 1.3. 

6 Ribbon type 
propellant for 
medium caliber 
High Explosive 
(HE) ammn. 

To ascertain correct 
hazard classification 
categorization  data 
not being available. 

75 kgs of propellant was 
taken in a galvanized 
iron sheet lined cubical 
wooden box (All sides 
55 cms).  The container 
was temped and ignited 
as per procedure 
enumerated in para 5 
columnn 4. 

Enmass fire with 
immense heat 
was observed.  
As result of 
firing the 
wooden box and 
the inner 
galvanized sheet 
was badly 
damaged. 

Up to 100 kg 
stack could be 
assigned as 
HD 1.3. 

 
 



Safety in Handling of Pyrotechnics and their TNT Equivalents 
 

A.K.KALSY, ADDL.GENERAL MANAGER 
INDIAN ORDNANCE FACTORIES, INDIA 

 
 
INTRODUCTION : Pyrotechnics present a unique safety problem, in that a relatively minor 
accident is likely to trigger a large fire ball which can cause damage to personnel and 
property in its surroundings by a relatively higher rate of burning/deflagration.  The 
preparation & use of pyrotechnics require an assessment of two factors viz. The probability 
of accidental ignitions or premature reactions and likely extent of ensuing damage to its 
vicinity.  The pyro components (compns.) are relatively more sensitive to spark & flame than 
explosives and less sensitive to shock & impact.  These are basically complex mixtures of 
fuels & oxidizers and their explosive properties are guided by the particle size of ingredients; 
oxidizer to fuel ratio, porosity & degree of confinement for determining their damage 
potential. 
 
 A major accident took place in one of the buildings of Indian Ordnance Factories 
where pyrotechnic composition containing Magnesium powder, Barium Chlorate, Potessium 
Perchlorate, Boiled linseed oil & Lactose mono hydrate was being processed.  As a result of 
the accident, four persons present in the building died and 15 other persons in vicinity 
received minor injuries & the building was completely damaged.  The fact finding committee 
suggested studying the damage potential of existing pyro compositions. 
 
 Ballistic Research Laboratory was approached by the Ordanance Factory to determine 
the TNT EQUIVALENTS of a few pyro compns.  The pyro compns. proposed to be 
reviewed have categorized as HD 1.1 i.e. Detonating class.  It was considered necessary to 
re-examine the hazard categorization of these pyro compns. & to re-assess the quantity 
distance for the process bldgs. and magazine. 
 
OBJECTIVES 
 
 The main objective of the project was to make a realistic assessment of the damage 
causing potential of Pyro-compns. vis-à-vis TNT so that the data thus obtained could be 
utilized to ascertain the correct hazard classification of these composition as per UN Test 
procedure for storage, transportation & handling of the Pyro compns. under study, since 
enough information was not available on this vital aspect. 
 
 The secondary objective of the project was to look into standard operating procedures 
afresh for processing of the Pyro Compns. Taking into account different operations involved 
i.e. drying, sieving, mixing and blending, etc. which will be based on the findings under the 
project. 
 
 The data generated in these investigations also helped in proper planning and layout 
of new facilities for different pyrotechnic compns. 
 



PYRO TECHNIC COMPOSITIONS 
 
 Two representative illuminating compositions and primer delay composition were 
supplied to Ballistic Research Laboratory.  The compositions contained following 
ingredients: 
 
(i)  Composition Sr-703: Green Flare (Signal Compn.) 
 
Magnesium Powder Grade I   - 42 ± 1.5 parts 
Boiled Linseed Oil    - 6   ± 0.5 parts 
Barium Nitrate Grade I   - 15 ± 1.0 parts 
Potassium Perchlorate    - 25 ± 1.0 parts 
Chloririated rubber    - 12 ± 1.0 parts 
Volatile Matter    - 0.2 max 
 
(ii) Compn. SR-588 : Illuminating Compn. 
 
Magnesiuim Powder Grade O   - 55 ± 2.0 parts 
(Medium Density) 
Varnish Lithographic    - 4   ± 0.5 parts 
Sodium Nitrate Grade I   - 41 ± 1.5 parts 
Volatile Matter    - 0.2 max. 
 
(iii) ME-433: Delay Composition`C' 
 
Zinconium Powder Size 5 to 10 micron - 25 ± 2 parts 
Red Lead (Pb30O4) size less than 5 micron - 75 ± 3 parts 
Binder & NC Varnish    - 2  ± 1  parts 
 
 
TNT EQUIVALENTS 
 
 TNT equivalent has been defined as the energy released as peak overpressure (blast 
pressure) produced by the composition from the effect of detonation of a test material in 
terms of the amount of TNT that would release the same amount of energy.  It is important to 
note that pyrotechnic mixtures either burn or deflagrate but on detonating i.e. strong initiating 
stimulus, these may lead to partial detonation depending upon the quantum of Compn. 
particle size, degree of confinement. (Density & mode of initiation) 
 
 While determining the TNT equivalent, principle of equi-pressure scaling law has 
been used; which is based on Hopkinson's scaling principle i.e. equi-pressure amplitude blast 
waves are produced at identical sealed distances.  If we plot peak over pressure of Pyro-
compns & TNT vs scaled distance & line cutting these two plots at same peak over pressure 
at W2 & W1 respectively at corresponding scale distances R1 & R2. 
 
 



 
 
 
 
 
 
 
 
   
                  
   
 
 
 
 
 
 
 
 
 
 
 
          
 
Or   W1    = W2   (R1) 3 
       (R2) 3 

Hence we have to determine W1 
 
EXECUTION OF TRIALS 
 
STAGE - I 
 In preliminary experiments, a  no. of trials were conducted using SR-703 & SR-588 
kept in cylindrical shaped card board cases and boosting these pyrotechnic composition with 
the help of tetryl pellet of dia 58.4mm and initiating by means of   Electric Det.  Initially 
burning of Compns. Took place partially & the rest of Compns. got scattered around the 
firing site.  It was considered perhaps booster was insufficient, and therefore another CE 
pellet was added as booster and trial were repeated.  The results were similar. 
 
 Charge weight was increased from 1 Kg to 5 Kg step wise by starting with 2 Kg and 
keeping charge dia upto 22-25 cms the experiments were repeated, with following 
observations: 

(a) No detonation took place. 
(b) Result was simple deflagration i.e. faster rate of burning. 
(c) Composition was scattered on the ground partially. 
(d) It caused fires in nearby bushes; fire tender was used to keep the fire under control. 
(e) Pieces of the container were scattered up to a distance of 5 to 10 metrs. 
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Representative trial set up & site after the trial were observed. No fruitful conclusion could 
be drawn for TNT equivalents in these initial experiments for above compositions. 

 
In case of compn. ME-433; a no. of trials were conducted using charge weight 1 kg to 

2 kg.  Detonation took place, a crater of dia 25 cm & depth 8 cms was observed.  Fire ball of 
compns. was also observed and filmed. 

 
STAGE - II 
 
 It was decided to increase the charge weight to 20 kgs and maintain length to 
diameter ratio (L/D)=1.  The charges were fired in plastic containers keeping the blast gauges 
at 6m, 7m & 9m respectively.  L/D of 20 Kg charges in case of SR-703 & SR-588 was 1.0 & 
0.9 respectively.  Cast TNT charges of same wt. with L/D=1 was also fired to determine TNT 
equivalents.  At this stage two trials were carried out with available quantity of SR-703 & 
SR-588 giving top initiation in the first case & central initiation mode in second case.  With 
top initiation, the compns. got scattered on the ground on firing & causing fire in nearby 
bushes.  Trial details are given in the Annexure-I.  Blast data and a graph of blast pressure 
viz-a-viz TNT is shown in Annexure-II. TNT Equivalent in case of SR-703 was observed as 
0.192 kg of TNT/Kg of Pyrocomposition, while it was 0.32 Kg of TNT/Kg of SR-588 using 
equal pressure scaling laws.  Data was still insufficient to conclude.  It was therefore decided 
to conduct further trials with large quantities of compositions to arrive at definite conclusion. 
 
STAGE-III 
 
 One of the Ordance Factory was requested to supply 200 Kg each of SR-703 & SR-
588 & 20 Kg of ME-433 for conclusion trials. Finally cubical ply wood board boxes were 
made as container for firing trials with above compositions taking 50 Kgs in each firing and 5 
Kg-10 Kg of ME-433.  Similar charge weights of cast TNT were also detonated to find out 
TNT equivalents conducting firing trials under similar conditions.  Boosting of these 
pyrocomposition charges was done using 2 Nos. of CE pellets (52.0mm.) along with CE 
pellet No.5.  The charges were initiated using Detonator Electric.  Gauges were kept at 
distance of 6m, 7.5m, 9m & 10.5m.  To assess blast pressure for comparison with pyro 
cmpns., these pyro and TNT charges are initiated from center Trial details are given in 
Annexure-III.  The fire balls for Green Flare compn. and Illuminating compn. are shown in 
Annexure-IV. 
 
 Peak over pressure data obtained from blast trials in respect of pyrotechnics 
composition viz SR-703, SR-588 and ME-433 is shown in Annexure-V.  Peak over pressure 
values for the compositions have been plotted on log-log graph along with peak over pressure 
values for TNT charges is shown in Annexure-VI, VII & VIII respectively. 
 
 The principle of equi-pressure scaling laws has been used for determining TNT 
Equivalent of Pyro compositions.  TNT Equivalent has been determined with respect to 0.4 
Kg/Sq cm reference pressure. 
 
TNT equivalents and observations are summarized as under: 



 
(i)  CHARGE WEIGHT = 50 Kg. 
 
TNT equivalents for SR-703 & SR-588 vary from 0.161 Kg of TNT to 0.233 Kg of TNT and 
0.083 to 0.127 Kg of TNT respectively. 
 
(ii) CHARGE WEIGHT = 20 Kg. 
 
TNT equivalent for SR-588 vary from 0.704 Kg per Kg of TNT to 0.826 Kg per Kg of TNT. 
 
(iii) CHARGE WEIGHT  = 10 Kg. 
 
TNT equivalent for ME-433 vary from 0.075 Kg/Kg of TNT to 0.126 Kg/Kg of TNT while 
that of green Flare compn. varies from 0.118 Kg/Kg of TNT. 
 
(iii) CHARGE WEIGHT = 5 Kg. 
 
TNT equivalent for Delay compn works out to 0.116 Kg/Kg of TNT. 
 
RESULTS & CONCLUSION 
 
(1) TNT equivalents of pyro composition vary from firing to firing and the range of 
equivalency  has been determined for a set of conducted trials for a given composition. 
 
(2) TNT equivalency also varies with respect to reference peal over pressure used in the equi-
pressure scaling laws. 
 
(3) TNT equivalency reduces with increase in weight.  It shows that % age of energy released 
for blast wave reduces with increase in weight.  Increase in fire ball radius is observed with 
increase of weight.  It is also proved by simple buckling of the witness plate kept under the 
pyro compns. & no fragments were formed. 
 
(4) Repeatability of blast pressure is not observed from trial to trial with similar weight 
groups.  The variation of blast pressure is from 5 to 8% due to non-standard detonability.  
Therefore, extent of partial detonation varies, the rest of the energy release being consumed 
indeflagration/burning. It may also be attributed to lot to lot variation of composition of three 
pyro compns. which are physical mixtures. 
 
(5) Loose pyrotechnic composition when handled in a container in quantities 25 Kg and 
above should be assigned H.D.1.1. 
 
(6) Similarly pyrotechnic composition when handled in a container in quantities less than 25 
Kg should be assigned H.D. 1.3 provided total quantity handled in process bldg. does not 
exceed 100 kg. 
 
 



 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

S.No.   Pyro        Charge      L/D              HOB      Observations 
            Compns   weight 
 
1.         SR-703    20 Kg       340/362.5   75 cms(Top      a) Pyro powder splashed 
    = 0.94        initiation)              out of plastic  container. 
                                                                                         b) Plastic container pieces left 
                          behind. 
                      c) Simple Burning took place. 
                      d) Fire ball upto 5.5m   
                      e) loose earth below the  
                          container 
2.        SR-703     20 Kg     340/362.5      58 cms.    a) Pyro Powder splashed out  
    = 0.94          (central         spreading  fire in nearby  
           initiation)              bushes  but less than  above 
                            firing. 
                      b) Small pieces of container  
                           were obtained. 
                      c) No crater was formed. 
                      d) Fire ball spreaded upto 6.5m 
                                 e) Blast gauges got deflected  
                          due to blast 

BLAST TRIAL DETAILS OF FIRING CONDUCTED IN EXPERIMENTAL 
STAGE II

 
3.        SR-588      20 Kg      315/327.5     58 cms.     a) No fire brands. 
                                        = 0.96        (Central             b) No crater formed. 
                            Initiation)        c) Louder sound than top initiative still 
                            seems to be p.d. 
                       d) No pieces of container were seen nearby. 
                       e) Fire ball seem to be bigger than SR-703. 
4.        SR-588     20 Kg      0.96         75 cms             a) Pyro powder splashed out. 
                                                                  (Top                 b) Plastic container pieces & firing  table 
            Initiation)              pieces were seen on the firing site. 
                       c) No fire brands were seen. 
                       d) Fire broke out. 
5.         TNT          20 Kg      1.1               65 cms             a) Crater of dia 1.4 m & depth 55 cms was 
                           formed. 
                       b) Fully detonated. 
 

ANNEXURE-I 



 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

ANNEXURE-II 



 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

S.No.  Guage        Pyro        Charge      No. of         HOB   Observations 
           distance      Compn.  Weight       Trials
           from 

     centre of 
   charge

1.  9m, 10.5m     SR-703   20 Kg   04    82 cm           a) Slight impression on ground.
12m & 13.5m           b) No crator formed 

          c) Traces of pyro compn . 
             scattered on ground upto 12m
          d) loud sound 
          e) Fire ball upto pread 9m 
              radius.

2.     -do-      SR-588    50 Kg     04  87.5 cm            a) No crator formed 
          b)Pyro powder splashed 
             unburnt on ground upto 12m.
          c) Dry bushes at a distance of
              10m caught fire. 
          d) Loud bang heard. 
         e) Pieces of plywood 
              containers were recovered.
          f) Slight impression on ground.

STAGE III TRIALS

  
     3.         6m, 7.5m    ME-433    5 kg &          03          76.5 to a) No crator was formed. 
                   9 m &         (Delay       10 kg          79.0 cm b) No splashing of compn.

   10.5 m          Compn.) c) Detonated fully. 
d) Slight impression on 
    ground. 

     4.           –do-       TNT         5 Kg,             05          84.0 cm      a) Impression on ground. 
      Flakes      10 Kg &          89.0 cm b) Detonated. 
      & TNT     20 Kg c) No fire broke out. 
      Crystalline d )Crator of dia 90 cm 

e)Louder sound. 
f)No fire broke out. 

     5.         12 m,16 m   Cast TNT   50 Kg      02         92 cm a) Earth loosened upto a dia
                  20.5 m &     (In two     of 1.8 m. 

   25 m         pieces with b) Crator depth 0.65. 
                                        cavity in centre c) Very loud sound upto 

    nearby zones. 
      6.        6 m, 10 m       -do-         10 Kgs    02          85 cm a) Loose earth at the centre
                 12 m & 14.5m      below. 

b) Loud sound. 
c) Detonated fully. 

ANNEXURE-III 



 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Fireball of Compn. SR-588 (5 kg) 

 
Fireball of Compn. SR-588 (50 kg) 

Fireball of Compn. SR-703 (50 kg) 
At 

Different intervals 

ANNEXURE-IV 



ANNEXURE-V 
 

BLAST TRIAL DATA- STAGE II 
 

COMPOSITION: SR 703 
 
A.  FREE AIR,  HOB=1.5  WEIGHT : 1.0 Kgs. 
I L/D=0.6. TOTAL TRIALS=2 
 
DISTANCE PEAK OVER PRESSURE        DURATION      IMPULSE 
 (m)  (Kgs.cm2)   (m.sec)    (Kgs.ms.cm2) 
 1.5  0.94    0.87   0.35 
 2.0  0.46    1.25   0.22 
 3.0  0.28    1.67   0.17 
 4.0  0.17    1.76   0.11 
 
II L/D=1.14   TOTAL TRIALS =3 
 
 1.5  1.09    1.01   0.44 
 2.0  0.56    1.39   0.30 
 3.0  0.34    1.82   0.26 
 4.0  0.20    1.88   0.16 
 
B. COMPOSITION: SR-588 

FREE AIR,  HOB=1.5  WEIGHT = 1.0 Kgs. 
L/D=0.77   TOTAL TRIALS = 3 
 
1.5  1.39    1.02   0.53 
2.0  0.68    1.50   0.34 
3.0  0.40    1.79   0.30 
4.0  0.23    1.93   0.19 

 
C. COMPOSITION: ME-433 

GROUND BURST, WEIGHT=1.0 kgs 
L/D=1.07,  TOTAL TRIALS =2 
 
2.5  0.51    2.0   0.38 
3.0  0.28    2.32   0.28 
4.0  0.22    2.98   0.24 
5.0  0.16    2.6   0.16 

 
D. COMPOSITION: SR-703 

FREE AIR,  HOB=1.5m WEIGHT=2.5 kgs. 
L/D=3.6, TOTAL TRIALS=2 
 
1.5  1.12    0.92   0.43 
2.0  0.60    1.12   0.31 
3.0  0.38    1.80   0.26 
4.0  0.21    1.78   0.16 

 
(Contd..)      

 
 
 
 
 



 
E. COMPOSITION: ME-433 

GROUND BURST,  WEIGHT= 2.5 kgs. 
L/D=0.94  TOTAL TRIALS =1 
 
2.5  0.68    2.7   0.73 
3.0  0.42    2.5   0.46 
4.0  0.32    3.0   0.44 
5.00  0.22    2.9   0.28 

 
F. COMPOSITION: SR-588 

GROUND BURST,  WEIGHT=5 kgs. 
L/D=0.77  TOTAL TRIALS=1 
 
2.5  0.53    3.0   0.78 
3.0  0.28    3.0   0.51 
4.0  0.31    3.6   0.50 
5.0  0.23    3.0   0.33 

 
G. COMPOSITION: SR-703 

GROUND BURST, WEIGHT=5.0 kgs. 
L/D=0.68,  TOTAL TRIALS=1 
 
2.5  1.75    2.8   1.13 
3.0  0.96    2.64   0.83 
4.0  0.59    2.96   0.69 
5.0  0.40    3.20   0.49 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

PYRO COMPOSITION SR-703 (50 KG) & SR-588 (50 KG) BLAST PRESSURE VIS-À-VIS 
TNT BLAST PRESSURE FOR EVALUTION OF TNT EQUIVALENT 

Compositions SR-703 (10 kg) & ME-433 (10 kg) blast 
pressure vis-à-vis TNT blast pressure graph

Pyro Compositions SR-588 (20 kg) & ME-433 (5 kg) blast 
pressure vis-à-vis TNT blast pressure graph 
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KINETICS-BASED SIMULATION –THE GENERAL APPROACH  
TO ASSESSING THERMAL EXPLOSION HAZARD 

Arcady A. Kossoy, Irina Ya. Sheinman 
ChemInform St. Petersburg (CISP) Ltd., Russia, 14, Dobrolubov ave.,  

197198 St. Petersburg, Russia. E-mail: kossoy@cisp.spb.ru 

ABSTRACT 

Analysis of possible development of thermal explosion at production, storage and 
use of energetic chemicals, and subsequent choice of measures that can prevent an 
accident or mitigate its consequences are the important aspects of reaction hazards 
assessment. A kinetic model evaluated from calorimetric data gives the reliable basis for 
implementing the analysis by means of numerical simulation. The purpose of this paper 
is to discuss some features of the approach as applied to such typical problems as 
determination of critical conditions of thermal explosion and the SADT for solid and liquid 
self-reactive chemicals. First the brief survey of some simplified theories is given to 
reveal their main limitations. Second a basic sketch of the mathematical models of 
thermal explosion in solid and liquid reacting systems is presented followed by an over-
view of features of the numerical methods chosen for solving the problems. 

The practical usefulness of the kinetics-based simulation for analyzing influence of 
various factors on explosion development is illustrated with several examples. 

The discussed models and methods were embodied in the ThermEx and ConvEx 
program packages developed by CISP. All the presented results have been obtained by 
means of this software  

Keywords: reaction hazard; thermal explosion; numerical simulation 

INTRODUCTION 

Study of thermal explosion of a reactive chemical aimed at ensuring the safety of its storage, 

transportation and use is an important practical aspect of reactive hazard assessment. This study 

focuses on determination of critical conditions that separate explosive and non-explosive domains of a 

proceeding reaction, and evaluation of induction period of an explosion if it appears.  

Two main approaches are used in practice for obtaining necessary data. They are based either on 

direct experimental determination of the explosion parameters or on applying theoretical calculations. 

Explosive experiments (US test and DEWAR storage test for determining the SADT [1] and some 

others) are rather dangerous, expensive and time consuming. All such methods require significant 

amount of a product so they cannot be applied at the laboratory stage of creation of a new product. 

One of the important merits of theoretical methods is that they can be applied as soon as a 

kinetic model had been evaluated from data from the laboratory-scale kinetic experiments. Therefore 

they allow estimation of runaway parameters in the earliest stages of the life circle of a chemical 

product, thus ensuring elimination or significant reduction of the necessity for explosive experiments. 

The approach based on the mathematical combustion theory, in its turn, unites two branches – 

the family of semi-analytical methods, and more sophisticated numerical simulation methods. 

The grounds for the simplified theories developed by Frank-Kamenetskii, Semenov and others 

(see, for instance [2-4]) are well known. They give convenient approximate analytical relations that 

don’t require complicated calculations and are currently used as a rule for estimation of critical 

parameters. However, the application domain of these theories is essentially limited, therefore many 
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practical problems cannot be solved without applying comprehensive models that require the use of 

numerical calculations. This approach will be referred to as the simulation-based approach.  

In spite of the great capabilities of numerical simulation there are serious difficulties that impede 

the wide use of this method. One is the need for more precise reaction kinetics and substance pro-

perties. Furthermore, mathematical complexity of the approach renders it impossible to apply simu-

lation without powerful computers and appropriate software. It is no wonder that only in the early 70's 

did works appear showing the results of the computer-aided study of thermal explosion. Nowadays 

there are several well-known commercial codes of general designation that can be used for this 

purpose, e.g. CFX (ANSYS Inc.) and FLUENT (FLUENT Inc.) software. However, these universal 

codes are expensive, difficult for use and often turn out to be not efficient enough for solving specific 

problems. Therefore, creation of problem-oriented software (AKTS-TA-Software, Switzerland is an 

example) is challenging.  

The aim of this paper is to summarize the limitations of popular simplified approaches and to 

present a family of comprehensive explosion models intended for reaction hazard assessment. These 

models have been embodied in the problem-oriented ThermEx and ConvEx program packages 

developed by CISP. The overview of the numerical methods used is given. Several examples illustrate 

the practical usefulness of the kinetics-based simulation for analyzing influence of various factors on 

explosion development.  

SIMPLIFIED THEORIES OF THERMAL EXPLOSION 

For decades simplified methods were developed in order to widen the range of their applicability 

by taking into account reactants consumption, different kinetic schemes and operating conditions (see, 

for instance, [4]). The role of these efforts  immense. Simplified theories provided better understanding 

of fundamentals of this complex phenomenon and gave the useful approximate analytical relations. 

Nevertheless, the main and principal limitation of simplified methods is that they are inapplicable in the 

majority of practical cases. Table 1 summarizes features and limitations of the discussed approaches.  

Table 1  
Comparative analysis of the simplified theories of thermal explosion 

Governing factor Unsteady-state Quasi-stationary Steady-state Beyond the scope: 
Kinetics Zero-order; CR is 

neglected 
Auto-catalysis; 
CR is considered 

Zero-order; CR is 
neglected 

1. Complex models 
2. CR is significant 

Heat exchange Newton law; valid 
for Bi<0.3; cons-
tant parameters 

Newton law; valid 
for Bi<0.3; cons-
tant parameters 

BC of the 1st kind, 
valid for Bi>50; 
constant parameters 

1. 0.3<Bi<50 
2. BC of any kind with 
variable parameters 

Timing data Estimate of 
induction time 

Estimate of 
induction time 

No data Getting detailed 
temporal data 

Geometry Insensitive Insensitive Simple forms Arbitrary geometry 
Constructive 
details 

No No No Modelling of shell, 
partitions, etc. 

Temperature & 
concentrations 
distribution 

Uniform Uniform Non-uniform, 
maximum in the 
center 

Transient mode from 
explosion to ignition, 
flame propagation 

Physical state Well stirred gas 
or liquid 

Well stirred gas 
or liquid 

Solid phase Liquid phase with 
convection 

CR denotes reactant consumption, BC denotes boundary conditions 
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NUMERICAL SIMULATION OF THERMAL EXPLOSION 

Numerical simulation of thermal explosion represents the general approach that allows major 

chemical and physical processes within an exothermic reacting system to be taken into account 

without significant simplification. Therefore the approach can help in those cases when simplified 

theories are inapplicable. 

This section gives the overview of the mathematical models of thermal explosion development in 

reactive solids and liquids and discusses some features of the appropriate numerical methods. These 

models and methods were the basis for the design of the problem-oriented program packages ThermEx 

and ConvEx, developed by CISP for simulation of explosions in solids and liquids correspondingly. 

Thermal explosion in solid and liquid chemicals: mathematical models 

Kinetic models. The kinetic model of a reaction that describes heat generation plays a crucial role 

in the complete explosion model. Typically kinetics is evaluated from data from specialized kinetic expe-

riments. Kinetic models evaluated from calorimetric data are especially pertinent for modeling of thermal 

explosion. The adequacy of the kinetics has a strong impact on the correctness and reliability of simula-

tion results. Therefore experimental study of a reaction and kinetics evaluation that precede explosion 

modeling should be implemented very accurately by applying the appropriate methods ([5, 6]). 

For a reaction proceeding in a solid compound it is hardly possible to construct any appropriate 

concentration kinetics. Therefore the formal models based on conversions as state variables are used 

in these cases. For the complex multi-stage reaction that may include several independent, parallel 

and consecutive stages the formal model is presented by the system of ordinary differential equations 
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Here i is the number of an independent reaction in the complete kinetic model; k is the number of a 

stage in the i-th independent reaction. Various types of kinetic functions fk,i are foreseen to represent 

N-order, aitocatalytic, topochemical reactions (see [7] for more details about formal models). 

If a reaction proceeds in the multi-component liquid mixture, more detailed concentration-based 

kinetic models [7] should be used for giving proper weight to the variation of mixture composition and 

its properties along the reaction course. Only these models allow liquid-vapor equilibrium calculations.  

Concentration-based descriptive kinetic models obey the generalized law of mass action 

(GLMA), i. e.  the rate of a stage is proportional to the product of concentrations with arbitrary orders. 

The exact law of mass action is the particular case when the orders coincide with the stoichiometric 

coefficients. For the multi stage reaction  

 ...A...A...A...A ii,j11,jii,j11,j +γ++γ→+ν++ν ;  (9) 

the rate of the j-th stage, the rate of mass fraction variation of the species Ai, and specific heat 

generation rate will be presented by the equations: 
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where j is the stage number in the complete kinetic model; i is the species number. 
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Thermal explosion in solids   

We will give here only a basic sketch of the problem statement referring to [8, 9] for more 

detailed discussion.  

If a complex multistage exothermic chemical reaction proceeds in a solid material and the pro-

cess is not accompanied by pore-formation or phase transition then the heat transfer in a solid is de-

scribed by the thermal conductivity equation with nonlinear energy source. The formal kinetic models 

are more pertinent for simulation of an explosion in a solid, therefore equation (8) is used for the 

energy source term. 

The ThermEx program package allows modelling of explosion development for two classes of 

solid objects that have simple and complex geometry respectively. Any object can include several 

active and inert zones that may have their unique physical properties and kinetics (for active zones). 

The possibility to add inert zones allows examining the influence of various construction elements 

(shells, partitions, etc.) on process development. 

Simple solid objects [8] include sphere, infinite cylinder and slab, barrel, single rectangular box 

and stack of identical boxes. Complex objects can be constructed individually from rectangular infinite 

blocks and coaxial finite-dimensional cylinders [9]. 

The unique initial temperature can be defined for every zone. It is assumed that at initial instant 

temperature distribution within every zone and conversion distribution within every active zone are 

uniform, and all the conversions are equal to zero. 

The boundary conditions of the first (temperature), second (heat flux), and third kind (Newton 

law of heat exchange) can be specified on the outer surfaces. If an object to be simulated has several 

different outer surfaces (barrel, box, etc.) boundary conditions for every surface are defined 

separately. The parameters of boundary conditions can depend on time.  

The conjugation between different zones is provided by fixing the equality of the temperatures 

and heat fluxes on the zone interfaces. When the stack of boxes is simulated, non-ideal contact 

between boxes can be taken into account by defining thermal resistance. 

Thermal explosion in liquids 

Physical processes that occur in a reacting liquid mixture are much more sophisticated. 

Specifically, thermal and concentrational convections can have strong impact on explosion 

development. Jones and Shtessel [10, 11] pioneered the study of Influence of temperature 

stratification due to natural convection on development of thermal explosion in liquids and gases.  

Pressure rise in a void volume of a vessel due to vaporization of volatile components and evolu-

tion of non-condensable gas products must also be taken into account in simulation because pressure 

can exceed permissible level and cause vessel rupture long before the occurrence of thermal explosion. 

The specific feature of thermal explosion is that the average temperature in a vessel rises 

rapidly and mixture composition varies in time significantly. It results in quite an essential change of 

density and other properties of a reacting mixture. Therefore the advanced model of weakly compres-

sible flow [12] has been chosen instead of classical Boussinesq approximation..  

The processes in a liquid are governed by continuity, momentum and energy equations coupled 

with the transport equations for species (see [9] for more detailed discussion).  
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As we emphasized earlier, the descriptive kinetic models (9)-(10) are more pertinent for 

modeling processes in a reacting liquid. Nevertheless, due to lack of data about the reaction 

sometimes it is impossible to create such a model. Formal kinetic models (8) can be used in these 

cases with some simplifications of the process model.  

The reduced heat and mass transfer model (without the concentrational convection term and 

the chemical energy source term replaced with the pressure work term) is used for modeling of 

pressure rise of gas-vapor mixture in the void volume of a vessel. Heat transfer in the vessel shell is 

described by the heat conductivity equation. 

The ConvEx program package allows simulation of processes in partly or fully filled shelled 

vertical finite-dimensions cylinder, horizontal infinite cylinder and sphere in two-dimensional approach. 

Calculation of the temperature- and composition-dependent physical properties of liquid and gas-

vapor mixtures is provided by the specialized Mixture software developed by CISP [13].  

Initial distribution of temperature and species concentrations in the liquid are assumed to be 

uniform. Initial values of the total pressure and mass fractions of the insoluble gaseous components 

are specified. The liquid and gas are immovable at the initial instant. The symmetry conditions for 

temperature, concentrations and velocity components are assigned on the symmetry axis. Features 

for defining boundary conditions on the outer surfaces of the vessel walls are the same as for thermal 

explosion in solids. The standard continuity boundary conditions for temperatures and heat fluxes are 

assigned on the inner wall surfaces. Both the velocity components are set to zero on the walls.  

The appropriate conditions are set on the flat and immovable liquid – gas interface.  

Features of numerical methods 

Thermal explosion has several particular features that hamper calculations, namely: 

− Combination of the slow increase of a reactant temperature during the induction period with the 

following sharp temperature rise when the explosion develops; 

− Presence of zones with large spatial gradients of temperature, concentrations, etc. 

Therefore special attention has been paid to selection of the most relevant methods and 

algorithms. 

Numerical simulation of explosions in solids and liquids is performed by using the finite differen-

ces method. The uniform grid is used as a rule for simulation of processes in solids. Nevertheless the 

adaptive grid can be chosen in case of one-dimensional problem, which allows proper simulation of 

flame propagation along the solid reactant. When simulating processes in liquids and gases the 

method uses the non-uniform grid that condenses near the walls and gas-liquid interface.  

The terms of diffusive type are approximated by central differences of the second order, where-

as upwind differences of the second order approximate the convective terms. The algorithm uses 

splitting along physical processes and coordinates (the alternating direction implicit method, ADI).  

The whole conjugate problem (i.e. simulation of processes in different zones in case of solids, 

and shell, liquid and gas mixture in case of liquids) is solved by applying the shock-capturing method. 

The implicit time approximation is applied for the energy and mass transfer equations. The implicit 

projection method [14] is used for solving the momentum and continuity equations. The time step 

varies automatically during simulation. 



 

 6

EXAMPLES OF APPLYING NUMERICAL SIMULATION 

Synergistic effect of concurrent reactions 

Consider at first one specific case that cannot be predicted by any of simplified theories. This is 

the thermal synergistic effect of two independent exothermic reactions BrA 1⎯→⎯ ; DrC 2⎯→⎯  that 

occur in a solid mixture. Both the reactions are of the first-order: 
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A spherical tank with the diameter equal to 40 cm had been simulated.  

      
 a)  b) 

Fig. 1 Synergistic effect of the concurrent reactions. 
a) – variation of center temperature in time;  

1-only first reaction occurs; 2- only second reaction occurs; 3 – both reactions proceed simultaneously; 
b) temperature distribution: t1< t2< t3< t1< t4< t5< t6. 

The first reaction has a large heat effect but rather small activation energy ( ∞
1Q =700 J/g; E1=70 

kJ/mol), which results in week temperature dependency of the reaction rate. If only this reaction 

proceeds then there is no explosion though the maximal overheating is about 17°C  (Fig. 1a, curve 1). 

In contrast, the second reaction has much smaller heat effect but larger activation energy ( ∞
2Q =300 

J/g; E2=110 kJ/mol). This reaction alone causes only very small overheating and doesn’t induce 

thermal explosion (Fig. 1a, curve 2). The reason is that the obligatory condition of thermal explosion – 

high temperature dependency of the reaction rate - is satisfied but the reaction energy is insufficient 

for explosion development at the given initial temperature. 

However when both the reactions proceed simultaneously the pronounced thermal explosion 

occurs (Fig. 1a, curve 3). Moreover, the temperature distribution across the vessel (Fig. 1b) suggests 

that the system is well above the criticality. This case represents the thermal synergism – the first 

reaction provides preliminary elevation of the substance temperature to the extent where the energy 

potential of the second reaction becomes sufficient for triggering thermal explosion.  

Determining SADT for a stack of boxes 

In accordance with the definition the SADT should be determined for a commercial package 
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subject to transport [1]. However it is usual practice to transport packaged goods in stacks rather than 

to carry every single package separately. Apparently the SADT for a stack will differ form those for a 

single package. The question is whether this difference is significant. Numerical simulation allows 

detailed answer to be obtained.  

Let us compare the shelled box of 20x20x20 cm size containing 7.5 kg of reactive solid product 

and the stack of 27 (3x3x3) boxes. The product decomposes along the single-stage first order reaction  

⋅=ϖ−α−=
∂
α∂

= ∞rQ  );
RT

E
exp(k)1(

t
r ro with E=110 kJ/mol, ko=1.96*1011 1/s, ∞Q =500 J/g. 

The container wall thickness is 2 mm. We will consider two cases – metallic container (λ=16 

W/m/K) and container made of polymer (λ=0.2 W/m/K). In both these cases thermal conductivity of a 

product was the same: λ=0.15 W/m/K. It should be noted that this three-dimensional problem was 

solved without utilizing any symmetry conditions. 

Table 2 
SADT and critical temperature for a box and for a stack of boxes. 

Single box Stack of boxes 
Container 

SADT, °C Critical temperature, °C SADT, °C Critical temperature, °C 
Metallic 57 61 48 54 
Polymer 55 57 39 42 

The simulated results (Table 2) allow the following conclusions: 

1. Every time the SADTs turn out to be lower than the critical temperatures. 

2. The SADT for the single box is much higher than those for the stack and even exceeds its critical 

temperature so that the use of this SATD for the stack will be absolutely unsafe. Thus, for boxes 

with polymer containers, the induction period of the sack explosion at ambient temperature equal 

to 55 °C is 4.5 days, i.e. smaller than the permissible 7 days (see [1]). 

The remarkable detail of the results obtained is that a significant difference between the SATDs 

and critical temperatures for the stacked-up boxes with metallic and polymer containers is observed 

whereas single boxes with different container materials behave similarly. Analysis of the temperature 

fields in the stacks (Fig.2) gives the detailed explanation.  

   
 a)  b) 

Fig. 2. Temperature distribution in the stack cross-section . 
a) stack of boxes with metallic containers; b) stack of boxes with polymer containers 



 

 8

If containers are of metal the walls, though thin enough, turn out to be very efficient heat 

conducting elements. At the heating stage they facilitate external heat to penetrate into a stack (Fig. 

2a, left drawing) thus accelerating the heating. In contrast, when reaction heat release becomes 

significant, metallic walls help to withdraw heat from a stack outwards (Fig. 2a, right drawing), which 

leads to elevation of the SADT and critical temperature. 

The polymer has about the same thermal conductivity as the reactant, therefore the stack 

behaves almost as a monolithic box of the reactant of the same size as the stack so that both the 

SADT and critical temperature are much lower than for the single small box (Fig. 2b). 

Thermal explosion of an object with complex geometry 

The following example illustrates efficiency of the numerical simulation for modeling of an object 

having complex geometry. The thermal explosion development in the cylinder with the conical lid had 

been simulated assuming that the object is the monolith, i.e. the cylindrical body and lid are of the 

same reactive solid material and are in ideal thermal contact. The object’s dimensions are indicated in 

Fig. 3a. The material decomposes exothermically along the formal model of full autocatalysis: 

 rQrQ  ;)1(ek)1(ek)(r)(r
t 2211r

3n2nRT
E

02
1nRT

E

0121

21
∞∞−−

+=ϖα−α+α−=α+α=
∂
α∂

; 

E1=130 kJ/mol; k01=1.6*1015 s-1: E2=123 kJ/mol; k02=1.1*1013 s-1; n1=n2=n3=1; Q1
∞ =Q2

∞ = 400 J/g. 

The identical boundary conditions of the third kind (Te=60 oC, χ=10 W/m2/K) were set on all the 

surfaces of the object. Its initial temperature was 60 oC. Results of simulation are presented in Fig.3. 

    
 a)  b)   c) 

Fig. 3. Development of thermal explosion in a complex object 
a), b) – temperature distribution in the cross section along the symmetry axis;  

c) – variation of maximal temperature 

Thermal explosion of a barrel with a liquid reacting mixture 

This example demonstrates the results of simulation of thermal explosion of a barrel partly filled 

with a reactive liquid. The concentration-based kinetic model is used in this case, therefore 

dependency of physical properties on composition and impact of concentrational convection along 

with thermal one were taken into account.  

The equimolar esterification reaction between isopropyl alcohol and propionic anhydride , 

proposed by HSE as the Round Robin test [15] was used for simulation: 
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 Isopropanol (I) + Propionic anhydride (P)→Isopropyl Propionate (IP) + Propionic Acid (PA) 

The two-stage autocatalytic concentration model 

PAIPrPI 1 +⎯→⎯+ ; PA2IPrPAPI 2 +⎯→⎯++  
was created on the basis of two data sets resulting from the Phi-Tech adiabatic calorimeter 

experiments.  

The barrel, 1 m in diameter and height filled with equi-molar mixture (filling ratio 0.8) at 20°C 

was exposed to external heating (ambient temperature is 70°C, heat transfer coefficient equals to 10 

W/m2/K). These conditions are supercritical so that the pronounced thermal explosion will occur. In 

order to reveal whether the convection has an essential impact upon runaway, simulation has been 

performed by using two mathematical models: 

− the complete model of a distributed parameter system; and 

− the simplified model of a well-stirred tank (lumped parameter system). 

    
 a)  b) 

Fig. 3. Thermal explosion of a barrel with the reactive liquid mixture. 
a) Variation of the maximal temperature in time;  

1 – distributed parameter system, 2 – lumped parameter system; 
b) temperature distribution in the barrel at the end of induction period (isolines). 

Simulation provided valuable details of explosion development (Fig. 3). Firstly, there is the 

significant difference in induction periods predicted by the complete (~170 min) and simplified (~230 

min) models (Fig. 3a). Apparently the explosion develops slower in the well-stirred tank and the 

induction period is about 1.3 times longer. Therefore the use of simplified estimate is unsafe.  

Secondly, simulation revealed features of temperature distribution within the barrel (Fig. 3b). 

Thus, the radial distribution is almost uniform except for the narrow boundary layer at the walls. In 

contrast, the thermal stratification along the symmetry axis is significant so that the hot spot forms on 

the top of the liquid. 

The stratification observed explains why the well-stirred approximation gives unsafe prediction. 

The temperature of the upper layer of the liquid grows much faster than the bulk mean temperature 

and the explosion starts on the hot spot essentially earlier. 
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CONCLUSIONS 

The kinetics-based simulation is a very efficient method for solving such complex challenge as 

assessment of thermal explosion hazards. Being free of essential simplifications this method can be 

applied to a wide variety of practical problems. In particular it ensures: 

− proper determination of critical conditions for a reacting system with complex reaction kinetics 

(auto catalytic, multi stage reactions, etc.) and complex geometry; 

− reliable determination of the SADT, especially for solid chemicals; 

− detailed elucidation of influence of the package walls or some other constructive details on the 

explosion development; 

− comprehensive analysis of the behavior of a system under accidental conditions (fire, cooling 

failure and so forth). 

Moreover, in many cases the kinetics-based simulation is the only method that is capable to 

give necessary answers. 

NOMENCLATURE. 

t - time, s 
T - temperature, K 
r - rate of a stage, s-1  

α - degree of conversion; 0<α<1 
z - auto catalytic constant 
n - reaction order 

f(α) - kinetic function describing dependency of 
a stage rate on conversion 

ν, γ - stoichiometric coefficients   

[Ai] - concentration of the species Ai 

iAC - mass fraction of the species Ai 

k0 - pre-exponential factor, s-1 
E- activation energy, J/mol 
R – universal gas constant, 8.3192 J/(mol·K) 

Q∞ - specific heat of a stage, J/kg 

ωr  - specific heat generation rate, W/m3 
Te - environment temperature, K 

χ - heat transfer coefficient, W/m2/K 
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Abstract 

 

Nitrocellulose (NC) is a widely used constituent of minimum smoke propellants. 

The main role of nitrocellulose in crosslinked double base (XLDB) propellants is 

increasing of crosslinking density of the elastomeric binder due to its polyolic 

chemical structure. Thus, since the typical NC content in XLDB formulations is less 

than 0.5%, the NC contribution to the energetic performance, as well as to the burning 

behavior of the XLDB propellants, may be assumed negligible in comparison with 

that of the other energetic components (nitrate ester plasticizers and nitramine fillers). 

Surprisingly, it was found that introduction of NC to RDX based XLDB 

formulations has a strong catalytic effect, in addition to the expected toughening 

effect. The burning rate of NC containing propellants was increased by up to 30% 

relatively to NC-free samples.  

In spite of the similar chemical structure of RDX and HMX, the response of 

HMX based XLDB propellants to introduction of NC is different from that of RDX 

based propellants: while toughening effect is still considerable, the burning rate and 

pressure exponent values remain practically unchanged. 

The different burning behavior of RDX and HMX based XLDB propellants may 

be explained by different physical properties of molten layer which is created at the 

propellant surface during the burning process. 
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 1. Introduction 
 

Minimum smoke propellants represent most widely used solid propellant family 

for short- and medium range tactical applications. While double-base (DB) 

propellants were used as "work-horse" for propulsion of the first generations of 

antitank missiles, the composite modified double base (CMDB) and cross-linked 

double base (XLDB) propellants kept this niche in the modern tactical rocket 

propulsion systems due to superior energetic performance and enhanced mechanical 

characteristics1-3. 

Typical XLDB propellant formulation consists of polyurethane based 

elastomeric binder plasticized with nitrate esters (e.g., NG, BTTN, DEGDN), and 

filled with nitramine (e.g., HMX, RDX, CL-20) particles. Also, ballistic modifiers are 

added to control burning behavior.  

Nitrocellulose (NC) is a widely used constituent of minimum smoke propellants. 

The main role of nitrocellulose in XLDB formulations is increasing of crosslinking 

density of the elastomeric binder due to its low molecular weight and high hydroxyl 

functionality. Thus, introduction of relatively small quantities (up to 0.5%) of NC into 

the XLDB propellant formulation results in significant improvement of propellant 

mechanical characteristics. 

The energetic performance and burning behavior of nitrate esters – nitramine 

based propellants is determined mainly by the their energy density (∆Hex)4, namely 

by the kind and weight content of energetic components (nitrate esters and 

nitramines). For that reason, since the typical NC content in XLDB formulation is 

quite small, the NC contribution to the propellant energetic performance, as well as to 

the burning behavior, may be assumed negligible in comparison with that of the other 

energetic components. So it was expected that the effect of NC introduction on 

propellant burning behavior would be insignificant.  

However, the observations found in this study showed different behavior, and 

provided motivation for further examination of this phenomenon. 

 

2. Experimental 

 

Two basic XLDB formulations with 60-65% total solids loading were used in this 

study: (1) RDX and (2) HMX filled. The binder system of both formulations consisted 

of inert polymer of polyurethane type plasticized by nitrate esters mixture. In addition, 
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 NC-free formulations included auxiliary cross-linking agent, characterized by high 

molecular weight and high hydroxyl functionality, to increase cross-linking density. 

 Nitrocellulose was introduced to the propellant formulations and its effect on 

propellant ballistic and mechanical behavior was examined. The nominal nitrogen 

content in nitrocellulose used in this study was 12.6%. 

Similarly to conventional double base and crosslinked double base propellants, the 

examined formulations comprised up to 4% ballistic modifiers. 

 The burning behavior of the propellants was characterized using standard strand 

burner method. The mechanical characteristics were determined using Instron testing 

machine at uniaxial tensile mode according to JANNAF standard. The propellant 

specimens were tested at ambient temperature, at the tensile rate of 5 cm/min. The 

measured parameters are initial elasticity modulus, maximal engineering stress and 

maximal strain (strain at break). 

 

3. Results and discussion 

 

3.1. Effect of NC on mechanical behavior of XLDB propellants 

 

Figures 1 - 3 represent basic mechanical characteristics (maximal engineering 

stress, elasticity modulus and maximal strain, respectively) of XLDB propellants as a 

function of NC content. The curves in Figs. 1 - 3 (and in following figures too) 

represent the general trend lines rather than the regression lines. 
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 Figure 1. Maximal Engineering Stress of XLDB Propellants as a Function of 

NC Content. 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2. Initial Elasticity Modulus of XLDB Propellants as a Function of NC 

Content. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

NC Weight Content (%)

0.0 .1 .2 .3 .4 .5 .6

En
gi

ne
er

in
g 

St
re

ss
, σ

E  (k
g/

cm
2 )

2

3

4

5

6

7

8

9

10

Filler: RDX

Filler: HMX

 

NC Weight Content (%)

0.0 .1 .2 .3 .4 .5 .6

El
as

tic
ity

 M
od

ul
us

, E
0 (

kg
/c

m
2 )

10

12

14

16

18

20

22

24

26

Filler: HMX

Filler: RDX

 



  

 
 

Proprietary of Rafael - Armament Development Authority Ltd 
5

 Figure 3. Strain at Break of XLDB Propellants as a Function of NC Content. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

In accordance with preliminary expectations, introduction of NC to propellant 

binder (up to 0.5% of total formulation) leads to a remarkable toughening effect, 

namely significant increasing in both engineering stress and elasticity modulus values 

accompanied by moderate strain decrease. Such increase in stress and elasticity 

modulus values indicates that NC plays a double role in the described XLDB 

propellant system: increasing of binder cross-linking density (due to high hydroxyl 

functionality) together with strengthening of bonding potential between polymer 

matrix and filler particles. The toughening effect is more pronounced in the case of 

RDX filled propellants that are characterized by more than 100% increasing in the 

engineering stress and elasticity modulus values.  

 

3.2. Effect of NC on burning behavior of XLDB propellants 

 

Surprisingly, significant catalytic effect was observed in addition to toughening 

one, as a result of nitrocellulose introduction to RDX-based formulations, as presented 

in Figures 4 - 5. 
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 Figure 4. Burning Rate at 70 bar of XLDB Propellants as a Function of NC Content. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5. Pressure Exponent of XLDB Propellants as a Function of NC Content. 
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 The burning rate of RDX filled propellant was increased by at least 30% (from 9 

mm/s to app. 12 mm/s at a pressure of 70 bar), while the pressure exponent value (at 

the pressure range between 60 and 120 bar) was decreased from 0.3 to 0.15-0.2. 

The burning behavior of HMX based propellant was totally different from that of 

RDX based one (see Figs. 4-5). The NC introduction to HMX filled formulation 

practically had no catalytic effect: burning rate and pressure exponent values 

remained almost unchanged (10 mm/s and 0.45, respectively). 

 

3.3. Combustion behavior of XLDB propellants 

 

The detailed mechanism of NC influence on the combustion behavior of XLDB 

propellant is out of the scope of this work and it will be studied in future. However, it 

is quite obvious that the catalytic effect of NC in RDX filled propellants could not be 

referred to NC energetic density (∆Hex) because of the very small NC content in the 

propellant formulation. 

It is well known that the combustion mechanism of nitramine based propellants 

is highly affected (especially at low pressures) by physical properties of the foam 

layer created on the surface of the burning propellant4.  This foam layer consists of 

intermixed binder components (nitrate esters) and molten nitramine (see Fig. 6). 

 

Figure 6. Schematic Description of Flame Zones in Nitramine Based Propellant 

(by Beckstead5). 
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 So, one can speculate that the difference in burning behavior of RDX and HMX 

filled propellants in general, and particularly the manner of NC influence on it, is 

resulted by the variation in physical characteristics of the two nitramines molten 

layers. Washburn and Beckstead6 summarized such characteristics, e.g. heat of 

formation, density, melt temperature, phase change energy, thermal conductivity, 

specific heat capacity, viscosity, surface tension and critical temperature. The 

hypothesis about the change of RDX – NE foam layer properties by nitrocellulose will 

be examined in the following studies. 

 

4. Conclusions 

 

• Introduction of nitrocellulose to XLDB propellants leads to a significant 

toughening effect, i.e. increasing of engineering stress and elasticity 

modulus values with no considerable deterioration of strain capability. 

 

• Introduction of nitrocellulose to RDX-filled XLDB propellants leads to a 

significant catalytic effect, i.e. increasing of burning rate and decreasing 

of pressure exponent. A change of the foam layer properties, caused by 

the nitrocellulose, may explain this result. 

 

• The burning behavior of HMX filled propellants is different from the 

one observed in the RDX based propellants: introduction of NC does not 

practically change the burning rate and pressure exponent values. 
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ABSTRACT. 

Physico-kinetical mechanisms of combustion of energetic solid mixed 

compositions HNIW/(BAMO-THF), 80:20, HNIW/(BAMO-AMMO)+modifier, 

77:20:3, HMX/(BAMO-THF), 80:20, and HMX/(BAMO-AMMO)+modifier, 

77:20:3, were investigated. Burning rates, temperature distributions in 

burning waves and burning surface temperatures were obtained by micro-

thermocouple techniques at various pressures and initial sample 

temperatures. By processing were obtained: heat feedback from gas to 

solid, heat release in solid, thickness of heat layer in solid, conductive 

sizes of combustion zones in gas and solid. Burning rate control regions in 

combustion waves were established. Actions of the modifier were 

described. Macrokinetics of chemical processes in solid reaction layer 

were found. The distinctions and common features of combustion 

mechanisms of the compositions were indicated. 

 

1. INTRODUCTION 

 Cyclic nitramine HMX  and polycyclic caged nitramine HNIW (CL-20) as 

oxidizers, mixed with modern active binders, offer many advantages for modern 

propulsion: more power, better performances, safety, environment friendliness, 

possibility of recycling. Nitramine-based propellants have been under intense 

investigations last years [1-11]. Objective of this paper is to study physical structure of 

combustion waves and physico-kinetical characteristics of combustion of new energetic 

binder-nitramine compositions. Action of burning rate modifier was studied for 

compositions with binder (BAMO-AMMO). Two energetic binders were used. HMX- and 

HNIW-based mixtures with these binders were studied. This paper continues 

investigations of solid combustion by micro-thermocouple techniques, which was 



described and used in [12-19]. This paper is a continuation of works [8-11], which 

contain similar investigations for other compositions. 

 

2.OBJECTS OF INVESTIGATIONS. 
The following mixtures were investigated:  
 

1) HNIW/(BAMO-THF), ratio 80:20, sum formula O23,667H23,737N26,626C18,690;  
   sample density ρ = 1.65 g/cm3, Tadiab=2674oC (at 10 MPa); 
 
2) HNIW/(BAMO-AMMO)+modifier, ratio for oxid./binder/modif. is 77:20:3,  

sum formula O23,537H24,697N26,428C18,348Pb0.0387;   
ρ =1.57 g/cm3. Tadiab=2648oC (at 10 MPa);  
                                  

3) HMX/(BAMO-THF), ratio 80:20, sum formula O23,368H34,393N26,328C18,540; 
                      ρ =1.69 g/cm3. Tadiab=2171oC (at 10 MPa); 
 
4) HMX/(BAMO- AMMO)+modifier, ratio for oxid./binder/modif. is 77:20:3, formula 

O232479H34,953N26,141C18,205Pb0.0387; ρ =1.68g/cm3. Tadiab=2164oC (at 10 MPa); 
 

Characteristics of ingredients: HNIW (CL-20) is a polycyclic caged nitramine, chemical 

nomination 2,4,6,8,10,12-hexanitrohexaaza-isowurtzitane; it is a powder with crystal 

particles of density ρ=2,01 g/cm3; the particles have not regular shape and sizes from 1 

up to 200 µm for mixture 1, and from 1 to 300 µm for mixture 2 (average mass sizes of 

the particles is 45 µm). HMX particles have sizes less than 315 µm. Energetic binder 

(BAMO-AMMO) is a copolymer of two thermoplastics - poly bis 3,3-azidomethyloxetane 

(BAMO) and poly 3-azidomethyl-3-methyloxetane (AMMO), in proportion 50:50. 

Energetic binder (BAMO–THF) is copolymer BAMO with tetrahydrofurane THF, in 

proportion 50:50. Stearate of Pb of chemical formula (C17H35CO2)2Pb was used as a 

burn-rate modifier (or–as a promoter); addition of the modifier is 3% by mass. It is a 

powder with crystal particle sizes of 2-3 µm.  

 

3. EXPERIMENTAL TECHNIQUES AND ARRANGEMENTS. 

Temperature profiles of the combustion waves and burning surface temperatures were 

measured by micro-thermocouple methods [8-11]. Propellant samples were burned at 

pressures 0.5 (1.0) -10 MPa and at sample initial temperatures To= -100, +20, and 

+100oC. Burning rates were measured by different methods [8-11]. Burning surface 

temperatures were measured by thermocouples that are being pressed to the surface 

during sample combustion and by establishing of locations of slope breaks on 

temperature profiles. Different types of metal wires for thermocouples were used 



(We,Re and Pt,Rh) to test the catalytic effect on thermocouples. This catalytic effect 

was not observed.  

 

4. RESULTS OF MEASUREMENTS. 
The investigated mixtures burned steady at different pressures and sample 

temperatures, without regular periodical pulsations of temperature and burning rate. 

 4.1. Carbon residue.  The studied compositions 1, 2 have decreased carbon residue on 

the burning surface, in comparison with the previously investigated HNIW–based 

compositions [11]. Compositions 2 has only slight soot formation on the burning surface 

at low pressures. Possibly, the very low carbon residue formation in combustion waves 

of this compositions is an action of burn-rate modifier, stearate of Pb.  More significant 

carbon residue has compositions 1. A carbon lattice is created in combustion waves of 

this mixture at low pressures (0.5-1 MPa). Only separated blocks of the carbon lattice 

and flakes of soot are created during combustion of the mixture at 2 MPa.  At 5 MPa 

only soot is observed. Carbon residue at 10 MPa isn’t observed.  

Experiments show that carbon residue formation on the burning surface of the studied 

mixtures practically doesn’t depend on sample initial temperature. Carbon residue on 

the burning surface of mixtures on base of HMX (mixtures 3 and 4) isn’t produced. 

Tables 1 – 4 show results of experimental measurements of mass burning rates, 

burning surface temperatures, and other parameters of combustion waves of mixtures 1 

- 4. The Tables contain averages values of these parameters for every combustion 

regime.  

4.2. Mass burning rates m. Tables 1 - 4 show that burning rates of mixtures on base of 

HNIW are higher significantly, than those of mixtures on base of HMX. The Tables also 

show that new active binder (BAMO-THF) in mixture with CL-20 have not very large 

burning rates – maximum m = 3.2 g/cm2s at 10 MPa (To=20oC). It is a moderate burning 

rate. Moderate burning rates have also mixture 2, having addition of Pb-stearate. The 

burn-rate modifier significantly decreases m of mixture  HNIW/(BAMO-AMMO) (see 

[11]. There are some peculiarities in combustion of the studied mixtures at low 

pressures. Mixtures 1 and 2 have stable combustion and temperature profiles T(x), 

beginning from 0.5 MPa at all investigated sample initial temperatures (from -100  to 

+100oC). Mixtures 3 and 4 have stable combustion and normal temperature profiles T(x) 

at positive sample temperatures, beginning from 1 MPa (mixture 3 can burn also from 

0.5 MPa at To=100oC). However, at To= -100oC the mixtures can burn only beginning 

from 2 MPa, possibly because of significant heat losses in the burning samples.   



Standard deviation of m measurements is about ±5 %. 

4.3. Burning surface temperatures Ts. Tables 1-4 show that burning surface 

temperatures Ts of mixtures 1 and 2 are significantly lower than surface temperatures of 

mixtures 3 and 4. Sample temperature variation doesn’t change this difference. 

Standard deviation of Ts measurements is about ±5 %. 

4.4. Temperature profiles. Temperature distributions T(x) in combustion waves of the 

investigated mixtures at low pressures have relatively small temperature pulsations, 

except  T(x) for mixture 1 - possibly due to elevated carbon residue creation and carbon 

flakes tearing off from the burning surface. At p>2 MPa the temperature profiles are 

relatively smooth for all investigated mixtures. From five to ten numbers of temperature 

profiles T(x) were obtained by thermocouple method for each combustion regime at 

different p and To, and then averaged curves of T(x) were obtained. All mixtures have in 

the gas phase a two-zone structure of the profiles at low pressures. This two-zone 

structure (low-temperature, or first zone, and flame zone) exists for mixtures without the 

burn-rate modifier (mixtures 1 and 3) up to about 2 MPa (To=20oC). At p>2 MPa both 

zones merge into one zone of the gas phase. Mixtures with the modifier (mixture 2 and 

4) have a very short first zone even at 0.5-1 MPa and at p>0.5-1 MPa both zones 

merge into one zone (for To=20oC). Averaged temperature profiles T(x) of the studied 

mixtures are similar to those, obtained previously for similar systems (see [8-11]). 

       Values of mean temperature of the first zone, T1, at To=20oC, for mixture 1 are 

equal to 950-1100oC, and for mixture 3  - 950-1000oC. The dark zones for mixture 2 and 

4 (with modifier) exist at To=20oC only at minimal studied pressures (0.5 MPa for 

mixture 2 and 1 MPa for mixture 4) and values of T1 are close to 1000oC.  

     Standard deviation of T1 measurements is about ±10 %. 

     Distances L1 between the burning surface and the beginning of the flame zone (L1 is 

the length of the first flame) decrease when pressure increases. Values of L1 at 

To=20oC for mixture 1 are equal to 1- 0.5 mm (0.5-2 MPa), and for mixture 3 - to 2-1 mm 

(1-2 MPa). Mixtures 2 and 4 at To=20oC have the dark zones only at minimal pressures 

of these mixtures. Values of L1 here are very small and comprise 0.3-0.4 mm. Burn-rate 

modifier decreases significantly values of L1. Similar phenomenon takes place for HMX-

based mixture (mixture 4). It is interesting to note, that mixture with binder (BAMO-THF) 

on base of HNIW has smaller length of the first flame, than similar mixture on base of 

HMX. Sample temperature variation changes values T1 and L1. Tables 1 – 4 show, that 

T1 changes similar to To, i.e. T1 increases and decreases as To. Values of L1 also 



increase when To increases and decrease when To decreases. It implies that the first 

flame (possibly, in it’s second part) of the studied mixtures is an induction zone. 

   Distances L between the burning surface and the flame (up to about 0.99 Tf) also 

decrease when pressure increases. It can be seen, that length of the gas phase 

reaction zone L for the studied mixtures are very close to each other.  

Standard deviations of L1 and L measurements comprise ±(10-20)%. 

   Flame temperatures Tf increase with pressure up to 3-5 MPa and then Tf reach 

maximal values for every mixture, which are close to thermodynamic calculated Tf.. It 

can be seen, that values of Tf of HNIW-based mixtures are much higher than those of 

HMX-based mixtures.   Standard deviation of Tf measurements is about  ±5 %. 

 

5. EXPERIMENTAL DATA PROCESSING.  
The processing of the obtained temperature profiles allows a set of burning wave 

parameters to be determined. Tables 1 - 4 present the dependencies of the obtained 

parameters on pressure and sample temperature. Table 5 shows estimated due to gas 

product content the dependencies of coefficients of heat conduction λg and specific heat 

cp of the gas phase on temperature. 

5.1. Coefficients of heat diffusivity and heat conduction in solid heat layer.  

Coefficients of solid heat diffusivity were obtained by formula χ=l⋅rb, where l is thickness 

of heat layer of the condensed phase (see next section). Tables 1 - 4 show that values 

of χ increase when pressure increases, and comprise (1.2-5.5)⋅10-3 cm2/s. The 

coefficients of solid heat conduction were obtained by formula λs=χ⋅c⋅ρ. It was assumed 

that solid specific heat is equal to c=0.35 cal/g⋅K for mixtures 1 and 2 and c=0.4 cal/g⋅K 

for mixtures 3, 4. Estimations show, that coefficients λs increase with pressure, and 

comprise (8-29)⋅10-4 cal/cm⋅s⋅K.  

5.2. Characteristic sizes in the solid and gas phases. 

Characteristic thickness of heat layer in solid l and melted layer lm in solid, presented on 

Tables 1 - 4, were obtained by temperature distributions in the condensed phase [8-11]. 

It can be seen that thickness of l and lm decrease when pressure increases. Values of lm 

are always less than values of l. Values of l comprise 90-20 µm and lm – 50-12 µm. 

Conductive sizes ϑ of the gas phase were obtained by formula: ϑ=λg/mcp; values of λg, 

which were used for ϑ calculations, were taken at temperatures T1 for two-zone 

structures and at Tf/2 for one-zone structures. Tables 1 - 4 show that values of ϑ 



comprise 29-2.5 µm and quickly decrease when pressure increases. It can be seen that 

always the following inequalities take place: ϑ<<L1 and ϑ<<L. 

Relative thickness of the gas-phase reaction layer Ω were estimated by formula Ω=L1/ϑ 

for two-zone structures, or by formula Ω=L/ϑ for one-zone structures. It can be seen 

that inequality of Ω>>1 always takes place. It implies that a wide reaction zone in the 

gas phase is observed for all combustion regimes of mixtures 1 – 4. 

5.3. Heat manifestations: heat release in solid and heat feedback from gas into solid. 

Heat flux from gas to solid q⋅m by heat conduction was estimated by the following 

formula:                                   q⋅m=-λg(T)⋅(dT/dx)o;                                            (5.1)                      

Here: (dT/dx)o=ϕo are temperature gradients in gas close to the burning surface; ϕo 

were determined by slopes of the temperature distributions T(x) in gas near the surface. 

Heat feedback q from gas into solid by heat conduction was estimated by the following 

formula:                                     q=-λg(T)⋅ϕo /m;                                                   (5.2) 

Values of λg were taken at temperatures T=Ts+100oC. 

Formula for heat release Q in reaction layer of the condensed phase (or on the burning 

surface) have the following forms: 

for mixtures 1, 2                             Q=c⋅(Ts -To)-q-qr ;                                          (5.3) 

and  

for mixtures 3, 4                              Q=c⋅(Ts -To)-q-qr+qm;                                    (5.4) 

where qm is the heat of HMX melting in mixtures 3, 4; heat of HNIW’s melting are not 

known and because of that formula for mixtures 1, 2 don’t have member of qm. Heat of 

HMX’s melting is equal to 24 cal/g (per gram of HMX) and because of that qm=19.2 

cal/g for mixture 3, and  qm=18.5 cal/g for mixture 4. Radiant heat feedback qr from 

flame into solid was estimated for all mixtures by using of content of combustion 

products and real flame thickness of the burning samples in the bomb of constant 

pressure. The heat radiations of CO2, H2O, H2, etc were taken into considerations. It 

was assumed that coefficient of heat radiation absorption of the burning surface was 

equal to 0.5. 

   Tables 1 - 4 show that all investigated mixtures have significant positive Q. Parameter 

Q comprise 64-95 cal/g for mixture 1 and 75-102 cal/g for mixture 2 (0.5-10 MPa, 

To=20oC); for mixtures 3 and 4 Q are equal to 139-182 cal/g and 143-196 cal/g, (1-10 

MPa, To=20oC). Q increases always with pressure. It can be seen that, as a rule, values 

of Q for HMX-based mixtures significantly higher than those for HNIW-based mixtures.   

Temperature gradient ϕo has significant values {(3-20)⋅104, o/cm} and always increases 



with pressure. On the contrary, heat feedback q from gas into solid always decreases 

when pressure increases. Values of q are significantly smaller than values of Q, 

especially at elevated pressures. The values of qr are small always and comprise 3-10 

cal/g for HNIW-based mixtures and 0.3-5 cal/g for HMX-based mixtures.  It can be seen, 

that inequality Q > q+qr always takes place. Sample temperature variations change 

values of ϕo, Q and q. As a rule, values of ϕo, q and Q increase when To decreases. 

Tables 1 - 4 show that values of heat release rate Fo in gas near the burning surface 

(see n. 5.4) quickly increase with pressure. It can be seen, that HNIW-based mixtures 

have, as a rule, more intensive chemical reactions in gas near the burning surface, than 

mixtures on base of HMX. To variations insignificantly change values of Fo. 

5.4. Heat release rate in gas near the burning surface. 
Heat release rates Fo shows intensity of chemical reactions in gas near the surface and 

can be quickly estimated by simplified formula:  

                                              Fo≈cp⋅m⋅ϕ;                                                       (5.5)                          

Tables 1-4 show values of Fo estimated by exact method. It can be seen that Fo quickly 

increase with pressure, and that HNIW-based mixtures have more intensive chemical 

reactions in gas near the surface than mixtures on base of HMX. 

 

6. DISCUSSIONS.  
6.1. Burning rate control regions. 

 The results of measurements of parameters q+qr and Q and the investigations of 

the gas phase zone behavior show that burning rates of the mixtures are caused by the 

heat release in solid (or on solid surface) and, in a smaller degree, by the heat feedback 

from the gas layer closed to the burning surface. Q increases with burning rate but q+qr 

decreases, and this fact shows that heat release in solid (or on solid surface) is a main 

factor of creating of the burning rate of the mixtures. Heat feedback from gas to solid is 

only small additional factor of the burning rate creating and influence of this factor on 

values of m decreases when pressure increases (at pressures p≤10 MPa). The 

obtained results show that the burning rate control regions in the combustion waves for 

all regimes of the mixtures combustion (under investigated conditions) are the regions 

of heat release in solid just under the burning surface (or immediately on the burning 

surface) and thin low-temperature gas layers close to the burning surface with thickness 

about x≈ϑ [8-11]. High temperature gas regions cannot significantly influence the 

burning rate, because of a very large heat resistance of the gas phase of the mixtures 

(i.e. due to very small values of λg ). Received above results about burning rate control 



region are valid for both type of mixtures, based on HMX and on CL-20, and for systems 

without (see [8-11]) and with the burn-rate modifier. To variation doesn’t change this 

conclusion. 

6.2. Macrokinetics of solid gasification. 

 Connection m and Ts can be presented by the following simplified expression:  

                                   m=A⋅exp(-E/2ℜTs);                                                          (6.1) 

This expression has been designated “gasification law”. The results of measurement, 

presented in Tables 1, 2, allow the following gasification law for mixtures, based on 

HNIW, to be obtained: 

  m=1.8⋅106⋅exp(-32800/2ℜTs);   (m in g/cm2s, Ts  in K)                   (6.2) 

Possibly, value E=32800 kcal/mole is an activation energy of the limiting stage of the 

process of oxidizer CL-20 gasification in the reaction layer of mixtures 1 and 2. 

The results of measurement, presented in Tables 3, 4, allow the following gasification 

laws for mixtures based on HMX, to be obtained: 

                          m=1.1⋅104⋅exp(-28000/2ℜTs);  (m in g/cm2s, T in K);                 (6.3) 

                                                                                          (valid at Ts<500oC), 

                          m=1.33⋅107⋅exp(-50000/2ℜTs);  (m in g/cm2s, T in K);               (6.4) 

                                                                                          (valid at Ts>500oC), 

 The obtained value of activation energy of the gasification process is very close to that 

of cyclic nitramines. Possibly, gasification of oxidizer HMX in the reaction layer of 

burning mixtures 3 and 4 is the limiting stage of the process of the mixtures gasification. 

The obtained gasification laws are valid for all studied p and To  and for mixtures without 

(see [8-11]) and with the burn-rate modifier.  

6.3. Actions of stearate of Pb as a modifier of combustion. 

Influence of addition of (C17H35CO2)2Pb (3% instead of oxidizer) on the studied mixtures 

can be estimated by comparisons of zone wave parameters, presented in Tables 2, 4 

and in Tables of work [11]. It can be seen, that, first of all, the addition acts quite 

different on CL-20 based and HMX based mixtures. Indeed, the stearate of Pb 

significantly decreases burning rates of  ([BAMO-AMMO]/CL-20) – about two times, and 

slightly increases burning rates of  ([BAMO-AMMO]/HMX) – about on 0.1 g/cm2s. Such 

difference in the action indicates on significant difference in chemical mechanism of 

controlling reactions in solid reaction layers and in gas near the surface of these 

mixtures. On this difference indicates also different gasification laws of these mixtures, 

established above. However, inside of each class of mixtures (based on CL-20 or on 

HMX) the addition doesn’t change the gasification law and the position of burning rate 



control regions. The modifier decreases influence of type of active binder in HNIW-

based mixtures. 

The influence on mixture ([BAMO-AMMO]/CL-20). Comparisons of parameters, 

presented in Table 2 of this work and in Table 2 of work [11] show that addition of 

(C17H35CO2)2Pb decreases Ts and heat release in solid Q, and significantly decreases 

flame temperature Tf and heat release rate Fo. The burning rate significantly decreases 

in spite of increasing φo, q and qr. Structure of combustion wave remains without 

qualitative change: wide reaction zone in the gas phase and  two-zone structure at low 

pressures (only the addition decreases values of  L1 and restricts the pressures of two-

zone structure existing). 

The influence on mixture ([BAMO-AMMO]/HMX). Comparisons of parameters, 

presented in Table 4 of this work and in Table 4 of work [11] show that the addition 

stops combustion at 0.5 MPa, slightly increases burning rate m, surface temperature Ts 

and heat release in solid Q. The addition decreases heat feedback q, qr and heat 

release rate Fo. But especially significant decreasing takes place for flame temperature 

Tf . This decreasing at simultaneous increasing mass burning rate indicates once more, 

that region of maximal temperature in combustion wave doesn’t play significant role in 

burning rate creation (see also abeve). Structure of combustion wave remains without 

qualitative change: wide reaction zone of chemical reactions in the gas phase and two-

zone structure at low pressures  Sample temperature variations don’t change these 

results. 

 Thus, the studied burn rate modifier (C17H35CO2)2Pb shows itself as an inhibitor 

in mixture ([BAMO-AMMO]/CL-20), and as a weak catalyst in mixture ([BAMO-

AMMO]/HMX. Place of action of this modifier is a whole burning wave, however the 

most important place of the action, which control burning rate, is the limiting reactions in 

solid reaction layer and gas phase reactions near the burning surface.  

 

CONCLUSIONS ABOUT COMBUSTION MECHANISMS  
  Detailed characterizations of parameters of combustion waves of CL- and HMX-

based mixtures were made by experimental measurements and by processing of 

experimental data at different pressures and sample temperatures. 

Combustion mechanisms of mixtures ([BAMO-THF]/CL-20, 20:80) and ([BAMO-
THF]/HMX, 20:80). Oxidizer CL-20 gives in mixture with (BAMO-THF) significantly 

higher flame temperature Tf (on 500o !) and higher specific impulse, than oxidizer HMX. 

This CL-based mixture has 2.5-2.8 times higher burning rates, than the corresponding 



HMX-based mixture. Peculiarities of physical parameters of burning waves of CL-based 

mixture are as follows: 1) surface burning temperatures Ts is less (on about 100o), than 

those of HMX-based mixtures; 2) heat feedback q is also less (at elevated pressures); 

3) heat release in solid Q is about two times less, than that of HMX-based mixtures 

4) heat release rates in gas close to burning surface Fo are about three times more, 

than those of HMX-based mixtures. 

Different gasification laws were established for CL- and HMX-based mixtures.  

Both mixtures share the following common characteristic features of the investigated 

combustion waves: 1. burning rate control regions in the combustion waves are the 

regions of the heat release in solid and thin low-temperature gas layer near the burning 

surface; 2. wide reaction zone of chemical reactions with distributed heat release rate in 

the gas phase; 3. two-zone structure in the gas phase at low pressures. 

Combustion mechanisms of mixtures ([BAMO-AMMO]/CL-20, 20:80) and ([BAMO-
AMMO]/HMX, 20:80), without  and  with addition of (C17H35CO2)2Pb. 
 The addition acts quite different on CL-based and HMX-based mixtures: the addition 

significantly decreases burning rates of  ([BAMO-AMMO]/CL-20) – about two times, and 

slightly increases burning rates of  ([BAMO-AMMO]/HMX) – about on 0.1 g/cm2s.  

Such difference in the action indicates on significant difference in chemical mechanisms 

of controlling reactions in solid reaction layer of these mixtures, what is in consent with 

the indicated above difference in gasification laws. 

Peculiarities of the modifier action on parameters of burning waves of CL-based 

mixture, in comparison with the action on HMX-based mixtures, are as follows:  

1) surface burning temperature Ts of CL-based mixture slightly decreases, whereas for 

HMX based mixtures Ts increases; 2) heat feedback q of CL-based mixture increases, 

whereas for HMX-based mixtures q decreases; 4) heat release in solid Q of CL-based 

mixture decreases, whereas for HMX-based mixtures Q significantly increases; 5) heat 

release rate in gas close to burning surface Fo of  both mixtures, as a rule, decreases.  

Place of action of this modifier is a whole burning wave, but the most important place is 

the limiting reactions in solid reaction layer and gas phase reactions near the surface.  

The modifier doesn’t change the indicated above gasification laws and common 

characteristic features of combustion waves of the investigated mixtures.  

The studied mixtures burn steady at used pressures and sample temperatures.  
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Table 1: Burning wave parameters of mixture 1 ([BAMO -THF]/CL-20, 20:80)  
at To: -100oC /20oC /100oC. 

 
 p, MPa 0.5 1 2 5 10 

1 m, g/сm2s 0.4/0.42 
/0.6 

0.55/0.62 
/0.8 

0.9/1.0 
/1.15 

1.65/1.92 
/2.14 

2.5/2.98 
/3.25 

2 Ts, oC 260/262 
/275 

272/276 
/285 

290/294 
/300 

315/320 
/325 

332/340 
/343 

3 φo ·10
-4, o/cm 2.7/4.0 

/2.2 
5.0/5.5 

/4.5 
7.0/7.0 

/6.0 
9.0/9.0 

/8.3 
11/12.5 
/11.5 

4 q, cal/g 11.5/16 
/6.0 

16.4/24 
/10 

14.4/13 
/10 

9.0/9.0 
/8.0 

8.4/8.0 
/7.0 

5 qr, cal/g 5/5 
/3 

4.5/5 
/3 

5.6/5 
/4 

8.5/7 
/7 

12/9 
/10 

6 Q, cal/g 110/64 
/52 

109/61 
/102 

117/78 
/56 

127/89 
/64 

131/95 
/68 

7 l, µm 85/75 
/70 

65/56 
/55 

50/40 
/45 

35/28 
/38 

26/20 
/30 

8 lm, µm 30/35 
/50 

22/30 
/40 

18/26 
/35 

16/22 
/32 

12/16 
/30 

9 T1, oC 850/950 
/1050 

900/1000 
/1100 

-/1100 
/1180 

-/-/- -/-/- 

10 Tf, oC 2000/2400 
/2480 

2350/2500 
/2580 

2450/2550 
/2630 

2560/2675 
/2770 

2560/2675 
/2770 

11 L1, mm 1.5/1.0 
/1.8 

0.5/0.8 
/1.0 

-/0.5 
/0.7 

-/-/- -/-/- 

12 L, mm 4.0/4.0 
/4.2 

2.5/3.0 
/3.5 

1.8/2.5 
/2.8 

1.5/2.0 
/2.2 

1.2/1.2 
/1.8 

13 ϑ, µm 19.3/19.0 
/14.5 

14.5/13.0 
/11.2 

11.0/9.0 
/8.0 

6.0/4.7 
/4.7 

4.0/3.1 
/3.0 

14 Ω 78/52 
/124 

34/61 
/90 

164/56 
/88 

250/426 
/468 

300/387 
/600 

15 Fo·10
-3, 

cal/cm3s  
(at To=20oC) 

 
8.3 

 
19.7 

 
35.4 

 
87.8 

 
223 

 

 

 

 

 
 
 
 
 
 
 



Table 2: Burning wave parameters of mixture 2 
 ([BAMO -AMMO]/CL-20 +Stearate Pb, 20:77:3) 

at To: -100oC /20oC /100oC. 
 

 p, MPa 0.5 1 2 5 10 

1 m, g/сm2s 0.56/0.68 
/0.78 

0.72/0.9 
/0.98 

1.1/1.3 
/1.35 

2.1/2.32 
/2.5 

3.48/3.92 
/4.2 

2 Ts, oC 272/280 
/284 

282/290 
/293 

298/304 
/306 

323/328 
/332 

348/354 
/357 

3 φo ·10
-4, o/cm 6.0/5.0 

/3.0 
7.0/7.0 

/5.0 
9.0/9.0 

/7.5 
12.8/13.0 

/12.0 
15.5/16.0 

/15.0 
4 q, cal/g 18.2/13 

/7.0 
17.5/14.0 

/9.0 
15.0/13.0 

/10.0 
11.3/11.0 

/9.0 
8.7/8.0 

/7.0 
5 qr, cal/g 3.6/3.0 

/2.6 
3.5/3.3 

/2.6 
4.5/3.8 

/3.7 
6.7/6.0 

/5.6 
9.0/7.0 

/7.5 
6 Q, cal/g 108/75 

/55 
113/77 

/56 
120/83 

/58 
131/91 

/67 
139/102 

/75 
7 l, µm 80/50 

/60 
65/45 
/50 

50/40 
/45 

35/30 
/28 

25/22 
/18 

8 lm, µm 25/30 
/45 

22/26 
/35 

18/22 
/32 

16/18 
/25 

12/16 
/18 

9 T1, oC 900/1000 
/1050 

-/- 
/1150 

-/-/- -/-/- -/-/- 

10 Tf, oC 2300/2300 
/2420 

2400/2400 
/2520 

2480/2500 
/2600 

2520/2630 
/2740 

2520/2630 
/2740 

11 L1, mm 0.3//0.4 
1.0 

-/- 
/0.6 

-/-/- -/-/- -/-/- 

12 L, mm 2.5/3.0 
/3.5 

2.5/2.5 
/3.0 

2.8/3.0 
/3.0 

2.0/2.5 
/3.0 

1.2/1.8/ 
/2.0 

13 ϑ, µm 14.0/1.0 
/11.3 

13./11.0 
/9.7 

8.6/7.5 
/7.2 

4.6/4.3 
/4.0 

2.8/2.5 
/2.4 

14 Ω 20/31/ 
88 

190/236 
/62 

325/400 
/416 

435/580 
/750 

430/720 
/830 

15 Fo·10
-3, 

cal/cm3s  
(at To=20oC) 

 
15.7 

 
29.5 

 
55.3 

 
147 

 
318 

 

 

 
 
 
 
 
 
 
 
 
 
 
 



Table 3: Burning wave parameters of mixture 3  
([BAMO -THF]/HMX, 20:80)   
at To: -100oC /20oC /100oC. 

 
 p, MPa 0.5 1 2 5 10 

1 m, g/сm2s -/- 
/0.3 

0.18/0.26 
/0.45 

0.29/0.4 
/0.63 

0.56/0.73 
/1.0 

0.93/1.16 
/1.5 

2 Ts, oC -/- 
/385 

353/375 
/415 

385/408 
/443 

447/456 
/480 

474/488 
/500 

3 φo ·10
-4, o/cm -/- 

/1.5 
-/3.0 
/2.0 

5.0/4.0 
/2.7 

8.0/6.5 
/5.0 

11.5/10 
/8.3 

4 q, cal/g -/- 
/10 

-/22 
/8.9 

34.5/20 
/9.4 

30/19.6 
/11.5 

2702/19.8 
/13 

5 qr, cal/g -/- 
/0 

-/0.4 
/0.2 

0.6/0.4 
/0.3 

2.8/2.1 
/1.5 

6.2/5.0 
/3.9 

6 Q, cal/g -/- 
/123 

-/139 
/136 

178/154 
/147 

205/172 
/158 

215/182 
/162 

7 l, µm -/- 
/72 

-/70 
/56 

90/60 
/46 

50/45 
/36 

35/30 
/27 

8 lm, µm -/- 
/50 

-/35 
/40 

25/25 
/30 

20/20 
/22 

16/15 
/18 

9 T1, oC -/- 
/900 

-/950 
/1000 

900/1000 
/1050 

-/-/- -/-/- 

10 Tf, oC -/- 
/- 

-/1900 
/1950 

1900/2000 
/2100 

2050/2170 
/2270 

2050/2170 
/2270 

11 L1, mm -/- 
/>5 

     -/2.0 
       /2.2 

0.5/1.0 
/1.5 

-/-/- -/-/- 

12 L, mm -/- 
/>5 

-/3.5 
/4.0 

2.0/2.5 
/3.5 

1.5/2.0 
/3.0 

1.0/1.0 
/1.6 

13 ϑ, µm -/- 
/25 

-/29 
/17 

25/20 
/13 

14/11 
/8.6 

8.3/4.7 
/5.7 

14 Ω -/- 
/- 

-/69 
/130 

20/50 
/115 

107/182 
/350 

120/212 
/280 

15 Fo·10
-3, 

cal/cm3s  
(at To=20oC) 

 
- 

 
4.0 

 
8.0 

 
23.9 

 
57 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 



 Table 4: Burning wave parameters of mixture 4 
 ([BAMO -AMMO]/HMX+Stearate Pb., 20:77:3)  

at To: -100oC /20oC /100oC. 
 

 p, MPa 1 2 5 10 

1 m, g/сm2s -/0.34 
/0.46 

0.4/0.5 
/0.69 

0.8/0.96 
1.2 

1.34/1.63 
/1.85 

2 Ts, oC -/392 
/416 

405/425 
/450 

463/477 
/490 

495/505 
/510 

3 φo ·10
-4, o/cm -/4.5 

/3.0 
7.0/6.0 

/5.0 
10/8.0 
/7.0 

11/9.5 
/9.0 

4 q, cal/g -/24.5 
/13.7 

35/25.2 
/16 

24/18.5 
/13.4 

19/13.3 
/11.2 

5 qr, cal/g -/0.32 
/0.2 

0.4/0.32 
/0.2 

2.0/1.6 
1.3 

3.5/3.5 
/3.5 

6 Q, cal/g -/143 
/131 

185/155 
/142 

216/181 
/160 

235/196 
/168 

7 l, µm -/70 
/ 

40/6 
/ 

30/40 
/ 

22/30 
/ 

8 lm, µm 26/35 
/ 

22/25 
/ 

18/20 
/ 

16/17 
/ 

9 T1, oC -/1000 
/1000 

-/- 
/1100 

-/-/- -/-/- 

10 Tf, oC -/2000 
/2100 

2000/2100 
/2200 

2060/2164 
/2265 

2060/2164 
/2265 

11 L1, mm -/0.3 
/2.0 

-/- 
/0.3 

-/-/- -/-/- 

12 L, mm -/3.0 
/4.0 

1.8/2.0 
/2.0 

1.2/1.5 
/1.8 

0.8/1.0 
/1.2 

13 ϑ, µm -/24 
/17 

20/16 
/12 

10/8.5 
/7.0 

6.0/5.0 
/4.6 

14 Ω -/12.5 
/118 

90/125 
/25 

120/176 
/260 

130/200 
/260 

15 Fo·10
-3, 

cal/cm3s  
(at To=20oC) 

 
7.5 

 
15.3 

 
40.7 

 
83.5 

  

 
Table 5: Thermophysical coefficients of the gas phase  

mixtures T,oC 250 500 1000 1500 2000 2500 

1-4 λgּ104, 
cal/cmּsּК 

1,6 2,0 3,2 4,4 5,6 6,7 

1, 2 Сp, cal/gּК 0,34 0,35 0,38 0,415 0,45 0,48 

3, 4 Сp, cal/gּК 0,365 0,38 0,415 0,44 0,47 0,50 
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Introduction 

High explosives (HE) are designed to be detonated through shock initiation.  Shock initiation has 

been well studied and HE performs consistently, therefore predictably, within its shock initiation 

design envelope.  Complicating the ability to predict HE response overall, are other non-shock 
modes of initiation.  These non-shock modes include friction, impact, shear and thermal ignition, 

all of which are possible treatments in day-to-day handling and transport of HE.  In general, non-

shock modes of initiation are not as well understood and developing methods to study these 
behaviors can be difficult due to the considerable variability in each material’s response.   

 
Cook-off is a mode of non-shock initiation of HE by which heat drives the material to ignition, 

after which the HE response can range from a slow burn to a low-order explosion or even a 

violent detonation.  Cook-off is further categorized as slow or fast.  Fast cook-off occurs when 
the heating profile is rapid and eventually leads to ignition of the explosive near the heated 

interface, where the temperature is hottest.  Alternatively, slow cook-off occurs when the 
exothermicity of chemical reactions within the explosive dominate later in the process and drive 

the location of the hottest point inward where the material will eventually runaway to ignition.   

 
Understanding cook-off behavior is important and a priori prediction through numerical 

modeling is highly desirable.  In the past, a considerable amount of experimental and modeling 



work has been done to investigate the processes involved in the slow cook-off of PBX 9501 

(comprised by % weight; 95% HMX crystals, 2.5% Estane 5703, 1.25% BDNPA nitroplasticizer 
and 1.25% BDNPF nitroplasticizer).  However, in much of the early work, little attention was 

paid to the possible effects of gas transport within the system.  The work contained in this article 
addresses gas transport through measurement of Darcy flow to obtain the specific permeability 

of PBX 9501 damaged at elevated temperatures.    

 
Background 

McGuire and Tarver [1,2] developed a reduced 3-step Arrhenius scheme to describe the slow 
thermal decomposition of HMX, which has been very successful in predicting time-to-explosion 

for HMX-based explosives over a wide range of heating rates.  The scheme was basically a 

multi-parameter curve fit to the time-to-explosion data from one-dimensional time-to-explosion 
experiments (ODTX).  However, despite the success of this scheme, its utility in predicting the 

actual time and temperature dependency of the thermochemistry was largely unknown because 

these measurements had not been made.  In particular, the accuracy of the prediction of ignition 
location within the charge, which is recognized as an important parameter in determining 

reaction violence, was unknown. 
 

In order to address this problem, Dickson et al. [3] made some modifications to the scheme and 

adjusted the thermal properties of PBX 9501 slightly as required to model the experimental data.  
Brill et al. [4] made kinetic measurements of the HMX β - δ phase transition, and showed that 

the kinetic parameters were similar to those attributed to the decomposition kinetics.  Recent 

work [5] has shown that the first endothermic step in the McGuire-Tarver model, which was 
introduced to give the correct induction time behavior, does broadly represent the β - δ phase 

transition in HMX.  This led to the following scheme: 

 

HMXβ ↔ HMXδ          (R1) 
 

HMXβ + HMXδ ↔ HMXδ  + HMXδ      (R2) 
 

HMXδ → GASEOUS PRODUCTS     (R3) 
 

HMXδ + GASEOUS PRODUCTS → GASEOUS PRODUCTS (R4), 



where the gaseous products formed in R3 react auto-catalytically with remaining HMX to 

accelerate HMX decomposition in R4.  R4 is an empirical approximation of the late exothermic 
chemistry responsible for thermal runaway during slow cook-off. 

 
This scheme produced good agreement when used to model the LANL radial cook-off tests.  

However, these tests are confined but unsealed, and significant questions have been raised by 

other researchers regarding the effects of gas permeation.  A number of tests have apparently 
indicated that gas-tight systems behave differently to unsealed systems, especially under slow 

cook-off conditions (Fig. 1), which would suggest that the permeation of gas through the plastic 
bonded explosive (PBX) affects the response, either by transferring heat (modifying heat 

transport rates) or reactive species (modifying reaction rates), or both.  At this point, it is 

important to emphasize that PBX 9501, like all plastic bonded explosives is a multi-component 
material.  Specifically PBX 9501 has a 5% by weight plastic binder component.  As a result, 

each of these components will have their own decomposition kinetics and can therefore affect the 

overall behavior of the PBX system.  Specifically, HMX decomposition products will be 
entrapped within a matrix of binder that is also decomposing at its own rate.  If these gaseous 

species are able to permeate away from the R4 point of origin, due to binder decomposition, then 
the auto-catalysis will be reduced and decomposition rate will decrease as well.  At the same 

time, these same permeating gases will accelerate HMX decomposition in surrounding material 

into which the gases permeate.  This “reaction spreading” phenomenon has significant 
implications for modeling ignition location and violence of slow cook-off, as demonstrated by 

Zerkle et al. [6]. 



 
Figure 1.  Variability for time-to-ignition for gas-tight vs. unsealed radial cook-off tests demonstrating, qualitatively, 
the effect of gas permeation in slow cook-off. 
 

In addition to the pre-ignition influence that gas permeation may have, there are other post-
ignition implications.  For a material to be permeable, it must have a network of interconnected 

porosity.  Whether this porosity has the morphology of conjoined spherical voids or planar 
fractures is not as important as its interconnectedness.  Therefore knowing a material to be 

permeable allows one to infer that it also has gas-flow pathways.  While pristine PBX 9501 has 

generally been regarded as approximately impermeable, it is well known that its porosity, and 
thus possibly its permeability, increase as physical and chemical changes occur at elevated 

temperatures [7].  Experimental results indicate that flame spread into defects in HE is dependant 
on both defect aperture and pressure [8-10].  As an explosive burns and pressure increases, a 

critical pressure may be reached at which the flames can penetrate the bulk and transition the 

burn from laminar to convective.  As observed by Dickson et al. [11] in their mechanically 
confined cook-off (MCCO) experiments, thermally damaged PBX 9501 can develop 

morphology conducive to significant flame spread (Fig. 2).  These researchers also observed one 

occurrence of deflagration-to-detonation transition (DDT) which they attributed to a mechanism 
proposed by McAfee [12] and Luebcke [13] for DDT in porous beds where appropriate 

confinement allows accelerating reaction rate and pressurization to form a compaction wave, 
which ultimately leads to shock wave formation.  Extending this hypothesis, it is reasonable to 

speculate that similar DDT phenomena may occur in larger, mechanically- or inertially-confined 

masses of damaged PBX 9501. 



 
Figure 2.  Post-ignition flame spread in thermally damaged PBX 9501, demonstrating flame penetration and 
convective burning.  Images taken from the Mechanically Confined Cook-off experiment (MCCO) [11]. 
 

The compelling body of evidence suggesting that gas permeation may play an important role in 
predicting both the pre- and post-ignition behavior of thermally damaged PBX 9501 led us to 

investigate and measure these parameters [14].  This article will summarize previous 
permeability research, as well as present new data on our progress for this on-going research.   

 

 
Experimental 

A permeameter was constructed that permitted quantitative dynamic measurement of gas-flow 

by recording the pressure decay rate of a constant volume gas reservoir as gas permeated through 
a specimen.  Test specimens were machined or pressed into cylinders with a diameter of 1 cm 

and lengths varying between 2.6–3 cm.  The samples were potted in a ¾ inch (1.9 cm) 
Swagelock® port connector using JB Weld® epoxy.  After leak testing and calibration, 

experiments were conducted using pristine and thermally damaged PBX 9501 explosive.  

Temperature and pressure decay data as a function of time were acquired, numerical derivatives 



were obtained and the specific permeability was calculated.  The instrument and data treatment 

are described in greater detail by Asay et al. [15]. 
 

Pristine PBX 9501 
Experiments were first performed testing pristine, as-machined, PBX 9501 at room temperature 

to establish a baseline permeability value for the explosive.  These data were averaged and found 

to be very near the sensitivity limit of the permeameter at 4x10-19 m2. 
 

Confined Samples 
Samples potted in pristine condition were subsequently heated to 185˚C, pressurized and held at 

temperature for periods of 2-20 hours.  Upon heating, pressure would begin to drop at an 

increasing rate for approximately 2-3 hours, after which there was an observed exponential 
pressure decay.  Data from this regime, where pressure decay rate is quasi steady, were used to 

calculate permeability of radially confined PBX 9501 undergoing thermal damage.  We found 

that permeability increases initially by 3 orders of magnitude to 3x10-16 m2 after 2–3 hours at 
185˚C (Fig. 3).  During the quasi-steady regime, permeability continues to rise, though at a lower 

rate (Fig. 4).  This indicates a secondary mechanism of long-duration damage.  
 

 

Figure 3.  Typical pressure decay curve and 
accompanying permeability history for PBX 9501 
damaged and soaked at 185˚C for the entire duration 
and with an applied pressure gradient. 
 

 

 
Figure 4.  Permeability records for the quasi-steady 
pressure decay regime showing similarity between 
samples damaged with and without an applied 
pressure gradient.  All samples damaged and soaked 
at 185˚C for the entire duration. 

 
 



Unconfined Samples 
To eliminate the effects of radial confinement on samples undergoing damage, several samples 
were damaged unconfined to allow for unhindered expansion.  After cooling, they were potted 

and permeability was measured at 7x10-14 m2, which is 5 orders of magnitude greater than for 
pristine PBX 9501.  Upon re-heating these samples to 185˚C, permeability decreased by a factor 

of ~70 to 1x10-15 m2.   

 
Other Permeability Work 
To address the possibility that the observed permeability may have been created as a result of 
applying a pressure gradient to the sample mounted in the permeameter, a series of experiments 

was run where damage to the sample, mounted in the permeameter, occurred before a pressure 

gradient was applied.  After a 3-hour soak at 185˚C, the permeameter was pressurized.  The 
samples in this series were permeable immediately thereafter (Fig. 4), indicating a permeable 

network of interconnected porosity had been established without the influence of the applied 

pressure gradient.   
 

Another series of experiments was performed to address concerns that the interface between two 
machined sections may introduce a preferential gas-flow pathway.  Pristine samples of PBX 

9501 were machined into half-cylinder sections and were then potted together so that the flat 

faces were touching.  One of the samples in this series was potted with thermocouples (125 µm 
bead) taped between the faces of the midplane section (Fig. 5).  The other two samples were 

potted without thermocouples between the faces.  Results indicate a midplane interface had a 
significant effect initially (before heating), but little-to-no effect on the overall permeability 

measurement at elevated temperatures, where permeabilities were close to those of non-sectioned 

samples (Fig. 6).  It would appear likely that the compressive effect of the volume expansion due 
to the HMX β - δ phase transition and normal thermal expansion, coupled with binder melt, was 

sufficient enough to “seal” the interface to the extent that it was no longer a preferential flowpath 

and that the observed permeability therefore resulted from matrix flow.



 
Figure 5.  Preparation of a permeability specimen 
(before potting in specimen holder) to test whether or 
not a midplane section significantly influences gas-
flow at elevated temperatures. 

 
Figure 6.  Permeability histories of midplane-
sectioned specimens with and without thermocouples 
(TCs).  Refer back to figure 4 for comparison to non-
sectioned specimens.  Tests were performed with a 
185˚C soak for the entire duration. 

 
 

Discussion 
Results from experiments indicate that thermal damage over long durations of time and at 

temperatures nearing 185˚C results in a permeable matrix.  Currently we are attempting to work 

towards an understanding of mechanisms that may be responsible for the development of 
permeable interconnected networks throughout the material.  

 

Upon examination of the pressure decay curves from experiments where the specimen had an 
applied pressure gradient throughout the entire heating profile, there is typically a point of 

inflection where the curve transitions from an increasing to decreasing rate (Fig. 3).  The 
inflection point separates the permeability evolution into two regimes: the first 2–3 hours where 

permeability increases by 3 orders of magnitudes and a quasi-steady regime for the remainder of 

the history, which typically ran for 15 additional hours.  We describe this second regime as 
quasi-steady because the decay curve fits closely to an exponential decay curve; indicative of 

steady state pressure decay from a constant volume reservoir.  This regime does show slight 
deviation from an exponential decay indicating a secondary (slower) mechanism of permeability 

evolution. 

 



The Early Regime 
During the first 3 hours at 185˚C, a network of interconnected porosity throughout the specimen 
was established progressively allowing gas to permeate at an increasing rate indicating a 

mechanism of solid-to-gas decomposition at work.  Upon examination of Thermal Gravimetric 
Analysis (TGA) of HMX alongside the binder used in PBX 9501, it is clear the nitroplasticizer 

(BDNPA-F) is the only constituent of PBX 9501 that would decompose rapidly enough, at these 

temperatures, to explain the observed permeability (Fig. 7).  Above 120˚C, nitroplasticizer 
decomposition is well underway and over the duration of 3 hours most of it will have 

decomposed leaving voids in its place.  Decomposition nucleation sites would be ubiquitous 
throughout the bulk of the PBX leading to countless bubbles.  As decomposition continued, 

pressure from the evolving gases would cause the bubbles to grow and join, ultimately forming 

the interconnected network.  Once nitroplasticizer decomposition neared completion, the rate of 
permeability increase would slow and eventually become quasi-steady. 

 

The Quasi-steady Regime 
After the initial permeability regime, decomposing HMX is the only component left in the PBX 

that could lead to further development of a permeable porosity network.  As demonstrated by 
Behrens [16], HMX crystals decompose from their surfaces inward, leaving a highly porous 

residue layer.  Over time the slower HMX surface regression would contribute to the overall 

extent of the porosity network, thus also permeability of the PBX. 
 

 
Figure 7.  TGA of binder used in PBX 9501. 



Conclusion 
We have presented data that indicate that thermally damaged PBX 9501 is substantially more 
permeable than the pristine material and that this may have a significant effect on the pre-

ignition slow cook-off process, as well as the post-ignition flame spread process.   
Recent experiments indicate that the mechanism responsible for the formation of interconnected 

matrix porosity is likely dominated by nitroplasticizer decomposition in the early stages of the 

permeability evolution history followed by secondary, slower HMX decomposition.  Other 
experiments employing a planar section (simulating a constant aperture fracture) indicate that at 

elevated temperatures, the plastic nature of PBX 9501 can seal fractures and that the observed 
specific permeability is the likely result of matrix flow.  Still there are many unanswered 

questions, and the continuation of parametric studies of the various dominant mechanisms is 

crucial in order to develop the modeling capabilities to eventually be able to make the a priori 
predictions required in the future. 
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ABSTRACT 
The results of experimental study of flame spread over thin layers of heptane, ethanol, and 

ethanol azide at contact of the liquid fuels with thin copper wires are presented. It was shown, that 

the velocity of flame decreases with growth of diameter of wire. The values of top and bottom limit 

of flame spread on diameter of wire depend on a boiling point of liquid fuel and its latent heat of 

evaporation. The mechanism of flame spread is depended both on heat conductivity and from a ratio 

of heat capacity of fuel and a substrate. 

 

INTRODUCTION 

The process of flame spread over layers of the liquid fuels on various constructions (metallic, 

wooden и т.д.) often meets in practice. Such process is distinguished by complicated character of 

heat exchange in system of fuel – inert material and by influence of thermal thickness components 

of system on velocity and limits of combustion wave spread. The diffusion flame spread on 

thermally thin systems (liquid fuel – metallic paper) was investigated early [1-3]. In present paper 

the propagation of the combustion wave through thin layers of liquid fuels (heptane, ethanol, and 

ethanol azide) on copper wires was investigated at conditions which different from ones in [1]. As 

the propagation of diffusion flame (heptane, ethanol) as the propagaton of decomposition flame 

(ethanol azide) were studied. 

mailto:kopiyka@ukr.net
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EXPERIMENT 

A scheme of experimental equipment is shown in Fig.1. The thin copper wires (1) with 0,5m 

long and different value of diameter (0,09 ÷1mm) were fixed vertically on holder (2). The fuel was 

put on a surface of these wires by a metering device. The thickness of fuel layer (10÷20µm) was 

controlled with usage of weight and optical methods. The fuel was ignited in a top and the flame 

was spread top-down. The copper - constantan thermocouple (3) was used for measurement of 

characteristic values of temperature. A copper element of such thermocouple was substrate. 
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Fig.1 Schematic of the experimental equipment 

 

THE RESULTS AND DISCUSSION 

As the results of experiment have shown, the processes of a flame spread on thin layers of 

liquid fuels for all fuels are similar qualitatively. The flame spread after short time becomes 

stationary and the wave structure of combustion does not change with the course of time. The 

representative photo of a flame, which spread on a layer of ethanol, is had been shown in Fig 2. It is 

visible, that the flame clasps a substrate. It promotes intensive exchange of a heat between a flame 

and substrate. 

 
Fig.2 The flame at the combustion of ethanol 

on a wire with diameter 0,53mm. 
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The characteristic values of thermal relaxation time of fuel layer – 
f

f
f a

h2

=τ , substrate – 
S

S
S a

h 2

=τ  

and value of time of heat transfer along a substrate – 
2u

aS
b =τ  were determined to make clear the 

mechanism of heat transfer in such system. Here, u  – the velocity of flame spread;  – the 

thickness of fuel layer and substrate;  – the values of thermometric conductivity of fuel layer 

and substrate, correspondly. The appreciations have shown, that the value  approximately is 

more 10 times than values  and . In other words, the equalization of temperature on thikcness 

of fuel and substrate occurs faster than heat transfer along a wire and such layering system is 

“thermally thin” [4]. That is, the distribution of temperature across of layering system is not 

essential. Heat from a flame heats a wire and is transmitted along a wire to fuel. The fuel evaporate, 

and the vapour of fuel with atmospheric oxygen create a stoichiometric mixture, which one burns. 

The details of the mechanism of flame spread are submitted on the scheme (Fig.3), which one 

includes the front of flame – (1) with a leading edge (2); small ball of liquid fuel in the front of edge 

of a flame (3); the layer of fuel (4). The formation of a small ball of fuel in the front of edge of a 

flame takes place because of flow of fuel in a direction of a gradient of temperature (Marangony’s 

effect). In conditions of the present experiment the size of a small ball of liquid fuel approximately 

equalled 2mm. The values of velocity of moving ball of liquid fuel and the leading edge of a flame 

were same. 

Sf hh ,

Sf aa ,

bτ

fτ Sτ

 

 

Fig.3 The model of flame spread on a wire 
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The analysis of thermograms of flame spread process allows to obtain the information about 

the structure of heat wave into the substrate. The typical distribution of temperature is shown in 

fig.4. On this thermogram it is possible to indicate two characteristic values of temperature –  and 

. The value  corresponds to the temperature “plateau” which is connected with phase transition 

of drop of liquid fuel. The small drop of fuel was formed on a thermocouple junction because of 

Marangony’s effect. The evaporation of drop as though “freezes” of a temperature profile into a 

substrate in the front of leading edge of flame.  – it is a maximum temperature of a segment of 

substrate, which one is inside a flame. The characteristic values of these temperatures of a copper 

wire with diameter 0,3mm and 0,9mm are submitted in the table 1 for different fuels. 

1T

2T 1T

2T

 

Т

Т2

Т1

t  
Fig.4 The typical termogramm at the combustion of fuels on metallic substrate 

 
Table 1 

mmd 3,0=  mmd 9,0=  Fuel 
kgkcal

Qb

/
,

 
molecal
L

/
,

 
KT ,1  KT ,2  KT ,1  

Heptane 11600 7500 410 620 360 

Ethanol 6500 10200 390 570 350 

Ethanol azide 2200 11400 370 615 – 
 

It has been shown from table, that the temperature of wire  the higher than more heat of 

combustion  of fuel at diffusion flame spread on a fuel layer (heptane, ethanol). For ethanol 

azide it not so. The form of ethanol azide flame (the decomposition flame) is less conical as 

2T

bQ
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compared with diffusion flame. It provides the best conditions of heat exchange. The temperature 

 of wire in the front of leading edge of flame is the higher than less the latent heat of 

evaporisation  of fuel. Thus, the value of temperature of substrate is determines both the 

conditions of heat exchange and the values , . 

1T

L

bQ L

 

THE INFLUENCE OF A WIRE DIAMETER ON VELOCITY OF A FLAME SPREAD 

It is important from a practical point of view to know the information about the influence of 

value of a wire diameter on the velocity of flame spread  at combustion of fuel. The data of 

experiment are shown in a fig. 5 for different fuels. The form of these dependences is similar. The 

velocity of flame spread of fuels decreased at increase of diameter of a wire. However, in case of 

combustion of ethanol azide this dependence has appeared by more strong. Such peculiarity of 

combustion can be explained by distinction in the mechanism of combustion of ethanol azide and 

hydrocarbon fuels (heptane, ethanol). Really, ethanol azide is a liquid explosive, which one burns in 

a kinetic regime. It is known, that in this case the burning rate depends on value of temperature 

under the law of an exponent [5,6]. The hydrocarbon fuels burn in a diffusive regime, and their 

burning rate decreases with a reduction of temperature under the law of a logarithm. As has shown 

experiment, the temperature of fuel is reduced with increase of diameter of a wire (table 1). 
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Fig.5 The dependence of velocity of flame spread via diameter of a wire. 

(heptane (1), ethanol (2), ethanol azide (3)) 
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At a flame spread of burning liquid fuels, which one are in thermal contact to their substrate, 

the additional flux of heat  from a substrate to a zone of a chemical reaction of decomposition 

takes place (for example ethanol azide). It should lead to increase of a combustion temperature of 

fuels [7]. At the absence of such additional flux of heat the combustion temperature  of fuel is 

determined only by value of a heat generation of chemical reaction Q : 

q

cT

( )0TTcQ c −= . (1)

 

The value of combustion temperature in case of existence of an external of heat flux  is 

determined by this equation: 

cqT

( )0TTcQ
u
q

cq
q

−=+
ρ

, (2)

Here,  – the velocity of flame spread at an existence of external of heat flux. Then the ratio of 

velocity of flame spread at an existence of external of heat flux  to value of velocity of flame 

spread at the absence of the flux  is determined next equation [6]: 

qu

qu

0u

 

( )

( )
( ) ⎥

⎥
⎦

⎤

⎢
⎢
⎣

⎡

ρ
=≈

qcc

cq

c

q

cu
q

RT
E

Tu

Tu

Tu

u
2

0

0

0 2
exp , (3)

 

Here,  is determined by Zel’dovich – Belyaev’s equation. )(0 cTu

The value of external of heat flux  from a thin wire to a vapor of ethanol azide can be 

presented by next expression: 

q

( )VTTq −α= 2 , (4)

 

Here,  is the heatexchange factor,  is the temperature of vapor of ethanol azide,  is the 

temperature of a segment of substrate, which one is inside a flame. Then the equation for 

calculation of value of the velocity of a flame spread at the combustion of layer of ethanol azide on 

metallic substrate has next view: 

α VT 2T

 

( )

⎥
⎥
⎦

⎤

⎢
⎢
⎣

⎡

⋅

−′
=

q

Vf

c
q

ud

TTNua

RT
Euu 2

20
2

exp . (5)
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Here,  – the thermometric conductivity of vapor of fuel, fa′ E  – the activation energy of the thermal 

decomposition of ethanol azide molecules ( molecalE /37800=  [5]). It was received 1TTV ≈  and 

the Nusselt's criterion  at carrying out of calculation because the thickness of wire is very 

small. The results of calculation are presented on Fig.5 as line and ones are in good agreement with 

the data of experiment (3). It is note, such method of calculation of value of the velocity of a flame 

spread is correct solely for the liquid fuels, which burn in kinetic regime. 

4=Nu

 

THE LIMITING CONDITIONS OF COMBUSTION OF FUELS 

The critical values of diameter of wire  (top limit) and  (bottom limit) for the flame 

spread of fuels were found experimentally. The experimental dates are presented in table 2. 

1crd 2crd

Table 2 

Fuel mmdcr ,1  mmdcr ,2  KTb ,  

Heptane 0,65 0,15 371 

Ethanol 1,0 0,20 351 

Ethanol azide 0,50 0,09 433 

 

The increase of value of a wire diameter leads to increase of part of heat, which is dissipated 

into the wire mass. The existence of top limit  for the flame spread of fuels is explained of this 

process. The quantity of heat is not enough for the formation of stoichiometryc mix and the 

combustion process is extinguished. Apparently, the critical value of diameter is connected with the 

boiling point . The less of boiling point  the more of critical value of a wire diameter (table 2). 

1crd

bT bT

Therefore, the value of specific heat of the layer’s system is important for the mechanism of 

heat transfer. Really, the value of effective thermometric conductivity of the thermally thin system 

 is determined next expression [4]: ∗a

sssfff

ssff

hchc

hh
a

ρ+ρ

λ+λ
=∗ , (6)

 

Here, λ  is the thermal conductivity, c  is the heat capacity, ρ  is the density,  is the thickness. The 

indexes  and  are connection with substrate and fuel correspondly. Since 

h

s f ffss hh λ>>λ  in 

present case, then the expression (6) can be simplify: 

β⋅=∗
saa , (7) 
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Here, 
sssfff

sss

hchc
hc

ρ+ρ

ρ
=β  is the part of heat capacity of substrate into the layers system “fuel – 

substrate”. So, the velocity of flame spread is depended as on the thermal conductivity of a wire as 

on the heat capacity of a wire. Really, as it has shown on Fig.6, the value of velocity of flame 

spread is decreased with the increase of value β . It is note, the value of velocity of flame spread on 

heptane’s layer, which has smaller of the latent heat of evaporisation  is decreased largely at 

variation of β . 
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Fig.6 The dependence of velocity of flame spread via the part of heat 

capacity of substrate into the layers system “fuel – substrate”. 

(heptane (1), ethanol (2), ethanol azide (3)). 

 

The decrease of value of a wire diameter leads to the more intensive heat exchange between a 

flame and wire. The existence of bottom limit  for the flame spread of fuels is explained of this 

process. The temperature of wire is increase. The flux of heat from a substrate to a fuel’s layer is 

increase also. Therefore the evaporation rate is growth. The zone of evaporation is retiring from 

flame and the process of combustion is finish. 

2crd

Since, the boiling point of the heptane and the ethanol is smaller than the boiling point of 

ethanol azide (table 2). The bottom limit of flame spread at the combustion of this fuels is observed 

for larger value of a wire diameter in comparison with the ethanol azide. As argument, can be 

presented fact of the destruction of wire with diameter 0,09mm at the combustion of ethanol azide 

(melting point of copper 1356K). 
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CONCLUSION 

Thus, the intensive heats transfer through metallic substrate is the reason for large value of 

combustion velocity of thin layers of liquid fuels on the metallic wire. This heat is used as for 

heating of a fuel as for the evaporation and heating of vapors. The enthalpy of vapor is increased so 

that it ensured of existence of the stationary combustion wave. At the same time, the mechanism of 

the heats transfer into combustion wave is depended from the heat capacity of substrate. 
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Abstract: Crystallization of DADNE from water, acetone and DMF was carried out, 
and the solubility curve of DADNE/water system was determined. It turned out that 
water can be used for DADNE crystallization and purification. Samples recrystallized 
under different conditions (cooling crystallization, antisolvent crystallization) were 
tested by means of TGA/DTA and X-ray diffraction. The results obtained have shown 
that DADNE crystallizes in the α-form, regardless the solvent type and the method of 
solution supersaturation. Cooling crystallization provides crystals with solvent 
inclusions that are characterized by a lower density and thermal stability. The purest 
material was obtained by pouring hot DADNE solutions into cold water. Regardless the 
crystallization conditions, the amount of DADNE which undergoes decomposition in 
the first stage (on heating up to 230 oC) was almost the same (29÷32%). The product 
of the partial decomposition has similar (but not identical with DADNE) 1H NMR 
spectrum and elemental composition. Its XRD pattern corresponds to the γ-phase, 
stable at temperatures above 180 oC, so that after partial decomposition, γ-DADNE is 
stable even at room temperatures. 

 

1. Introduction 

The search for new molecules that combine possibly high performance and simultaneously 

low sensitivity is one of the directions of development of explosives. In 1998, 1,1-diamnio-

2,2-dintroethene (DADNE, FOX-7) was synthesized by Latypov at all. using destructive 

nitration of heterocyclic compounds containing the structural element of acetamidine [1,2]. 

Soon it turned out that this comparatively simple structure, which can be synthesized without 

difficulties [9÷12], has very favorable functional quality [3, 6÷8]. 

The geometry of DADNE molecule is conducive to creation of inter- and intramolecular 

hydrogen bonds, and this makes DADNE a very stable (activation energy of 243 kJ/mole), 

thermally resistant (decomposition above 200 oC) and dense substance (1.787 g/cm3). 

DADNE has favorable oxygen balance and on decomposition the molecule can produce 

entirely gaseous products (CO, H2O, N2) in the amount of ca. 900 cm3/g. Consequently 

DADNE almost equals to RDX in performance, but its sensitivity is comparable with that of 

TNT. Other advantages of DADNE include excellent compatibility with typical components of 

explosive formulations and propellants [3, 13] and ability to be pressed into mechanically 
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resistant pellets without any additives. The already known properties of DADNE indicate that 

it can be used on its own or in formulations as a high explosive or propellant component. 

Thermal and XRD analyses of DADNE have shown that it has three [12] or even four 

[3] phase forms. At ambient temperature phase α occurs, which undergoes a reversible 

transition to phase β at ca. 113 oC. The next phase transition commences at ca. 160 oC 

[10,14] or ca. 170 oC [12]. On further heating, DADNE decomposes in two exothermic steps 

at temperatures of ca. 215 and 280 oC (peak maximum) [10]. With a heating rate of 

0.5 K/min, the mass loss equals ca. 40% in the first step and ca. 45% in the second step 

[11]. Investigations of the solid produced in the first stage of decomposition gave surprising 

results – NMR, XRD, IR and HPLC analyses confirmed its identity with the initial compound, 

i.e. DADNE. To explain these observations, authors of [11] assumed that a less thermally 

stable amorphous fraction of DADNE decomposes in the first step. 

In the present work an attempt has been undertaken to verify the hypothesis. We 

assumed that the content of amorphous fraction, so that the amount of the material 

decomposing in the first step should change with changing the solvent and crystallization 

conditions. We investigated DADNE samples crystallized from water, acetone and 

dimethylformamide (DMF), using cooling or antisolvent to supersaturate the solutions. 

Thermal and XRD analyses were performed for all the samples. DADNE crystallized from 

water and the compound remaining after the first step of decomposition were additionally 

characterized with elemental and NMR (1H and 13C) analyses.  

 

2. Preparation of DADNE samples 

The tested DADNE samples were synthesized at our laboratory according to the method 

disclosed by Latypov at all [1, 2] and Astratiev at all [4], Fig.1. 
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Fig. 1. DADNE synthesis from 2-methylpyrimidine-4,6(3H,5H)-dione (1) [1,2,4] 
 

DADNE was prepared in batches of ca. 50 g. The raw product was stabilized by boiling 

its suspension in 0.1% aqueous solution of NaHCO3 for 8 hours under reflux condenser. Next 
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a 20-g sample was trice crystallized from water. The obtained material was divided into four 

parts. Three of them were recrystallized – from acetone and from DMF supersaturating the 

DMF solutions by cooling or by pouring it into water. 

 

3. Solubility curve of DADNE-water system 

Water is used during DADNE synthesis and purification and its solubility in the solvent 

should be known. The solubility curve enables the control and yield evaluation of the 

crystallization process.  

In order to determine the temperature dependence of DADNE solubility in water, 

saturated solutions at temperatures of 20, 40, 60 and 100 were prepared. Next, samples of 

the solutions with known masses were taken and the solvent was evaporated. The mass loss 

of the samples equals the mass of water and the remaining substance is DADNE that has 

been dissolved in this amount of water at a given temperature. The obtained results are 

shown in Fig. 2. 
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Fig. 2. Solubility curve of DADNE in water 
 

The saturated aqueous solution of DANE at 100 oC contains only ca. 1.6 % of DADNE, 

so water is not a good solvent, but the strong dependence of solubility on temperature 

suggests that water can be used for DADNE purification and to modify the sizes, shape and 

surface of DADNE crystals.  
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4. Thermal analysis 

The thermal properties of samples crystallized under various conditions were tested 

with simultaneous TGA/DTA analyzer (Labsys-TG/DTA-DSC produced by SETARAM, 

France). The analyses were conducted in open 100-µm platinum pans and a helium flow of 

50 cm3/min. In the first stage, 30-mg samples were heated up to 230 oC at a rate of 2 oC/min. 

The DTA and TGA thermograms obtained under these conditions are shown in Figs 3 and 4, 

respectively. 
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Fig. 3. DTA thermograms for DADNE crystallized from various solvents 
 

From all the tested solvents DADNE crystallizes in the α-phase, which is stable up to 

112 oC. Samples crystallized from water DMF or acetone undergo β→γ transition within 

a temperature range of 150÷170 oC. In the product precipitated after pouring DADNE solution 

in DMF into water, the phase transition occurs above 175 oC. Monotonous heating up to 

230 oC at a heating rate of 2 oC/min results in the complete decomposition only in the case of 

sample obtained by slow cooling crystallization from DMF. The mass loss of other samples 

was found to be ca. 30% (29÷32 %), regardless the crystallization conditions. 

DADNE crystals obtained from water, DMF or acetone solutions contain from 0.1 to 1% 

of the solvents that are released at temperatures of the phase changes. Product precipitated 

from DMF solution with water is in the form of very fine crystals without solvent inclusion – 

then the β→γ transition proceeds at higher temperatures (175÷185 oC).  
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Fig. 4. TGA thermograms for DADNE crystallized from various solvents 
 

In the second stage, DADNE crystallized from water (three times) was analyzed. 

Samples (ca. 20 mg) were heated up to 160 oC at a rate of 2 oC/min, kept at the temperature 

for 5 or 10 hours, heated up to 230 oC and finally cooled to 20 oC at a rate of -40 oC/min. DTA 

curves are shown in Fig. 5. 
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Fig. 5. Comparison of DTA thermograms for DADNE crystallized from water and heated at 
160 oC for 300 and 600 min. 
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DADNE crystallized from water is a thermally resistant substance. A 10-hour heating at 

160 oC, does not significantly change the characteristics of the first decomposition step. The 

consecutive heating up to 230 oC results in partial decomposition, similarly to that of 

observed during monotonous heating.  

 

5. Elemental and phase analyses 

Elemental composition of DADNE crystallized (three times) from water and the 

substance remaining after the first decomposition step at 230 oC (DADNE-T) were 

determined. Analyses were performed with Perkin-Elmer Analyzer CHNS/O Model 2004. 

Average results of three analyses are shown in Table 1. 

 

Table 1. Results of elemental analyses 

Content [% wt.] 
Sample 

C H N 
Theoretically for C2H4O4N4 16.22 2.70 37.84 
DADNE crystallized from H2O 16.25 2.94 37.71 
DADNE-T (product of decomposition at 230 oC) 17.14 1.51 38.90 
 

The product of the partial decomposition has different elemental composition, so that 

during the first step of DADNE thermolysis not only gaseous products are released, but also 

solid substances richer in carbon and nitrogen than DADNE. 

Phase analyses were carried out with Diffractometer D5000 (Simens) in conjunction 

with CuKα radiation, λ=1.5418 Å. A high resolution, semiconductor counter Si[Li] was used 

as a detector. Measurements were done in the range of 2θ from10 to 50o with a step of 0.02o. 

Results of the measurements are presented in Figs 6 and 7. In the diagrams there is also 

simulated XRD pattern of the α-phase. It was calculated using crystal data reported by 

U. Bemm and H. Ostmark [16]. Rietveld analysis was used to determine the unit cell 

parameters of the monoclinic α-phase obtained from different solvents. Unit cell parameters, 

scale coefficients, reflection profiles, background and apparatus factors were refined. 

Coordinates of atoms and temperature factors were treated as constant ones and taken from 

Ref. [16]. The calculations were performed with the program DBWS-9807 [17].  

The structural data of DADNE crystallized from different solvents and that of α-DANE 

reported in literature are presented in Table 2. A good consistence of the obtained lattice 

parameters with that of calculated on the basis of data taken from [16] can be seen – the 



 7

small discrepancies in lattice constants are probably caused by solvent inclusions in the 

crystals. 
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Fig. 6. Comparison of XRD patterns of DADNE crystallized under different conditions with the 

simulated diffraction pattern of α-DADNE [16] 
 

 

Tab. 2. Unit cell parameters of DADNE crystallized under different conditions and determined 
on the basis of structural data reported in literature [16] 

Unit cell parameters [Å] 
Sample 

a b c β[deg.] 
DADNE crystallized from H2O 6.946 6.627 11.339 90.54 
DADNE crystallized from acetone 6.937 6.628 11.317 90.54 
DADNE crystallized from DMF 6.943 6.627 11.333 90.57 
DADNE crystallized from DMF/H2O 6.935 6.623 11.319 90.58 
α-DADNE simulated [16] 6.939 6.651 11.349 90.65 

 

XRD pattern of the product of first step decomposition (DADNE-T) measured at 

ambient temperature and diffraction patterns of α-DADNE (experimental and simulated) are 

shown in Fig. 7. 
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Fig. 7. Diffraction patterns of the initial sample (crystallized from H2O), product of the first 

step decomposition (DADNE-T) and simulated pattern of α-DADNE 
 

From a comparison of XRD patterns presented in Fig. 7, it follows that the product of 

partial decomposition of DADNE crystallized from water occurs in different phase – its 

diffraction pattern is consistent with that of measured for γ-DADNE [11]. 

 

6. Analysis of DADNE crystallized from water and the solid substance produced in the 
first decomposition step 

About one gram of the substance remaining after the first step of decomposition was 

produced in the Thermal Analyzer. To this end a ca. 30-mg samples of DADNE crystallized 

from water were heated up to 230 oC with a heating rate of 2 oC/min in open platinum 

crucibles in helium atmosphere (50 cm3/min).  
1H and 13C NMR spectra were measured with Bruker DRX Avance 500 spectrometer. 

The resonance frequency of protons and 13C nucleus were 500.13 and 125.77 MHz, 

respectively. DADNE and product of its partial decomposition were dissolved in 

dimethylsulfoxide-D6 (DMSO). The concentrations of the analytes were the same and 

equaled ca. 3% (wt.). The spectra were measured at 30 oC. Results of the NMR analyses are 

presented in Figs 8 and 9. 
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Fig. 8. 1H NMR spectrum of DADNE crystallized from water (on the left) and the product of 

partial decomposition of DADNE (on the right) 
 

The signal of absorption of DANE amino groups appears at 8.70 ppm and its position 

does not differ from that of obtained in the case of the product of the first decomposition step 

(8.69). However the remaining substance is not a pure DADNE, because in the spectrum 

there are peaks with low intensity in the range of 6.8÷7.2 ppm and at ca. 11.1 ppm. The 

amplification (50×) of this part of the spectrum shows that these peaks are not background 

noise and they do not occur in the case of the initial compound. 

From a comparison of the spectra in Fig. 8, it follows that all the proton signals of 

DADNE-T are significantly wider, probably because of more intensive proton exchange 

between water and the analyte. This implies that DADNE-T contains more water than 

DADNE and this may be cased by adsorption of water on the porous decomposition 

products.  

ppm
20406080100120140160180

128.03 ppm

157.83 ppm

DADNE DMSO

 ppm
20406080100120140160180

128.05 ppm

157.84 ppm

DADNE-T
DMSO

 
Fig. 9. 13C NMR spectrum of DADNE crystallized from water (on the left) and the product of 

partial decomposition of DADNE (on the right) 
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The 13C NMR spectrum of DADNE-T is practically identical with that of pure DADNE. 

They include two peaks (at ca. 157.8 and 128.0 ppm) resulting from absorption of carbon 

(13C nuclei)  bounded with nitro and amino groups. 

 

7. Summary 

From an analysis of the experimental results it follows that DADNE crystallizes in α 

phase regardless the kind of solvent and the method of the solution superstauration. Cooling 

crystallization produces crystals with solvent inclusions. Solvents can completely be removed 

after heating the sample up to a temperature of 160 oC, at which β→γ phase transition 

proceeds. The presence of a solvent reduces the temperature of the transition by ca. 15 oC. 

DMF should be especially carefully removed from DADNE crystals. The sample crystallized 

from DMF was the only one among the tested ones which decomposed completely on 

heating up to 230 oC with a heating rate of 2 oC. 

In the case of other samples, i.e. regardless the crystallization conditions, only ca. 30 % 

of the sample decomposes during thermolysis on heating up to 230 oC. This result does not 

confirm the hypothesis advanced in Ref. [11] or the kind of solvent and conditions of 

crystallization do not influence the content of the amorphous phase in the crystallization 

product. The product of partial decomposition of DADNE has similar but not identical 1H NMR 

spectrum and elemental composition. So that the decomposition products include other solid 

compounds, not only DADNE. The XRD analysis has shown that after the partial 

decomposition DADNE remains in γ-phase (which is stable above 180 oC), even after cooling 

the sample to the ambient temperature. 

Fine crystals, precipitated from hot DADNE solution in DMF after pouring it into water, 

do not contain solvents (or the solvent content is below the detection limit). Such a sample 

only partially decomposes on heating up to 230 oC, but the maximum of decomposition peak 

appears at a temperature lower by ca. 10 oC if compared to DADNE crystallized from water 

or acetone. This confirms that contact DADNE with DMF should be avoided. 

To the best of our knowledge, the solubility curve of DADNE-water system has not 

been published previously. The results of our investigations indicate that despite the low 

solubility of DADNE in this solvent, it can be used for DADNE purification and the 

modification of its crystal shape, size and surface. 
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Abstract 

A versatile experimental set up to investigate the sensitivity of high explosive-air-mixtures 

(resp. any gas) to electrostatic discharge is described. First experiments show that such 

mixtures are not very sensitive to such a stimulus. Further experiments showed that nitrogen 

atmosphere could suppress ignition. 
 
 
1 Introduction 
Finely dispersed dust, like flour, mixed with air resp. oxygen exhibits a great hazard when 

ignited e.g. by electrostatic discharge. Therefore a lot of standardized tests exist for the 

investigation of dust-air (oxygen) mixtures to electrostatic discharge. Unfortunately such 

standardized test set ups do not exist in the field of high explosive dusts. In the following a 

test apparatus is described which enables such investigations. Additionally first results are 

reported. 

 

2 Description of the set up. 
The apparatus mainly consists of: 

 

2.1 a cylindrical gas reservoir length, 100 mm, inner diameter 50 mm (steel tube) with two 

solenoid operated valves, one for gas inlet and one for gas outlet. 

 

2.2 a reaction chamber with dispersing device. The chamber is a PMMA tube, which is 265 

mm long and has an inner diameter of 79 mm (effective volume ~ 1250 cm³). The end caps 

are made of steel. The PMMA tube is clamped between these two caps by means of a 

pneumatic device. This construction enables a rapid removing of the tube for cleaning 

purposes after the experiments. The adjustable spark gap is situated  the middle of the tube. 

An optical barrier at the upper end detects the arrival of the explosive dust. Reaction of the 

substance causes inside the chamber a temperature rise which is recorded by a 

thermocouple, mounted near the spark gap. 

 

2.3 a triggerable high voltage supply from 7 kV 15 kV with capacitors from 2.4 µF to 10 µF 

 

The schematics of the set up is shown in figure 1. Figures 2 to 6 show detailed photographs 

of the arrangement.  



 
 
fig .1: Schematics of the arrangement 
 

 
  
 
       fig.2: Overall View of the Set Up 

    
  

fig. 3: Gas Reservoir   fig. 4: Reaction Tube 
 



   
 
 fig.5: Sample Holder   fig. 6: Lower Cap  

with Dispersing Device and 
Upper Cap 

 
 
3 Operating Procedure 
At first the material to be tested is put into the sample holder. 

Then the gas reservoir has to be filled with compressed air or any other gas. This is done by 

connecting it to an external gas cylinder or something like, while valve 1 is open, valve 2 

remains closed. When the desired pressure is reached valve 1 is closed. By opening valve 2 

the compressed gas pushes the material from the sample holder into the reaction chamber, 

where it is dispersed. Because of the construction of the dispersing device the dust column 

moves upwards and interrupts the optical barrier. This causes an impulse which triggers the 

high voltage supply and an electrical spark is generated. 

The formation of the “dust column” is shown in figure 7. 

The construction of the set up also allows to use other gases than air, e.g. nitrogen. When 

using another gas the set up has to be purged before the investigation, this is possible by 

means of several hand operated valves. (fig. 2) 

 

 
fig.7: Formation of “Dust Column 



 
4 Results 
 
First experiments were performed with RDX, grain size ≈ 10 µm, which is quite sensitive to 

electrostatic discharge.  

The results are listed in the following table. 

 
loading 
density 

energy reaction temperature 

0.5 g/l 72 – 112.5 J 3 x no ≈ 28 °C 

0.8 g/l 112.5 J 4 x no ≈ 28 °C 

1.2 g/l 50 – 112.5 J 3 x no 
4 x yes 

≈ 28 °C 
≈ 126 °C 

1.6 g/l 72 – 112.5 J 1 x no 
7 x yes 

≈28 °C 
≈ 400-1100 °C 

 
As can be seen rather high energies are necessary to ignite air-dust mixtures. 

When using a nitrogen atmosphere no reactions up to energies of 112.5 Joule and loading 

densities up to 1.6 g/l could be obtained. 

 
5 Summary 
 
An experimental set up was described which allows to investigate the sensitivity of high 

explosive-air-mixtures (resp. any gas) to electrostatic discharge. First experiments show that 

for igniting such mixtures rather high energies are necessary. Further experiments showed 

that nitrogen atmosphere could suppress ignition. 
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Abstract    Alkoxydiazene N-oxides R-N(O)=N-O-R’ are isomers of nitramines R-N(NO2)-R’, 

the later ones are used in many kinds of energy materials while alkoxydiazene N-oxides are 

not used yet because their chemistry was not studied widely. Results of the investigations 

worked out in the IPCP RAS will be represented in the poster. It was shown that 

alkoxydiazene N-oxides are usually more stable than corresponding nitramines, their 

enthalpy of formation is a bit higher (on 6 - 15 kcal/mol per each N2O2 group), the density is 

usually lower and melting point is higher. Many new alkoxydiazene N-oxides which may be 

used as high energy compounds (e.g. di(metyl-NON-azoxy)formal – CH3-N(O)=N-O-CH2-O-

N=N(O)-CH3) , as a base of high energy polymers (e.g. methoxy-NNO-azoxyethene - 

CH2=CH-N(O)=N-O-CH3) have been synthesized. Because of very high thermal stability 

alkoxydiazene N-oxides may be used in airbag inflators propellants too. Methods of synthesis 

of some alkoxydiazene N-oxides, data of the thermal stability, thermochemical data, 

effectiveness of alkoxydiazene N-oxides as compounds of high energy compositions including 

smokeless gas-generating compositions with low combustion temperature are described in 

the presented work. 

 
Introduction. Alkoxydiazene N-oxides (ADO) R-N(O)=N-O-R’ are known since the end of the 

XIX century [1]. Last 25 – 30 years some representatives of this poor studied class have 

captured attention as perspective compounds of energy compositions, first in propellants [2-6] 

because ADO have the same element content as binary nitroamines have, but ADO have a bit 

higher formation enthalpy [3,7]. Besides usually ADO are more thermostable [8, 9] and they are 

rather chemicaly inert. On the other hand last years ADO, mainly alkoxy-NNO-

azoxidialkylamines have been actively studying as biology active materials (donors of NO) [10-

16]. 

 

Synthesis.  The main method of the ADO-group creation is the hydroxydiazene N-oxides (HDO) 

anions reaction with electrophilic reagents [10, 17, 18]. But this reaction is not stereospecific – 

together with the formation of the target ADO-substances N-nitrozo-O-alkylhydroxylamines 

(NALH, products of electrophilic attack of the atom O1 of HDO-anion) yield too. They are not 

stable and decompose (except some rare cases [19-21]) either during the reaction or during the 

isolation of the target substance. Yields of ADO depend on many factors, first upon nature of the 
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radical R, of the cation M+  and the electrophil RX (Scheme 1), yields vary in a wide diapason and 

are not higher than 75% [18-21, 23] except some cases [22]. The yield decreasing is mostly 

considerable if two ADO-groups enter into one molecule [21, 23-27]. 

The most interesting as energy compounds are alkoxydiazene N-oxides with minimal carbon atoms 

and two ADO-groups, e.g. di(methoxy-NNO-azoxy)methan, which is known during more than a 

century [1], it may be rather easily obtained in two stages basing on accessible raw with the yield 

27% on the second stage[26] (Scheme 2). 
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Scheme 1 Scheme 2 

We have shown that the result of the alkylation depends much on the solvent, i.g. in N-

methylpirrolidone medium the yield is 9.7% only, hereby the release of the 1 was impeded because 

of high boiling point of the solvent. In dimethylformamide (DMF) medium at 200 the reaction 

undergoes too slow, at 700 the yield was 20.8 %, but if non-recrystalized salt 2 was used the yield 

rises up to 52%. The substance 1 has some drawbacks: low density (1.40 g/sm3), high impact 

sensitivity (see below). We have first synthesized di(methyl-NON-azoxy)formale (3) – isomer of 1 

– by the reaction of hydroxy-NNO-azoximethane with dihalogenomethanes (yield 33%) [23, 24] 

(Scheme 3). The substance 3 having higher density (1.52 g/sm3) and higher melting point (199 – 

200 0С) was proposed as a propellant compound [3].  

A combination of nitroamine- and ADO-groups in the same molecule lets additional opportunities 

to construct new high energy substances. Using the reaction of potassium salt of hydroxy-NNO-

azoxymethane (4) with 1,7-dichloro-2,4,6-triaza-2,4,6-trinitroheptane (5) we have obtained 

unknown earlier 2,3,6,8,10,13,14-heptaaza-6,8,10-trinitro-4,12-dioxapentadeca-2,13-dien-2,14-

dioxide (6) (yield 13%) [25] (Schema 4).  
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The melting point of the substance 6 is relatively low (159 – 1610С), hereby the melt decomposes 

slowly. Its density (1.628 g/sm3) is ordinary for C6H14N10O10 brutto-formula. 

The first representative of the class ADO, the methoxy-NNO-azoxymethane (7), which we have 

synthesized using known method [28] (Schema 5), is rather high boiling liquid (m.p. -0.8 +0.5 0С, 

b.p. 63 0С at 10 torr) unlike dimethylnitramine (m.p. 580С).  
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Schema 5 
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However vapour pressure of 7 is too high for its practical use as high energy active plasticizer. 

Trying to obtain new active plasticizers, basing on ADO, we have synthesized several substances 

with two ADO groups in molecule (Table 1, besides №№ 7, 9-11, all substances were first 

synthesized by the authors of this paper).  

Table 1. Low melting ADO 

№ Structure Formula m.p.,оС  Ref. 

7 
CH3

O
N

N

O

H3C

 
C2H6N2O2 -0.8-+0.5 28 

8 O
N

N

O

H3C
O

N
N

O

CH3  
C4H10N4O4 91-92.5 23 

9 H3C
O

N
N

O
N

N

O

O
CH3H3C H  

C4H10N4O4 75 – 75.5 30 

10 H3C
O

N
N

O
N

N

O

O
CH3H3C CH3  

C5H12N4O4 128 – 129  29 

11 
H5C2

O
N

N

O
N

N

O

O
C2H5  

C5H12N4O4 79.8 – 80.5 26 

12 H3C
O

N
N

O
N

N

O

O
CH3H3C C2H5  

C6H14N4O4 78  

13 
N

N

N

N

O

O

OCH3

OCH3

H3C

 

C6H14N4O4 
Oil, vitrify lower -

100С  

14 O
N

N

O
N

N

O
O

CH3

CH3

H3C

H3C

 
C7H16N4O4 73 26 

15 O
N

N

O
N

N

O
O CH3H3C

 
C9H20N4O4 Oil 26 

16 O
N

N

O

O
N

N

O

CH3

CH3
CH3

H3C

 
C9H20N4O4 55 - 58 23 

17 O
N

N

O

O
N

N

O

CH3
H3C

 
C11H24N4O4 38 - 39 23 
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The 12 was obtained by C-alkylation of the 9 with iodoethane at phase-transfere catalysis condition, 

the 13 was obtained like the 1 (schema 2), but from 2-hexanone instead of acetone. Among all 

ADO substances 8 - 17 are still liquid at 20 0С, but the 13 has the best element content. 

Polymer binder is an important part of energy material. Usually a binder, having more active 

oxygen (i.g. groups NO2, ONO2, NNO2 etc), so-called “active binder”, is energetically better.  

Earlier it was shown that one of the best energy groups is the nitramine. ADO is an isomer of the 

last one, but ADO are more energy powerful, more thermostable and less chemically active. 

Besides we found that the simplest of the ADO – the substance 7 does not inhibit radical 

polymerization of acrylates. Thus, an opportunity to obtain polymers upon radical polymerization of 

ADO-monomers appeared. Allyloxy-NNO-azoximethane (18) was obtained easily [19] with the 

yield 34% (Схема 6) [19]. Nitrozohydroxyamine (19) is the main secondary product (yield 55%).  
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However the 18 inhibits the radical polymerization of acrylates even if 18 is accurately purified 

from the 19, moreover it inhibits the own polymerization. Allyloxy-NNO-azoxymethane (20), 

which was synthesized upon the Scheme 7 [31], polymerizes a bit better, the yield on the last stage 

is 46%. However we failed to obtain a polymer with an appropriate molar mass.  

The ADO-group has another advantage over the nitramine group – two substituents are not 

equivalent, that affords an  opportunity to construct a greater amount of new substances. That’s why 

ADO with the double C=C bond at N-oxide N-atom are natural alternative to ADO-monomers (18 

and 20) with double bond in alkoxyradical. Up to recently only five such ADO-olefines were 

known, four of them are styrene derivates [32, 33]. Only one ADO-olefine, 1-(methoxy-NNO-

azoxy)propene (21) does not contain aromatic substituents (22) [34] (Schema 8), it was obtained by 

3-(methoxy-NNO-azoxy)propene isomerization. It’s impossible to synthesize the simplest ADO-

olefine - methoxy-NNO-azoxyethene (23) by this method, however namely the olefine 23 and its 

closest homologues have to be the most appropriate as monomers for high energy polymer 

compositions creation [4]. An approach to synthesis of the olefine 23 has been found suddenly in 

the frame of the investigation of the kinetics of thermal decomposition of geminal ADO [9] (see 

below) (Schema 9). Actually the possibility of this reaction could be forecasted because of the 

forming of β-(methoxy-NNO-azoxy)styrene upon pyrolysis of 1,1-di(methoxy-NNO-azoxy)-2-

phenyletane [33], and because of almost quantitative yield of isobuthylen upon thermolysis of 

gaseous 2-methyl-2-(methoxy-NNO-azoxy)propane [8].  
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We have found that upon the thermolysis of 9 and 10 the olefines 21 and 22 yield. The yield of the 

21 at 220 – 272 0С changes few (71 – 75 %). At lower temperature the yield decreases because of 

low conversion level during appropriate time. At T>272 0С the yield decreases because of the 

destruction of the 21. The maximal chromatographic yield (75%) is at 260 0С and the reaction time 

20 min [30], in these conditions the preparative yield of the 21 is 53 %. The substance 10 

decomposes more flat, chromatographic yield of the 22 at 180 – 200 0С and the reaction time 50 

min is 90%, the preparative one is 81%. The 21 and 22 are colourless liquids with a strong smell. 

The substance 22 crystallizes in friser. 

Calorimetric investigation of radical polymerization of the 21 and its co-polymerization with 

methacrylic acid has been proceeding. Method of sorption purification of the 21 from impurities 

inhibiting radical polymerization has been developed. The obtained homopolymer is a white 

powder with d=1.31 g/sm3 and vitrifycation temperature ~60 0С, soluble in DMSO and DMF, but 

insoluble in acetone and ether. Co-polymers (the 21 with metacrylic acid) are enriched with the last 

one (in comparison with the initial monomers ratio). Monomer 22 polymerizes slower than 21 in the 

same conditions [4]. 

Unknown earlier high reactive alkoxy-NNO-azoxyolefine, 1,1-di(methoxy-NNO-

azoxy)ethene (23) has been synthesized and isolated in pure form. It may become initial monomer 

for polymer energy compositions as well as for synthesis of new alkoxydiazene-N-oxides [35]. The 

olefine (23) is obtained upon the reaction of methansulphonate of 2,2-ди(methoxy-NNO-

azoxy)ethanol (25) with diisopropilethylamine (Scheme 10). Yield of 23 is 65 %, m.p. 63.5 – 64.8 
0С. 
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The structure of 23 has been determined with X-ray analysis. Unfortunately we failed to obtain 

polymers basing on 23 using radical polymerization, probably because the double bond between N-

atoms participates in the reaction forming strong inhibitors (an analogy with 1,4-polymerization of 

divinyls) owing to some stereobarriers  (Scheme 11).  

Regardless failures in the polymerization the substance 23 is very interesting as a synton for new 

ADO because of its high reactivity to nucleophiles (Michael reaction) (Scheme 12). 
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Scheme 11 Scheme 12 

 

Thermostability.  Before our paper [8] considering the kinetics of thermal decomposition of ADO in 

gas phase all existing conceptions on their stability based only on data of boiling point and so-called 

temperature of the decomposition start. Kinetic parameters of the decomposition of some ADO in gas 

phase in comparison with secondary nitramines and nitroalkanes are represented in Table 2.  

Table 2. Kinetic parameters of the N’-alkoxydiazene N-oxides decomposition in gas phase 

k 
Substance 

#  

Т, оС E, 

kJ/mol 
lg(A/s-1) 

k.105, s-1 

(2000С) 

k.105, s-1

(3000С) 

Ref 

7 
CH3

O
N

N

O

H3C

 
270-330 204±5 0.001 0.001 1 8 

26 
CH3

O
N

N

O

(H3C)3C

 
150-200 150±4 85 85 104 8 

27 
CH3

O
N

N

O

(H3C)3CH2C

 
270-310 206±6 0.001 0.001 1 8 

28 O2NN(CH3)2 180-260 170.8 1.8 1.8 1200 36 

28 O2NN(CH3)2 + CH2O 180-240 162.8 0.6 0.6  36 

29 O2NN(CH2CH3)2 180-220 174.1 1.3 1.3  36 

30 O2NN(CH2CH2CH3)2 200-240 176.2 2.2 2.2  36 

31 O2NCH3 360-390 227   0.005 37 

32 O2NC(CH3)3 250-300 179   25 37 
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It’s evident that the 7, the simplest among ADO, is much more stable than its structural isomer 

dimethylamine (28), but less stable than nitromethane (31). An abrupt stability drop at the change of 

the substituent (N-methyl for N-tert-butyl, 7 and 26) may be resulted of the appearance of 2-H-

atoms in N-alkyl substituent. The 7 and 27 decompose via primary radical break of the weakest 

bond N-O (Scheme 13), while the 26 – via cyclic intermediate (Scheme 14). Unlike ADO for 

secondary nitramines (where there are 2-H-atoms in the substituent) the decomposition mechanism 

does not change and it is the sequence of the radical break of the N-NO2 bond [36]. 

Scheme 13 
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Kinetics of thermal decomposition in melting state has been investigated for substances 3, 1, 9, 10 

using manometric method [9]. The substance 3 has the least initial decomposition rate, but then 

autocatalysis starts with a greater rate than in the case of the substance 1 (Table 3). Unlike 1 and 3 

substances 9 and 10 decompose via cyclic transient state forming alkoxy-NNO-azoxyolefines 21 

and 22 (Scheme 9). Geminal ADO 1 и 3 are rather more stable than geminal nitramines 33 and 34, 

but this difference is not so considerable than in the case of gaseous decomposition of the simplest 

representatives of these classes. (Table 2). 
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Thermochemical data.  Standard enthalpies of formation of some ADO (in solid or liquid phase) 

have been determined (Table 4) with calorimetric method (by burning). In Table 4 data for some 

secondary nitramines [41] are presented too for comparison. All ADO have higher enthalpies of 

formation than secondary nitroamines of the same element content. This priority varies dependently 

on the structure and is between 5.9 and 15.2 kcal per one N2O2 group. We should notice a great 

difference between ∆Н0
f values of 3 and 1, though they have the same formulation and the same 

groups, only position of oxazoxy groups is differ. Evaporation enthalpies for 7 and 21 (11.2 and 

11.5 kcal/mol respectively), and sublimation enthalpy for 3 (27.2 kcal/mol) have been determined 

with manometric method. Basing on these values enthalpies of formation in gas phase for 7, 21 and 
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3 have been calculated (Table 4), and specific enthalpies of the -ON=N+(O-)- group has been 

calculated (30.0, 29.1 and 31.4 kcal/mol) using Benson schema. 

Table 3. Kinetic parameters of the ADO decomposition in melt [9] in comparison with some 

geminal secondary nitroamines [36] 

Kinit. 
Соединение 

№ Формула 

m.p,оС Т,оС E, 
kJ/mol 

lg(A/ 
s-1) 

Kinit.
.105, с-1 

(2000C) 

3 O
N

N

O

CH3O
N

N

O

H3C

 

200 210-
250 

187 
+-32 

14.6 
+-3.3 0.1 

1 
H3C

O
N

N

O
N

N

O

O
CH3  

136 180-
220 

183 
+-3 

15.5 
+-0.3 2.4 

9 H3C
O

N
N

O
N

N

O

O
CH3H3C H  

75 167-
230 

163 
+-5 

14.0 
+-06 10 

10 H3C
O

N
N

O
N

N

O

O
CH3H3C CH3  

125 150-
170 134 11.9 150 

33 N N
NO2O2N

 

132-
133 

135-
200 155.3 13.9 57 

34 N N
NO2O2N

 
80 240-

260 175.4 15.4 11 

The last data are so close that one may use the average one (30.2 kcal/mol) in the estimation of the 

formation elthalpy in gas state for new alkoxy-NNO-azoxy substances. We’d like to notice a 

considerable difference between ∆Н0
f values of the substances 3 and 1 (0.5 versus 17.6 kcal/mol) 

though these substances have the same element, even the same fragment content and the only 

difference is the disposition of oxazoxy groups. Basing on the heat of polymerization of the 

substance 21 (-23.8 kcal/mol) the heat of homopolymer formation has been calculated (-1.4 

kcal/mol). 

 

Impact sensitivity.     The following results (height 25 cm, charge 10 kg, mass 50 mg, 10 tests of 

each product) are gotten (% of explosions): 3 - 0%; 1 - 90%; 40 - 10%; 24 - 30%. We’d like to 

notice a considerable difference between impact sensitivities of 1 and 3 regardless the same element 

and fragment content. It’s difficult to explain it because of the difference in their formation 
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enthalpies only, because the 24 and the 40 having lower formation enthalpy and lower oxygen 

balance have higher impact sensitivity than the 3 has. 

Table 4. Standard enthalpies of formation of N’-alkoxydiazene N-oxides 

№ Structure Formula M.p., 
оС 

∆Н0
f (s) 

kcal/mol 
∆Н0

f (g) 
kcal/mol 

7 
CH3

O
N

N

O

H3C

 

C2H6N2O2 -0.8 - +0.5 -1.4 ±0.3 [7] 
(liq) +9.8 

28 O2NN(CH3)2 C2H6N2O2  -17.9 [40] -1.8 

21 
C

N N
O OCH3

C
H

H H  

C3H6N2O2  +22.4 ±0.4 
(liq) +33.9 

3 O
N

N

O

CH3O
N

N

O

H3C

 

C3H8N4O4 198 - 200 +0.5 [3] +27.7 

1 
H3C

O
N

N

O
N

N

O

O
CH3 

C3H8N4O4 136 +18.1 ±0.3 
[38, 39]  

35 N N
NO2O2N

CH3 CH3  

C3H8N4O4 54.4 -12.3 [40] +13.1 

9 H3C
O

N
N

O

N
N

O

O
CH3

CH3  

C4H10N4O4 75 +6.2 ±0.3 
[38, 39]  

36 N N
NO2O2N

CH3 C2H5  

C4H10N4O4 33 -19.0 [41]  

37 
N

NO2N

CH3

NO2

CH3

 

C4H10N4O4 137 -22.5 [40]  

11 
H5C2

O
N

N

O

N
N

O

O
C2H5  

C5H12N4O4 79.8 – 80.5 +0.5 ±0.3 
[38, 39]  

38 N N
NO2O2N

C2H5 C2H5  

C5H12N4O4 75 -32.3 [41]  

39 H3C
O

N
N

O

N
N

O

O
CH3

OH OH  

C5H12N4O6 195 -79.0 ±0.4 
[38, 39]  
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40 H5C2

O
N

N

O
N

N

O

O
C2H5

OH OH  

C7H16N4O6 164.8 - 165.7 -98.6 ±0.6  

41 O
N

N

O

O
N

N

O
 

C15H16N4O4 116.9 – 117.8 +49.6 ±0.7  

42 O
N

N

O  

C14H14N2O2 59.5 – 60.0 +35.4 ±0.5  

 

Alkozydiazen-N-oxides as potential components of gas-generating compositions for 

airbags. Earlier ADO were considered as potential components of high energy solid composite 

propellants [3,4], however they may be useful in other smokeless gas-generating compositions, i.g. 

for airbags where high thermal stability (far higher that it is need for powders) and low combustion 

temperature are the most important among other requirements. The ADO group  -O-N=N(O)-  has a 

considerable advantage over nitramine one (>NNO2) because higher level of thermal stability, 

moreover ADO are more chemically inert, they have higher values of melting point (Table 4), so 

they must be more compabilitive with other substances, i.g. with ammonia nitrate, than nitramines 

are. Therefore, it’s possible to obtain more stable and less reactively active ADO derivates which 

contain additionally low enthalpy functional groups containing  oxygen (such as carboxy group, 

amide, hydroxyl, isocyanuric cycle etc) for combustion temperature decreasing 

The substances 3 and 1 in stoicheometric mixture (that is where O=2C+0.5H) with 75% 

ammonium nitrate (AN) have combustion temperature (Tc) at 200 atm 2628 and 2670К 

respectively. Regardless ADO have comparatively high ∆Н0
f  values, if they are used together with 

AN they may become un alternative to combustibles such as cyanuric acid which have too low Tc 

values and therefore rather low rates of combustion. ADO with low enthalpy groups (such as 

>C=O, -COOH, -OH etc.) can become the basis of formulations with Tc lawer than 2600K.  

Enthalpies of formation for a series of ADO, constructed mainly on the base of substances 

3 or 1, have been estimated, values Tc at 200 atm for stoichiometric compositions with AN, water 

fraction in combustion products have been calculated. All data (with 24 ADO substances) are 

represented in the table of the poster. Among substances of the consideration 1, 3, 24, 39, 40 и 45 

(2-methoxy-NNO-azoxy acetamide) are known, the others are not described yet. The ∆Н0
f values 

are known only for 1, 3, 39 и 40, for other ADO derivates ∆Н0
f values were estimated. It has been 

shown that the introduction of law enthalpy groups into ADO lets decrease the Tc values up to 

2354 – 2357 К, but the water fraction in combustion products is rather high. 
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Abstract 
In investigations performed in several countries a somewhat strange behaviour in 

shock wave sensitivity of small charges with different confinements was observed. 

The charges consisted of PETN as explosive and steel as confinement. 

In this work we found first attempts of an explanation by simulating the tests with the 

computer code AUTODYN. 
 
 
 
Introduction 
Usually the sensitivity of an explosive charge (explosive + confinement) increases 

with the thickness of the confinement, see figure 1. However for explosive charges 

with a diameter of 3 mm and a length of 3 mm another behaviour was detected, see 

figure 2. It could be shown that the shock wave sensitivity for a definite thickness of 

confinement has a maximum and does not asymptotically increase with the thickness 

of confinement as expected.   

The question is, what is the reason for this behaviour. With the computer code 

AUTODYN we tried to find first attempts of explanation by simulating the tests. 
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Figure 1: Sensitivity a function of confinement 
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Figure 2: Shock wave sensitivity of 3 x 3 mm Nitropenta (PETN) pellets with steel as 

confinement 
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Experimental Set Up 
The experimental set up of the gap test, shown in figure 3 [1], [2], [3], was simulated 

using the computer code AUTODYN, [4]. First the mesh was generated, see figure 4. 

For the developing shock wave, beginning at the donor charge, we used an Euler 

mesh. To reduce the computing time, the beginning of the shock wave without explo-

sive and confinement was simulated. Subsequently, the Euler mesh was strongly 

reduced, so that only the developed shock wave is present. Afterwards the Euler 

mesh was extended and the explosive with the confinement was added. For a better 

presentation in figure 4 the unreduced Euler mesh with explosive and confinement is 

shown. The start of the reaction is represented by the detonation point, a square in 

the left part of figure 4.  
 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3: Experimental Setup, [1] 
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Figure 4: Simulation of the Gap Test 

 

To prevent that reflections will influence the computation, a special boundary condi-

tion of the generated mesh was selected. All material streams can leave the mesh. 

The explosive (in the simulation a diameter of 3.2 mm was used instead of 3 mm in 

the real test) was replaced by an inert material of the same material properties (elas-

ticity, density and tensile strength), because AUTODYN has limited possibilities to 

simulate initiation processes.  To evaluate the effect, the obtained pressure distribu-

tions and pressure time histories were used. The pressure distribution is almost in-

dependent of the water gap, so that for the simulations a constant water gap of 30 

mm was chosen. The simulations were carried out for different thicknesses of the 

confinement: 0 mm, 0,5 mm,  1 mm, 2 mm, 3 mm, 4 mm, 5 mm, 6 mm and 8 mm.  

To get the pressure time history, different gauges (points of observation) in the Euler 

mesh were specified. At these points the time history of pressure, particle velocity 

etc. were recorded.  

Figure 5 shows the gauges inside the explosive (grey field in the left part). The dis-

tance between two gauges in x – direction (along the symmetry axes) is 0.4 mm and 

in y – direction 0.2 mm.  

 The boundary on the symmetry axis between water and explosive is regarded as 

origin point. So gauge 17 has the coordinates (0.1 mm; 0.1 mm) and gauge 27 (0.5 

mm; 0.3 mm). 
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Figure 5: The position of the gauges  
 

 
Results 
Figures 6 - 8 show the shock wave at definite times.  

In figure 6 a charge without a confinement was used. The pictures represented in 

figure 6 show the shock wave coupled into the explosive. One can see that from 

beginning rarefaction waves, coming from the sides, weaken the shock wave.   

Figure 7 shows a charge with a confinement of 2 mm. Here it can be recognized that 

the shock wave in the steel travels faster than in the explosive. Furthermore the steel 

seems to stop the side rarefaction waves. The steel amplifies the pressure at the 

edge of the explosive. So a larger quantity of explosive gets higher loaded if the 

charge is confined. This  leads to the higher shock wave sensitivity of  explosive with 

confinement.    

Figure 8, representing a charge with a confinement of 6 mm thickness, confirms 

these observations. 

 

 

___________________________________________________________  symmetry axes 
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Summarized: Without a confinement rarefaction waves from the side travel into the 

explosive. With increasing confinement the rarefaction waves are decreasing and 

pressure is increasing at the edges of the explosive.    

Now we will discuss the pressure histories at different gauges, see figures 9, 10, 11  

and 12.  

Figure 9 shows the pressure histories at the gauges 17 (x = 0.1 mm, Y = 0.1 mm), 26 

(x = 0.5 mm, Y = 0.1 mm) and 35 (x = 0.9 mm, Y = 0.1 mm) for different confine-

ments. The pictures show the same effect described above. With increasing con-

finement the time duration of high pressures is longer. However there is no explana-

tion for a maximum. 

 

  

  
 
Figure 6: Shock Wave in the explosive without a  confinement
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Figure 7: Shock Wave in the explosive with a  confinement of 2 mm thickness
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Figure 8: Shock Wave in the explosive with a  confinement of 6 mm thickness 
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Figure 9: Pressure time history at the Points: 17 (x=0.2 mm, y = 0.2 mm), 26 (x=0.6 

mm, y=0.2 mm) and 35 (x=1 mm, y = 0.2 mm) 
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The figures 6 –8 show that at the edge of the explosive there is a change in the pres-

sure history depending on the thickness of the confinement. Therefore we look now 

at the pressure time histories at the gauges 24 (x = 0.1 mm, Y = 1.5 mm), 33 (x = 0.5 

mm, Y = 1.5 mm) and 42 (x = 0.9 mm, Y = 1.5 mm). Figure 10 shows the pressure 

time history of gauge 24. For the charge with the confinement of 2 mm thickness one 

can see that the reflected pressure decreases with time faster than the other 

charges. This is caused by the rarefaction waves.  

However in figure 11 one can see that the pressure time history for the charge with a 

confinement of 4 mm thickness until about 0.013 ms is higher than for the charges 

with the confinement of 6 mm. In figure 12 the same effect can be observed. These 

differences are very small, but first the phenomenon is small as well and second the 

calculated simulations are based on a simplified model.   
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Figure 10: Pressure time histories at the gauges 24 (x = 0.1 mm, Y = 1.5 mm) for 

charges with confinement of 2, 4, 6 and 8 mm thickness 
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Figure 11: Pressure time histories at the gauges 33 (x = 0.6 mm, Y = 1.5 mm) for 

charges with confinement of 2, 4, 6 and 8 mm thickness 
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Figure 12: Pressure time histories at the gauges 42 (x = 0.9 mm, Y = 1.5 mm) for 

charges with confinement of 2, 4, 6 and 8 mm thickness 
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Conclusion 
 
The simulations with the computer code AUTODYN could show, that with increasing 

confinement the rarefaction waves are decreasing and pressure increases at the 

edges of the explosive. 

Furthermore the pressure time histories at the edge of the explosive show for a con-

finement of 4 mm the highest values. This seems to be a geometrical effect. 

The calculated effect using the simplified model was very small.  In further investiga-

tions a more realistic model has to be taken with much more observation points 

(gauges).  
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Summary 

In this paper, the applicability of mixing rules for the mechanical properties of 

particulate filled energetic composite materials and the role of the surface 

properties of the single constituents is discussed. A novel structure of mixing rules 

for the breaking behaviour of the composites is proposed. 

 

1. Introduction 

Many modern energetic materials, especially solid rocket propellants, propellant 

powder grains and PBX explosives have the same structure as composite materials 

used for engineering construction needs. These materials are a combination of 

different constituents: a relatively “soft” matrix in which a relatively “hard” filler is 

dispersed, combining the advantages of the single components in view of the 

mechanical properties of the composite. In polymeric composites, fillers or 

reinforcing materials are mainly used for stiffening of the matrix polymer. In 

energetic materials, the role of the fillers is different. They are used in order to 

achieve a certain combustion behaviour and to provide the energy content. Of 

course, they also influence the mechanical behaviour of the composite, but not 

always in the desired direction. 



One main source of problems in composite materials is the interface between the 

matrix material and the filler surface. 

During production of the composites, a good adhesion between the surfaces of 

the components must be assured, for which a good wetting of the filler surface 

with the matrix material is an indispensable prerequisite. A weak adhesion 

between matrix and filler can lead to a detachment of the matrix from the filler 

surface (dewetting) which can result in a rising sensitivity of the energetic material 

to shocks and impacts by the formation of “hot spots”. 

The breaking behaviour of composites is also strongly influenced by the filler 

content. High filler contents lead to a severe decrease in the elongation at break. A 

weak adhesion between matrix and filler can additionally decrease the elongation 

at break. Cracks in energetic materials however can lead to a catastrophic failure 

of the whole system. 

Adhesion between matrix and fillers is not only dependent on the single material 

components but also on additives used during production like processing aids, 

initiators or catalyst, but is also  influenced by many production parameters (mixing 

times, temperatures, curing times and conditions, humidity, shrinkage of the 

matrix,…).  

The adhesion between the matrix material and the filler surface in composites is a 

central point of interest though very difficult to handle due to the high amount of 

influencing factors. 

The starting point of the ongoing investigation whose so far obtained results are 

presented in this poster was the question, whether it exists a possibility for the 

development of a simple measuring method for the prediction of positive or 

negative effect of parameter changes during the production of composites on the 

matrix-filler-adhesion by a correlation of mechanical properties of the composites 

by using the surface properties of the single constituents of the composite. 

 

2. Theoretical Background 

As already mentioned, the production process of composite materials must assure  

a good adhesion between the matrix and the filler surface. The adhesion is 

dependent on the chemical properties of the partners and the physics involved in 



the wetting process. Wetting is controlled by the surface properties of the partners 

and rheology of the mixing process . 

 

2.1 Wetting and Adhesion 

The first approach to describe wettability by the macroscopic observable contact 

angle ϑ as a function of the involved interfacial tensions has been provided by the 

empirical equation of YOUNG: cos ϑ = (γSV-γSL)/γLV. Here γLV denotes the surface 

tension at the interface of liquid and vapor phase, γSL at the solid-liquid and γSV at 

the solid-vapor interface (Figure 1:). 

   

 
Figure 1: Liquid drop on an ideal flat solid 
  
Since real surfaces are not plane, attention must be paid to the influence of 

surface roughness on apparent contact angles [Wenzel 1936, Cassie 1944] 

Adhesion means the phenomenon when two (e.g. solid) surfaces are held together 

by interfacial forces (specific adhesion), chemical bonds (chemical adhesion) or 

interlocking action (mechanical adhesion), or a combination of them. In the case of 

specific adhesion the forces are of the same type as those which give rise to 

cohesion. 

The thermodynamically derived equation by DUPRÉ introduces the reversible work 

of adhesion wa of two phases 1 and 2 and its relation to interfacial tensions: 

wa = γ1+γ2-γ12. 

It expresses that the reversible work of separating phase 1 and phase 2 must be 

equal to the change in the free energy of the system (γXY are free energies per unit 

surface area of X-Y interfaces). Under idealized conditions (e.g. ideal flat surfaces, 

no contributions from chemical or mechanical adhesion, equilibrium conditions, ...) 

the adhesion force is therefore directly correlated with the contact angels of the 

materials involved.  



In these equations no attention is paid to mechanical and chemical adhesion). Both 

of them can be influenced by wetting agents and bonding agents which make 

chemical bonds between the matrix and the filler surface possible. 

 

2.2 Mixing Rules for Mechanical Properties 

The bulk properties of the composite materials are the result mainly of the bulk 

properties of the single constituents and their respective surface properties. 

Furthermore they depend on the filler content, the shape of the filler particles, the 

total interfacial area, the presence of processing aids, wetting and bonding agents 

and the processing parameters. 

The well known mixing rules for the estimation of the mechanical properties of 

composite materials only consider the bulk properties of filler and matrix and the 

volume fraction of the filler. Mixing rules exist and are commonly used for the 

prediction of the young´s modulus of composites. For other properties, as the 

especially for enegetic materials very important breaking behaviour, mixing rules 

are existing, but they are not really reliable and therefore of no practical 

importance. The mixing rules describe the properties of the composite as linearly 

dependent on the filler content. They vary between the properties of the pure 

matrix and those of the pure filler. 

• Explanation of mixing rules and their philosophy 

The mixing rules regard the composite as a combination of the constituents of the 

composite as pure materials as blocks in parallel or in a row. (Figure 2) They are 

leading to the simple equations [Schmitz 1994, Bourban 1997, Menges 1990]: 

Parallel:  in case of ideal adhesion  FFMFC EVEVE ⋅+⋅−= )1(  

  in case of non-adhesion   MFC EVE ⋅−= )1(  

Row:  in case of ideal adhesion M
F

C E
V

E ⋅
−

=
)1(

1
 

with EC: young’s Modulus of compound, EM: young’s modulus of matrix, EF: 

young’s modulus of fiber, VF: volumetric content of fiber  

 



 

 

 

 

 

Combination in row    Combination parallel 

         non-adhesion      ideally adhesive 

Figure 2: Models for the composites 
 

Due to the fact that the shape of the fillers have a major influence on the 

mechanical properties of the compound, several authors have extended the simple 

rules in this respect by introducing shape factors [Takayanagi et al. 1963, Bai 1992, 

Taprogge 1971, Greco 1994]. For energetic materials, spherical or nearly spherical 

filler particles are of main interest. 

Our intention to carry out this work was to extent the existing mixing rules with 

respect to surface properties of the constituents. 

 

3. Experimental 

The known mixing rules were mainly made for the development of engineering 

materials with filler contents of technical interest. In order to test the newly 

developed integration of the surface properties of the constituents of the 

composite, engineering plastics were used as a starting point for the investigation. 

Therefore, the following materials were chosen as matrices:  

o PP with and without bonding agent 

o PC 

o HTPB/IPDI 

PP and PC were chosen due to their pronounced difference in surface energy. 

HTPB was chosen as an example for a rocket propellant binder. 

As fillers were used 

o Glass beads with and without bonding agents 

o Glass fibers with and without bonding agents 

The thermoplastic composite materials were produced by compounding in an 

extruder and subsequent injection moulding into dog bone shaped samples. The 

F

F

F

F

F

F



HTPB composites were produced by mixing in kneader and subsequent vacuum 

casting into dog bone shaped samples. 

The mechanical properties of the composites were derived in a tensile test. The 

quality of the matrix-filler-adhesion was observed by SEM of the broken surfaces 

of the samples. 

The surface tensions of the thermoplastic matrix materials were obtained by 

contact angle measurements and by the pendant drop method. 

Some results of contact angle measurements on different glass fibres and matrix 

materials at room temperature are shown in Table 1 and Table 2: 

 

Table 1: Contact angle measurement 
Contact angle [°] Surface energy 

[mN/m] 
Material 

water benzyl 
alcohol 

γS
d γS

p γS 

Glass fibre PPG 3780 13µm 39,8±3,5 0 10,5 46,5 57,0
Glass fibre PPG 3780 13µm 
(coated) 

55,0±1,4 2,0±2,8 16,8 28,6 45,4

Glass fibre PPG 3299 17µm 63,2±3,0 21,2±9,1 18,2 21,6 39,8
Glass fibre PPG 3242 17µm 57,9±6,6 25,7±5,9 14,0 28,6 42,6
Glass fibre PPG 3242 10µm 61,9±3,1 30,3±4,4 14,4 25,2 39,6
Polypropylene (Dow 705-44) 96,7±1,2 35,9±1,6 37,1 0,6 37,7
Polybond 3200 103,9±0,9 27,4±3,1 49,9 0,2 50,1
Polycarbonate (Makrolon 3208) 84,3±4,7 32,0±1,0* 41,6 1,8 43,4
* Diiodomethane 

Table 2: Results of pendant drop measurements at 230°C: 
Material Surface tension [mN/m]*
Polypropylene (Dow 705-44) 20,0 
Polybond 3200 21,9 
* density at 230°C is circa 0,9 g/cm³ 

The contact angle measurements were performed at room temperature with at 

least two pure liquids (e.g. distilled water and benzyl alcohol or diiodomethane). 

The surface energies were calculated from contact angles using the model of 

OWENS-WENDT [Owens 1969], which separates dispersive (upper index d) and polar 

(upper index p) contributions to intermolecular forces:  

( )p
L

p
S

d
L

d
SLSSL γγγγγγγ +−+= 2  

( ) ( )p
L

p
S

d
L

d
SL γγγγγϑ +=+ 2cos1  



The pendant drop measurements were conducted in a heat chamber at 

temperatures above the glass transition point of the materials (~250°C). The 

surface tension of the polymer melt was calculated by analyzing the drop shape 

with the software DSA II (Krüss). 

The surface energies of glass fibers were calculated from contact angle data which 

were obtained from measurements with a single fiber tensiometer. 

The surface energies of the filler particles were calculated as previously describes 

from contact angle data. The contact angles in turn were calculated by using the 

WASHBURN equation from sorption measurements with different liquids on the 

tensiometer K12 (Krüss): 

Ct
m

L ⋅⋅
⋅=

γρ
ηϑ 2

2

cos   

t: time; m: sample weight; η: viscosity of liquid; ρ: density of liquid; γL: surface 

tension of liquid; ϑ: contact angle between liquid and solid surfaces; C: capillarity 

constant 

In this equation η, ρ and γL are known parameters, t and m are obtained on 

measuring and ϑ and C must be determined. 

 

4. Results 

• Influence of filler content on modulus / on break 

As predicted by the mixing rules, the modulus rises with filler content, whereby the 

particle size distribution has a severe influence. Bimodal particle size distributions 

lead to a decrease in modulus at the same filler content compared to a 

monomodal particle size distribution. For the elongation at break, the same 

dependencies hold.  



• The Influence of shape of filler particles on modulus / on break 

The influence of the shape of the filler particles can exemplarily be seen in Figure 

3. The glass fibers lead to a severely higher modulus of the composite than the 

glass beads at the same filler content. 
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Figure 3: Young´s Modulus of different PP composites                                                                  
 

• Influence of bonding agents on modulus / on break 

The modulus of the composites appeared to be minor changed with the use of 

bonding agents. This can be explained with the fact, that the modulus is 

determined at low elongations where the detachment of the matrix from the filler 

surface plays no important role even at higher filler contents. In this area of 

elongations, the compressional forces of the matrix on the filler surface, due to 

shrinking processes during the production of the material (curing and cooling) may 

be essential in view of a hindering of detachment processes. 

 

 

The force and the elongation at break are strongly dependent on the adhesion of 

the matrix to the filler surface (Table 3,  



 
 
 
 
 
 
 
Figure 4). The better the adhesion, the higher the breaking forces and the breaking 

elongations. 

 

Table 3: Break properties of PP-composites 
 

 

 

 

 

 

 

 

 
 
 
 
 
 
 
Figure 4: SEM pictures of fibers with and without bondig agent 

 

• Correlation between surface properties and mechanical properties  

  

23 w-% fiber + PP + size A 23w-% fiber + PP + bonding agent+ 

size A 

Material εBr σBr Adhesion  
 [%] [N/mm²] SEM-picture 
    
PP 19,2 7,9  
PP + bonding agent 21,7 9,0  
    
23 w-% fiber + PP + size A 1,8 38,4 no adhesion 
23 w-% fiber + PP + bonding agent+ 
size A 

3,3 51,4 good adhesion 

    
23 w-% beads + PP  8,8 8,1 no adhesion 
23 w-% beads + PP + bonding agent  7,5 17,1 Ongoing 
23 w-% beads + PP + size  B 7,4 17,9 Ongoing 
23 w-% beads + PP + bonding agent + 
size  B 

7,0 8,5 no adhesion 

  

23 w-% fiber + PP + size A 23w-% fiber + PP + bonding agent+ 

size A 



As explained above, the modulus is mainly affected by the shape of the filler 

particles and therefore by the specific surface area of filler. The surface properties 

and the adhesion between matrix and filler surface influences mainly the breaking 

properties of the composite. 

 



 

5. Modelling 

A mixing rule for the modulus comprising the specific surface area and a shape 

factor of the filler is sufficient for an estimation of the modulus of a compound in 

the case of a monomodal size distribution of the filler particles. For bi- or 

multimodal size distributions, a special attention must be paid to the distribution 

of coarse and fine particles.   

In this work, an advanced mixing rule for breaking properties of particle filled 

composites comprising the specific surface area of the filler and the surface 

properties of the constituents of the composite is proposed. This rule has the form: 

 

σBreak.C = f(σBreak.M; filler content; filler shape; γ M ; γ F  ) 

εBreak.C = f(εBreak.M; filler content; filler shape; γ M ; γ F ) 

 

6. Conclusions 

In this investigation, the structure for an advanced mixing rule for the breaking 

properties of a composite material consisting of a relatively weak matrix with 

relatively strong filler particles was developed, that takes the surface energies of 

the constituents and therefore the adhesion between them into account. 

The main problem with the application of the new mixing rules is the proper 

determination of the surface properties of the fillers and a proper correlation 

between the surface energies and the quality of adhesion. 

Further work remains to be done in view of an improvement of the measurement 

methods for the determination of the surface properties of the fillers and a 

broader data base must be established for a verification of the new mixing rules. 
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Abstract 

The formation of submicron particles of energetic materials (RDX and HMX) was under 

experimental investigation by two different techniques (comminution with an annular gap ball 

mill and supercritical fluid antisolvent crystallization). With both processes it was possible to 

produce material in the submicron range with a large specific surface area. The particles 

processed within the ball mill are distinguished by a very small particle size (mean value 

approximately 600 – 700 nm) and a nearly spherical shape. The PCA process leads to 

particles of about 1 µm with some larger particles in the sample. They obviously seem to be 

crystalline with a regular shape and a very smooth surface. The occurrence of agglomerates is 

typical for both processes. In the next step the sensitivity of the samples will be tested and 

compared with the sensitivity of microscale samples. 

 

1. Introduction 

Many product properties that are of relevance in the industrial use can be adjusted by 

changing the particle size and particle size distribution of the powder. This statement is valid 

in several fields ranging from polymers to pharmaceutical and inorganic powders.  

In the case of solid explosives and propellants small particles are as a rule required to 

improve the combustion process. Indeed, the maximum energy output from a detonation of a 

solid explosive (ideal detonation) strongly depends on the particle size of the material. 

Nanoscale particles of energetic materials with their large specific surface area can 

increase the loading of the energetic material in e.g. the PBX or solid rocket propellants. 

Combined with larger particles they can fill the voids between the micro-scale particles. The 

strong increase of the viscosity of the system limits the amount of nano-scale particles.  

In this contribution two different micronization techniques will be presented and 

compared with each other. One is the suspension comminution in an annular gap ball mill, the 

other one is the use of a supercritical fluid as antisolvent. Both techniques are well known to 



produce particles in the submicron range. The applicability of these processes to energetic 

materials (nitramines, RDX and HMX) will be presented in this paper. 

 

2. Micronization by Comminution 

3.1. Annular Gap Milling 

Agitator ball mills comprise one of the largest groups of solids grinding apparatuses. Size 

reduction is accomplished in these mills when the bulk solid impacts freely flowing agitation 

balls within the grinding chamber. Agitator ball mills are used solely during wet grinding, i.e., 

a suspension of particles is ground by agitating balls within the grinding chamber. Such mills 

are used to grind colloids in the paint and coatings industry as well as for pharmaceuticals and 

other chemicals. The feedstock size is smaller than 100 µm and the final product is less than 5 

µm [1]. 

The grinding chamber usually consists of a cylindrical container, but in the special case 

of the shear gap ball mill the grinding chamber is a flat gap between two rotating bodies. The 

agitating medium is usually spherical. Loads are imparted on the bulk solid when they are 

impacted by the balls or between the balls and the chamber wall. Types of loads include 

impact, compression and shear. Energy to set the balls in motion is imparted by stirring within 

the gap between the rotor and stator. The grinding chamber must be cooled during the 

operation, because the majority of the energy imparted is transformed into heat. 

For our experiments we used an annular gap mill from Hosokawa Alpine RSK 50 with a 

milling volume of 150 ml.  

The advantage of annular gap ball mill compared with conventional agitator ball mills is 

the very narrow energy spectrum required for the operation and the correspondingly small 

residence time distribution of the material. As a result, very narrow particle size distributions 

can be obtained. In addition, the grinding chamber volume to the radiating surface ration is 

very favourable, so that this method is very well suited for thermo labile substances.  

Annular gap mills can easily be up-scaled so that the capacity can easily be increased to 

production scale. 

Figure 1 shows a processing scheme of the facility. The rotor as well as the stator of the 

mill is coated with polyurethane. The frequency of the mill was 8000 rpm. The material 

passed 20 times the comminution zone. Milling balls consisted of zirconium oxide. 



 

Figure 1: Processing scheme of the milling facility 

 

3.2. Materials and Method 

For a screening of the applicability of the mill for size reduction of energetic materials we 

comminuted two different explosives, Hexogen (RDX) and Octogen (HMX). All explosives 

were comminuted in water because of their insolubility in it. The suspension concentration 

was 10 wt.-%. The material passed 20 times the comminution zone. Afterwards the materials 

were characterized by particle size and size distribution coefficient. The distribution 

coefficient ξ  of their particle size distribution is determined by: 

 
3,50

3,163,84

2 x
xx

⋅
−

=ξ        (1) 

where xi,3 denotes particle size at particle size distribution i%. It was measured by laser 

diffraction spectrometry. It is an optical technique that evaluates the scattered light to 

determine the distribution. Also the optical appearance was investigated by SEM (scanning 

electronic microscopy), the specific surface area was determined by BET method and the 

particle density was measured by gas pycnometry. 

 

3.3. Results 

Figures 2 and 3 show the particle size distribution of the original material and the 

comminuted product. As you can see, we could perform very effective grinding down to 

submicron range. The results from laser diffraction spectrometry should only be considered 

indicatory. In the evaluation process of the measurement is the knowledge of the exact 



diffraction index essentially for small particle sizes. RDX and especially HMX have very 

different diffraction indices depending on the considered crystal surface. 
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Figure 2: Original HMX (continuous line) and comminuted HMX (dotted line) 
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Figure 3: Original RDX (continuous line) and comminuted RDX (dotted line) 

Figure 4 shows the SEM pictures of the original and processed material. 



  
HMX original material HMX comminuted 

  
RDX original material RDX comminuted 

Figure 3: SEM images of original and comminuted nitramines 

As you can see from the particle size analysis and the SEM pictures we generated very fine 

material with a mean diameter of approx. 1 µm. This material has a very spherical shape and 

smooth surface. 

All characterization data of the raw and processed materials are summarized in Table 1. 

We also performed impact and friction sensitivity tests with the materials. We didn’t observe 

any significant change in these parameters due to the grinding process. We will continue the 

characterisation by GAP tests to pinpoint the sensibility in the PBX matrix. 

Table 1: Summary of the characterization of the raw and processed materials 

Substance Sample x50,3 [µm] SBET [m2/g] ρ [g/cm3] Impact [Nm] Friction [N] 

RDX raw 21.7 0.61 1.902 5.0 120 

 milled 0.66 3.83 1.942 4.0 96 

HMX raw 355 0.26 1.923 7.5 108 

 milled 0.58 4.11 1.951 7.5 96 



3. Micronization by Supercritical Fluid Techniques 

Supercritical fluids are compressed gases that are used at temperatures and pressures higher 

than their critical point. They, in principle, do not give problems of solvent contamination 

since when the decompression occurs they are completely released from the solute. The most 

common supercritical fluid is CO2 since it has relatively low critical parameters (ϑc = 31.1 °C 

and pc = 7.38 MPa), it is not toxic, non flammable and cheap. The operating conditions for 

supercritical fluids processing are generally mild, thus giving no problem to process ”heat 

sensitive” materials. Also, the control of particle size and particle size distribution of the 

micronized material promises to be relatively simple to be obtained by continuously varying 

the process conditions. 

Precipitation with a Compressed Fluid Antisolvent (PCA) is the most promising 

supercritical technique since it has been demonstrated that it is capable to produce controlled 

micronic and sub-micronic particles [2, 3]. In the PCA process the supercritical fluid 

substitutes the liquid antisolvent and causes the precipitation of solute since it forms a 

solution with the primary solvent. Therefore, a pre-requisite to perform PCA is that the 

process is performed at temperature and pressure conditions at which complete miscibility 

exists between the primary liquid solvent and the supercritical antisolvent. A distinctive 

characteristic of supercritical fluids is the diffusivity that can be up to two orders of 

magnitude higher than those of liquids. Therefore, the diffusion of the supercritical fluid into 

a liquid solvent can produce a fast supersaturation of solute dissolved in the liquid and its 

precipitation in micronized particles. 

 

3.1. Apparatus and Method 

The experimental work was performed in a high pressure pilot plant, consisting of the CO2 

supply unit including membrane pump and heat exchanger, the precipitation vessel (volume: 

500 ml) with sinter metal filter and the membrane pump connected with the nozzle placed at 

the top of the precipitation vessel (see Fig. 4, schematically). The mass flow rate of the CO2 is 

limited to 30 kg/h, the maximum volume flow of the solution is 600 ml/h. 
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Figure 4: Schematic view of the high pressure pilot plant (PCA process) 

At the beginning of the continuous PCA process, CO2 is fed to the precipitation vessel until 

the desired pressure is reached. Then a steady antisolvent flow is set, the flow rate of which is 

controlled at a designated value. After the steady state is maintained for 10 minutes the 

solution is sprayed into the precipitation vessel through a nozzle. The particle formation can 

be observed through sapphire windows which are placed on different positions in the 

separation vessel. Nucleation occurs as a cloud formation after leaving the nozzle exit, where 

the droplets of the solution expand and dissolve into the CO2 phase. Simultaneously, the 

antisolvent diffused into the droplets which leads to a swelling of the droplets and 

precipitation occurs in the droplets. The particles produced are collected on a sinter metal 

filter (pore size: 100 nm) placed on the bottom of the precipitation vessel. In order to remove 

any residual organic solvent from the particles pure CO2 continues to flow for at least 10 

minutes through the precipitation vessel before starting the depressurization of the 

precipitator. If this purging step with pure CO2 is not done, organic solvent condenses during 

the depressurization and partly dissolves the powder modifying its morphology and lowering 

the yield. The fluid mixture (mainly CO2 and some organic solvent) leaves the precipitation 

vessel and is depressurized in the separator where solvent is separated from the CO2. The CO2 

can be recompressed and fed into the CO2 cycle or let off. Samples of powders precipitated 

are characterized by scanning electronic microscopy (SEM), laser light diffraction (particle 

size distribution, Mastersizer S, Malvern), particle density (gas pycnometry, Ultrapycnometer, 



Quantachrome) and BET absorption measurement (specific surface area, Nova 2200, 

Quantachrome). 

 

3.2. Results 

In order to compare the micronization by the PCA process with the comminution in the 

annular gap ball mill, hexogen (RDX, cyclotrimethylene trinitramine) and octogen (HMX, 

cyclotetramethylene tetranitramine) were processed. The precipitation of both materials were 

carried out from γ-butyrolactone (solute concentration: 10 wt.-%). The precipitation pressure 

and temperature were 15 MPa and 40 °C, respectively. A 20 kg/h mass flow rate of CO2 and a 

300 ml/h flow rate of solution were adjusted.  

In Table 2 the results of these experiments are summarized. Figures 5 and 6 show the 

particle size distributions of the raw and processed samples.   

Table 2: Summary of the characterization of the raw and processed materials 

Substance Sample x50,3 [µm] SBET [m2/g] ρ [g/cm3] Impact [Nm] Friction [N] 

raw 21.7 0.61 1.902 5.0 120 
RDX 

PCA 10.8 1.90 1.811 7.5 96 

raw 355 0.26 1.923 7.5 108 
HMX 

PCA 7.6 1.67 1.939 6.0 120 

 

It becomes clear that the size of the particles is larger than the mean size of the milled 

particles. The impact and friction sensitivity is in the same region of the values of the 

unprocessed samples. In comparison to the comminuted RDX the precipitated RDX seems to 

be less sensitive. 
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Figure 5: Original HMX (continuous line) and micronized HMX (dotted line) 
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Figure 6: Original RDX (continuous line) and micronized RDX (dotted line) 

An optical perception of the shape, morphology and size of the micronized material is given 

in the following SEM pictures (Fig. 7 and 8). 



        
Figure 7: SEM pictures of processed HMX particles (PCA process) 

        
Figure 8: SEM pictures of processed RDX particles (PCA process) 

The material seems to be crystalline and the particle surface is very smooth. Strong 

agglomerates are present but also the particle size distribution of the primary particles is 

relative broad. Especially some few large particles can be observed onto their surface small 

particles stick.  

 

4. Conclusions 

It was possible to micronize nitramines by comminution with an annular gap ball mill as well 

as by supercritical fluid technology (PCA process). The comminuted nitramines are 

distinguished by a very small mean particle size (600 – 700 nm) and a spherical morphology. 

The precipitated samples have a mean particle size in the range of about 10 µm. The crystal 

shape is marked so that a high crystallinity of the material can be assumed.  

To complete the characterization of the samples X-ray diffraction measurements and gap 

tests will be carried out. By means of these measurements an assessment of sensitivity of the 

micronized particles by different processes will be possible. 
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Abstract 
 

HNF, hydrazinium nitroformate, H3NNH2
+ ⋅ C(NO2)3

−, is a water soluble salt. It has a positive 

oxygen balance of 13%, a much more positive enthalpy of formation than ammonium per-

chlorate (AP) and a much higher heat of explosion than AP, 5579 J/g against 1972 J/g. Addi-

tionally it has no chlorine and all the problems with hydrogen chloride formation could be 

avoided when used as oxidizer in rocket propellant formulations. All advantages together 

could make HNF to be an oxidizer with better performance than AP. One essential disadvan-

tage may be the lesser thermal stability of HNF. Therefore an extensive investigation was 

performed on the thermo-chemical stability of HNF. Three sample lots of HNF have been in-

vestigated at ICT. They have been provided by APP BV, The Netherlands. The thermal stabil-

ity was determined by the following methods: 

•  autoignition temperature with 0.2g at 5°C/min heat rate of the Wood’s metal bath  

•  vacuum stability test (VST) 

•  mass loss as function of time and temperature 

•  heat generation rate as function of time and temperature 

•  adiabatic self heat rate. 
 

Lot 1 was extensively used for mass loss determinations in the temperature range 50°C to 

80°C. Lot 2 and 3 have been characterised by heat generation rate at 60°C, 65°C, 70°C and 

75°C and in short by mass loss. HNF shows high heat generation rates. All curves from both 

methods indicate self accelerating behaviour. They have been described with autocatalytical 

reaction kinetic models. The Arrhenius-parameters have been determined for one lot from 

mass loss data and for two lots from heat generation data. The activation energies for the 

intrinsic decomposition reaction are 166, 139 and 132 kJ/mol and for the autocatalytic reac-

tion 159, 128 and 117 kJ/mol in the order of lot 1, 2, 3. The kinetic data will be compared and 

discussed. Data for lifetime at different temperatures are given in terms of the times to reach 

preset values of mass loss and energy loss. 

——————————— 

Paper 167 on the combined 36th International Annual Conference of ICT and the 32nd International Pyrotechnics 

Seminar, June 28 – July 1, 2005, Karlsruhe, Germany; pages 167-1 to 167-25.  

Fraunhofer-Institut für Chemische Technologie (ICT), Pfinztal, Germany. Internet: www.ict.fhg.de 
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1. Introduction 
 

The chemical formula of HNF is shown in Fig. 1. It is a salt between the nitroform acid and 

hydrazine. One may name the substance as hydrazinium trinitromethanate and by ignoring 

its salt character hydrazine trinitromethane. It is easy soluble in water. Especially at elevated 

temperatures the salt may be in an equilibrium state with its pre-dissociated form, shown in 

Fig. 2, as it is assumed also for ammonium nitrate (AN) and ammonium dinitramide (ADN). In 

Table 1 some data are compiled to characterize and compare HNF with other oxidizers. 
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Fig. 1:  Chemical formula of HNF, hydrazinium nitroformate. 
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Fig. 2:  Equilibrium between salt form and pre-dissociated form. 

 

Table 1: Performance data of the oxidizers ADN, AP, AN and HNF. The values of the 

heats of explosion and gas volumes have been calculated by the ICT-

Thermodynamic-Code. The other data are from the ICT-Thermochemical Data 

Base /1/. 

 

sub-

stance 

molar 

mass 

O2-

balance 

enthalpy of forma-

tion ∆Hf
0 

QEX 

*) 

density gas vol. 

*]  

TM 

 [g/mol] [%] [kJ/mol] [J/g] [J/g] [g/cm3] [cm3/g] [°C] 

ADN 124.056 + 25.8  − 149.8  − 1207.5 3337 1.81 592 92.9 

AP 117.489 + 34.0 − 295.8 − 2517.7 1972 1.95 533 130; D 

AN 80.043  + 20.0 − 365.6 − 4567.5 2479 1.73 459 169.9 

HNF 183.081 + 13.1 − 76.9  − 420.0 5579 1.91 568 124; D 

 *) QEX value with reaction water as gas 

*] gas volume of the substance determined for thermodynamically controlled combustion, at 

25°C without water. 

D in the column of TM (melting temp.) means decomposition at the given temperature, which 

may vary with the sensitivity of the observation. 

 

HNF has been investigated by thermal analysis already several times /2,3,4/. These papers 

concentrate mainly on decomposition products, decomposition mechanisms and safety as-

pects. In /5/ some data on activation energies for the decomposition of HNF are given ob-

tained by thermal analysis (TA) measurements (TGA, DSC) and typical data evaluation used 
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with these techniques. These TA models describe the data not well. The given activation en-

ergies are in the range of 217 and 235 kJ/mol. In this paper the measured data between 50°C 

and 80°C have been described with autocatalytic models, which give very good reproduc-

tions of the isothermal measurement curves. 

 

 

2. Substances, measurement methods and conditions 
 

Three lots of HNF were shipped to ICT from the company APP (Aerospace Propulsion Prod-

ucts BV), RT Klundert, The Netherlands. The colour of all three samples was intensively yel-

low-orange. The particle shape was different between HNF lot 1/2 and HNF lot 3. HNF lot 1/2 

was more needle-like and coarser than the HNF lot 3, which appeared nearly equal in all 

three geometric dimensions. The mean particle size of lot 1 was about 240µm with a length 

to diameter ratio of 7.4, the data of lot 3 have been 76µm and 2.8. Table 2 lists some data. 

 

Table 2: Characteristic data determined with HNF lot 1. Experimental oxygen content as 

difference to 100 mass-% from measured CNH data. S means limit energy for 

impact (impact sensitivity); R means limit force for friction (friction sensitivity) 

 

elemental composition 

[mass-%] 

 

C H N O 

S  

[Nm] 

R  

[N] 

density 

[g/cm3] 

Heat of 

comb. 

[J/g] 

measured 

at ICT 
7.01 2.78 37.64 (52.57) 2 16 1.846 5796 

theoret. 

values 
6.560 2.753 38.254 52.433 - - 

1.87 - 

1.93 
(5579) 

APP-data 

/6, 7/ 
- - - - 2 - 5 18 - 36 1.86 5824 

 

The HNF was used as delivered. The purity is according to APP information between 98.8 

mass-% and 99.6 mass-% based on acid content (not further specified) and between 97.2 

mass-% and 99.6 mass-% based on hydrazine content. To determine the thermal stability, 

several test methods and measuring methods have been applied: 
 

•  autoignition temperature at 5°C/min heat rate, 200mg sample amount; 

•  vacuum stability test (VST), 2g sample amount; 

•  mass loss (ML) as function of time and temperature, determined in PID controlled and 

    isothermally operated aluminium block ovens, sample amount 1g and 2g per glass; 

 HNF lot 1 50°C, 60°C, 65°C, 70°C, 75°C, 80°C 

 HNF lot 2 65°C, 70°C, 75°C 

 HNF lot 3 65°C, 70°C, 75°C 

•  heat generation rate (HGR, dQ/dt) as function of time and temperature, determined with  

    a TAMTM (Thermal Activity Monitor), produced by Thermometric AB, Sweden; 

    3ml ampoules, sample amount between 1.2 to 1.4g; 

 HNF lot 1 75°C 

 HNF lot 2 60°C, 65°C, 70°C, 75°C 

 HNF lot 3 60°C, 65°C, 70°C, 75°C 

•  adiabatic self heat rate, determined with an ARCTM (Accelerating Rate Calorimeter), 200mg  

    sample amount; 

With these methods two probings of the samples are achieved: 
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•  gas generation 

by VST and mass loss 

•  net effect of the sum of heats of reactions during decomposition 

by autoignition temperature, heat generation rate, adiabatic self heating. 

These different probing of the decomposition behaviour of a sample ensures the results, if 

they are congruent /8/. 

 

 

3. Results 
 

3.1 Stability tests 
 

The autoignition temperature was determined with a standardized apparature at 5°C/min 

heat rate of Wood’s metal bath. A sample mass of 0.2g was used in special vials. The vacuum 

stability test, also a standardized test, was performed with the special conditions adapted to 

HNF by TNO-PML: test temperature 60°C, test time 48h. The sample amount was 2g. The gas 

generation was determined in the vacuum apparature with an integrated mercury column 

manometer. The last two columns of Table 3 show the values transformed from 60°C, 48h to 

the standard condition of 90°C, 40h and 100°C, 40h, whereby a factor of 4 with 10°C tem-

perature change has to be used because of the values of activation energy found. The limit 

value of gas generation volume at standard conditions is for both test conditions 1.2 ml/g for 

the assessment ’stable’. Already at 90°C this limit is far exceeded. For 80°C no official test 

condition exists. To scale the 90°C condition to 80°C results in a limit value of 0.3 ml/g. 

 

Table 3: Stability test data 

 

HNF lot 

autoignition 

temp. at 

5°C/min 

[°C] 

VST 

60°C, 48 h, 

2g 

[ml/g] 

extrapolated 

80°C, 40h 

[ml/g] 

extrapolated 

90°C, 40h 

[ml/g] 

extrapolated 

100°C, 40h 

[ml/g] 

HNF lot 1 131 0.082 1.10 4.4 17.5 

HNF lot 2 129 0.084 1.13 4.5 17.9 

HNF lot 3 129 0.072 0.95 3.8 15.4 

 

 

 

3.2 Mass loss  
 

3.2.1 Measurement data 
 

Because of limited substance amount for HNF lot 1 only mass loss measurements could be 

performed in the necessary extension. Figs 3 to 7 show the mass loss as function of time for 

all three lots. Fig. 3 gives an overview and Fig. 4 the detailed presentation of the ML data of 

lot 1. The strong autocatalytic decomposition of HNF can be seen in Fig. 5. HNF decomposes 

nearly completely in gaseous products at 80°C. But also at lower temperatures it was found 

that HNF decomposes nearly completely into gaseous products. With Fig. 5 it is clear that the 

course of the complete decomposition of HNF is complicated. At least a two regime auto  
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Fig. 3:  HNF lot 1:  Mass loss as function of time at the temperatures 50°C, 60°C, 65°C, 

70°C, 75°C and 80°C. 
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Fig. 4:  HNF lot 1:  Same as Fig. 3, but coordinate scaling adapted to the curves at 50°C, 

60°C and 65°C. 
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Fig. 5:  HNF lot 1: Mass loss at 80°C up to complete decomposition. HNF forms only a 

very small residue in slow thermal decomposition. 
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Fig. 6:  HNF lot 2:  Mass loss at 65°C, 70°C and 75°C, compared with lot 1 at 75°C. 

HNF lot 3

0
0.5

1
1.5

2
2.5

3
3.5

4
4.5

5

0 2 4 6 8 10 12 14 16 18 20

time [d]

ML [%]

lot 1, 75°C

65°C

70°C

75°C

 
 

Fig. 7: HNF lot3:  Mass loss at 65°C, 70°C and 75°C, compared with lot 1 at 75°C. 
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catalytic acceleration must be used to describe the complete decomposition. A self heating 

effect during the strong increase of mass loss may increase the decomposition rate addition-

ally. Fig. 6 shows the mass loss measurements up to 5% for HNF lot 2. The decomposition 

rate at 75°C is somewhat higher with lot 2 than with lot 1. Fig. 7 shows the mass loss meas-

urements up to 5% for HNF lot 3. Here also the decomposition rate is higher for lot 3 than 

for lot 1, especially after an initial period. There lot 3 seems somewhat more stable. 

 

 

3.1.2 Evaluation of mass loss data 
 

The data evaluation was done with reaction kinetic modelling described in detail already 

elsewhere /9/. Here the important relations are given in short. HNF decomposes autocatalyti-

cally. The corresponding reaction scheme is shown in Eq.(1). Substance A decomposes in 

gases C, in solids S and in an autocatalytically effective product B. In the second parallel reac-

tion B reacts with A and accelerates its consumption. 
 

        A  
k

1⎯ →⎯   B + C + S  (-∆HR,1)  intrinsic decomposition 

(1) A + B  
k

2⎯ →⎯   2 B + C + S  (-∆HR,2)  autocatalytic decomposition 

 

The intrinsic decomposition of A can not be suppressed by stabilizers with their common 

function. To use stabilizers for this purpose would require the 1:1 addition of a substance, 

which is able to stabilize the electronic system of HNF by complex formation. With stabilizers 

of common function only the autocatalytic reaction can be influenced by removing B by 

chemically bonding it to the stabilizing substance. In Eq.(2) the intrinsic or inherent decom-

position of A is included as first order reaction. Reformulation to masses leads to Eq.(3), see 

/9/. The integration gives Eq.(5), which is the kernel of this autocatalytic model, named ‘ML: 

first order + autocalaytic’. In Eq.(6) the mass loss ML is shown. The relation between meas-

ured quantity Mr(t) = M(t)/M(0) and the looked for quantity MAr(t) = MA(t)/MA(0) is given in 

Eq.(7). By introducing the expression for MAr(t,T) in Eq.(7) and and Mr in Eq.(6) the Eq.(8) is 

obtained, which is used for the autocatalytic modelling of the mass loss data. Because HNF 

decomposes nearly without residue, the summarized molar mass mC of the gaseous species 

equals to the molar mass mA of the decomposing substance A, which is here HNF. With 

freshly prepared substances one may assume F = 0. The effect of F ≠ 0 is to pronounce the 

autocatalytic channel. This can change the course of the measured curve strongly, see /9/. 
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Fig. 8: HNF lot 1: Autocatalytic modelling of the mass loss at 75°C and 60°C. 
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HNF lot 1 
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Fig. 9: HNF lot 1: Arrhenius plot of the reaction rate constant of the intrinsic decom-

position of HNF, obtained by autocatalytic modelling of the mass loss.  

 

 
Fig. 10: HNF lot 1: Arrhenius plot of the reaction rate constant of the autocatalytic de-

composition of HNF, obtained by autocatalytic modelling of the mass loss.  
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Table 4: HNF lot 1: Reaction rate constants obtained from autocatalytic modelling of 

mass loss up to 5%. The found offset equals in average nearly to the water 

content found at ICT, namely 0.18 mass-%. 

 

Temp. [°C] kML,1 [1/d] kML,2 [1/d] Offset [%] R2 

80 
2.3120 E-03 

± 2.8 E-04 

4.6470 E-01 

± 3.4 E-02 
0.19 ± 0.07 0.997 

75 
1.2420 E-03 

± 7.3 E-05 

2.9240 E-01 

± 9.5 E-03 
0.07 ± 0.03 0.999 

70 
3.0670 E-04 

± 1.1 E-05 

1.3300 E-01 

± 2.2 E-03 
0.18 ± 0.03 0.999 

65 
1.6060 E-04 

± 6.8 E-06 

5.1900 E-02 

±1.1 E-03 
0.11 ± 0.02 0.998 

60 
5.8720 E-05 

± 3.5 E-06 

2.1370 E-02 

± 6.4 E-04 
0.12 ± 0.02 0.995 

50 
1.3778 E-05 

±7.5 E-07 

3.5627 E-03 

± 1.2 E-04 
0.17 ± 0.02 0.992 

Arrhenius parameters 

Eai [kJ/mol] 166.2 ± 10 158.6 ± 5   

lg(Zi [1/d]) 21.92 ± 1.5 23.20 ± 0.8   

R2
i 0.993 0.998   

 

Table 5: Times in days to reach preset ML at different temperatures for HNF lot 1, calcu-

lated with the corresponding reaction rate constants obtained by autocatalytic 

modelling, using Eq.(9). The offset, caused by residual water is excluded. 
 

ML  

[%] 

50°C 

[d] 

60°C 

[d] 

65°C 

[d] 

70°C 

[d] 

75°C 

[d] 

80°C 

[d] 

1 360 72.1 27.9 12.65 4.15 2.38 

2 514 99.6 39.0 17.16 6.00 3.50 

3 615 117.1 46.1 20.03 7.21 4.24 

5 751 140.3 55.6 23.80 8.85 5.26 

 

As said above HNF shows a complicated decomposition course. But for the assessment of the 

in-service time (often named ‘lifetime’) of HNF the decomposition up to 5% ML is enough, 

because the performance data are after 5% out of tolerance already. During this decomposi-

tion range the curve is ’homogeneous’ that means the reaction scheme of Eq.(1) is applica-

ble. The Fig. 8 shows examples of the description of the mass loss with autocatalytic model-

ling. The reaction rate constants of the intrinsic and autocatalytic reaction are compiled in 

Table 4. There also the determined Arrhenius parameters of these two rate constants are 

given. The description of the data is always very good, recognizable with the high correla-

tion coefficients. The Figs 9 and 10 show the Arrhenius plots of the two reaction rate con-

stants. In Table 5 the times to reach preset mass loss values are given for the measurement 

temperatures, calculated with the reaction rate constants via Eq.(9). The following Eq.(10) to 

Eq.(12) show the relations between the different degrees of conversions yML and yMLA as well 

as for the degrees of mass change yM and yMA. The times tyML(T) to reach a given mass loss ML 
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at any temperature can be determined also by calculation the two rate constants via their 

Arrhenius parameters. 
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3.3 Heat generation rate and heat generation 
 

3.3.1 Measurement data 
 

The heat generation rate (HGR, dQ/dt) was measured with a TAMTM microcalorimeter in the 

standard glass ampoules. Because HNF has a high positive oxygen balance one may assume 

that measurements with air inside the ampoule should not greatly influence the HGR. Some 

measurements were made also in argon atmosphere. This was achieved by closing the am-

poules in a high performance glove box from M. Braun Inertgas-Systeme GmbH, D-85748 

Garching, Germany, type MB-200–MOD, operated with argon. The comparison of the curves 

indicates that the assumption is valid, see Fig. 11 for lot 2. As already found with mass loss, 

HNF shows complicated decomposition behaviour after some initial period. This is found in 

the HGR curves also in a significant way. After some time period a sudden acceleration in 

heat generation activity can be seen, Fig. 11, lot 2 and Fig. 13, lot 3. After a further period 

mitigation occurs and the curve has again a more smooth shape, but is increasing more rap-

idly. The interpretation is that the intermediate activity has produced further autocatalyti-

cally effective species or at least raised their concentration peak wise. This effect can be seen 

especially at temperatures causing a medium decomposition rate, mainly at 65°C and 70°C. 

But close inspection of the curves at 60°C reveals this effect also. At 75°C the decomposition 

rate is already so high that the described activity increase is flattened and hardly to see. Re-

markable are the very high values of the measured heat generation rates compared with 

values of a double base propellant, which range between 15 and 60 µW/g at 75°C. The Figs 

12 and 14 show the heat generation of the two HNF lots. Fig. 15 compares the lots 2 and 3 

via heat generation (HG, Q). HNF lot 3 is at the initial conversion period always somewhat 

more stable than HNF lot 2 but then it turns and HNF lot 3 becomes significantly the more 

instable substance with higher decomposition rates. At temperatures above 70°C the differ-

ence diminishes because of the already very high decomposition rates. At this point a warn-

ing should be said regarding HGR measurements of HNF at temperatures at 70°C and higher. 

Because of the high HGR and high gas generation rates the probability of ampoule crashing 

is high. 
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Fig. 11: HNF lot 2. Heat generation rate (HGR) as function of time at temperatures be-

tween 60°C and 75°C. HNF lot 1 is included for comparison. 
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Fig. 12: HNF lot 2. Heat generation (HG) as function of time between 60°C and 75°C. 

HNF lot 1 is included for comparison. 
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HNF lot 3
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Fig. 13: HNF lot 3. Heat generation rate (HGR) as function of time between 60°C and 

75°C. The change of the atmosphere gives no consistent picture with lot 3. 
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Fig. 14: HNF lot 3. Heat generation (HG) as function of time between 60°C and 75°C. 

 



 167 - 14 

comparison
lot 2, full lines
lot 3, broken lines

0

20

40

60

80

100

120

140

0 5 10 15 20 25 30 35

time [d]

Q [J/g]

60°C65°C75°C 70°C
2

3

3

2

23

3

3

2

 
 

Fig. 15: Comparison of HNF lot 2 and HNF lot 3. Heat generation (HG) as function of 

time at temperatures between 60°C and 75°C. 

 

 

 

3.3.2 Evaluation of heat generation data 
 

Eq.(13) shows the connection between the quantities heat generation rate dQA/dt, molar 

amount changing rate dA/dt and mass changing rate dMA/dt of substance A. With Eq.(14) the 

total amount of evolved heat QA(te) by the complete decomposition of A is given, using the 

molar heat of reaction (-∆HR,A). The complete decomposition of A is achieved at infinite time 

according to a first order reaction. This is not a real world property and the time te is intro-

duced, at which the decomposition of A is not longer measurable. The reaction kinetic de-

termined quantity QA(te) is often not obtainable because the measurements may take a to 

long time or the suitable apparatus is not available. As reference quantity the heat of explo-

sion QEX is taken therefore, with the value from the thermodynamic calculation /1/. Eq.(15) is 

the normalized form of Eq.(13). Eq.(16) is the reaction kinetic expression of reaction scheme 

Eq.(1) for heat generation rate. It is transformed to the here used Eq.(17). If the two heats of 

reaction in Eq.(1) are set equal then with Eq.(18) and Eq.(19) the Eq.(20) results.  
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Fig. 16: HNF lot 2: Autocatalytic modelling of the heat generation at 75°C. 

 

The here used equation for the modelling of the heat generation is this Eq.(15) with F = 0 as 

argued above. It is named model ’Q: first order + autocatalytic’. To calculate the heat gen-

eration rate with the obtained reaction rate constants the Eq.(21) is used. Fig. 16 shows an 

HNF lot 2 
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example of the modelling of heat generation with HNF lot 2. The obtained reaction rate 

constants are compiled in the Tables 6 and 7 for lot 2 and 3, together with the Arrhenius 

parameters. The corresponding Arrhenius plots can be seen in the Figs 17 and 18 for HNF lot 

2 and Figs 19 and 20 for HNF lot 3. The Arrhenius parameters are given for measurements in 

air only and for the combined measured data ’air + argon’. Again the description of the data 

with the model is very good as can be seen from the correlation coefficients for the individ-

ual temperatures. 

 

 

Table 6: HNF lot1 and lot 2.  Reaction rate constants from autocatalytic modelling of 

heat generation HG, with Qref = QEX = 5580 J/g, air and argon atmosphere. 

 

temp. 

[°C] 

kQ,1 

[1/d] 

kQ,2 

[1/d] 
R2 

atmo-

sphere 
lot 

60 
1.4627 E-04 

± 1.8 E-07 

9.0094 E-02 

± 6.3 E-05 
0.99951 air 2 

65 
2.0876 E-04 

± 2.9 E-07 

1.7909 E-01 

± 1.3 E-04 
0.99969 air 2 

70 
5.2097 E-04 

± 1.1 E-06 

2.9501 E-01 

± 3.9 E-04 
0.99956 air 2 

75 
1.2042 E-03 

± 2.0 E-06 

7.0375 E-01 

± 7.1 E-04 
0.99989 air 2 

75 
1.0887 E-03 

± 3.3 E-06 

7.7276 E-01 

± 1.2 E-03 
0.99989 air 1 

65 
1.9363 E-04 

± 5.7 E-07 

1.7961 E-01 

±3.1 E-04 
0.99853 argon 2 

70 
6.3628 E-04 

± 1.0 E-06 

2.8351 E-01 

± 3.5 E-04 
0.99973 argon 2 

Arrhenius parameters from measurements in air and argon 

Eai [kJ/mol] 146.2 ± 14 132.4 ± 5    

lg(Zi [1/d]) 18.98 ± 2.2 19.69 ± 1.4    

R2
i 0.978 0.988    

Arrhenius parameters from measurements in air only 

Eai [kJ/mol] 139.3 ± 18 128.4 ± 10    

lg(Zi [1/d]) 17.94 ± 2.8 19.08 ± 1.6    

R2
i 0.983 0.994    
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Table 7: HNF lot 3.  Reaction rate constants from autocatalytic modelling of heat gen-

eration HG, with Qref = QEX = 5580 J/g, air and argon atmosphere. 

 

temp. 

[°C] 

kQ,1 

[1/d] 

kQ,2 

[1/d] 
R2 atmosphere 

60 
1.2965 E-04 

± 4.4 E-07 

1.1702 E-01 

± 2.1 E-04 
0.99724 air 

60 
1.0634 E-04 

± 1.4 E-07 

1.2863 E-01 

± 7.9 E-05 
0.99478 air 

65 
2.4849 E-04 

± 1.0 E-06 

2.5756 E-01 

± 4.6 E-04 
0.99835 air 

65 
1.6623 E-04 

± 4.5 E-07 

2.5640 E-01 

± 3.1 E-04 
0.99925 argon 

65 
1.5178 E-04 

± 4.2 E-07 

2.3540 E-01 

± 3.3 E-04 
0.99909 argon 

70 
4.2145 E-04 

± 5.7 E-07 

3.9323 E-01 

± 2.6 E-04 
0.99987 air 

70 
3.7576 E-04 

± 1.8 E-06 

4.5477 E-01 

± 9.2 E-04 
0.99873 argon 

70 
3.3413 E-04 

± 1.2 E-06 

4.6363 E-01 

± 7.0 E-04 
0.99928 argon 

75 
8.6541 E-04 

± 2.2 E-06 

8.0396 E-01 

± 1.1 E-03 
0.99976 air 

75 
1.0330 E-03 

± 4.2 E-06 

7.4789 E-01 

± 1.7 E-03 
0.99936 air 

Arrhenius parameters from measurements in air and argon 

Eai [kJ/mol] 134.2 ± 13 117.1 ± 4   

lg(Zi [1/d]) 17.05 ± 1.9 17.46 ± 0.6   

R2
i 0.967 0.995   

Arrhenius parameters from measurements in air only 

Eai [kJ/mol] 132.4 ± 7 116.6 ± 5   

lg(Zi [1/d]) 16.82 ± 1.1 17.38 ± 0.8   

R2
i 0.994 0.997   
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Fig. 17: HNF lot 2: Arrhenius plot of the reaction rate constant of the intrinsic decom-

position of HNF, obtained by autocatalytic modelling of the heat generation.  

 

 
Fig. 18: HNF lot 2: Arrhenius plot of the reaction rate constant of the autocatalytic de-

composition of HNF, obtained by autocatalytic modelling of the heat genera-

tion.  

HNF lot 2 

HNF lot 2 
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Fig. 19: HNF lot 3: Arrhenius plot of the reaction rate constant of the intrinsic decom-

position of HNF, obtained by autocatalytic modelling of the heat generation.  

 

 
Fig. 20: HNF lot 3: Arrhenius plot of the reaction rate constant of the autocatalytic de-

composition of HNF, obtained by autocatalytic modelling of the heat genera-

tion.  

 

 

 

HNF lot 3 

HNF lot 3 
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3.3.3 Model-free description of the data 
 

A type of ‘model-free modelling’ was applied to obtain pragmatic kinetic data for the pre-

diction of lifetimes for HNF by heat generation data or by energy loss EL. This way is justified 

if a reaction kinetic description is not achievable. The times to reach a limit value of meas-

ured heat generation Q are used as function of temperature. The reciprocal value is formally  

 

Table 8: HNF lot 2: Times in days determined from measured data to reach given limit 

values QL (125, 35 and 15 J/g) at the measurement temperatures. 
 

temp.  

[°C] 

atmo-

sphere 

time [d] to 

125 J/g 

time [d] to 

35 J/g 

time [d] to 

15 J/g 

60 air 30.11 17.828 11.361 

65 air 16.89 10.62 6.444 

65 argon - 10.785 6.645 

70 air 8.862 5.114 3.09 

70 argon - 4.68 2.833 

75 air 3.67 2.19 1.319 

Arrhenius parameters 

Ea [kJ/mol] 134.0 135.2 140.9 

lg (Z [1/d]) 19.50 19.91 20.99 

R2 0.9873 0.986 0.9869 

 

Table 9: HNF lot 3: Times in days determined from measured data to reach given limit 

values QL (110, 35, 15 J/g) at the measurement temperatures. 
 

Temp.  

[°C] 
atmosphere 

time [d] to 

110 J/g 

time [d] to  

35 J/g 

time [d] to  

15 J/g 

60 air 25.326 16.153 11.500 

65 argon 13.543 9.360 6.215 

65 air 11.887 7.903 5.618 

70 air 7.580 4.896 3.208 

70 argon 7.229 4.978 3.363 

70 argon 7.068 4.839 3.270 

75 air 3.673 2.289 1.502 

75 air 3.705 2.377 1.567 

Arrhenius parameters 

Ea [kJ/mol] 121.5 123.3 128.3 

lg (Z [1/d]) 17.66 18.11 19.04 

R2 0.9932 0.9881 0.9923 

 

a rate constant (not reaction rate constant, because the connection to a reaction was not 

created) and the Arrhenius procedure is applicable. The results of this procedure are shown 

with Table 8 for HNF lot 2 and with Table 9 for HNF lot 3. One obtains also activation ener-

gies, but along the conversion of the substance. As one can see with this procedure the Ar-

rhenius parameters are generally a function of conversion. The description of the measured 
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curves of heat generation and of heat generation rate is not achievable as with the real reac-

tion kinetic modelling. At low conversions the intrinsic decomposition dominates and the 

obtained activation energy values are nearer to the value of the one of the intrinsic reaction. 

The activation energies from model free evaluation are always some sort of averaging be-

tween all occurring activation energies of the individual reactions.  

 

 

4. Discussion 
 

4.1 Comparison of the three HNF lots 
 

Table 10 shows all Arrhenius parameters obtained by reaction kinetic modelling. The activa-

tion energies from heat generation data are somewhat smaller than from mass loss. The in-

terpretation could be that with HNF the two types of probing the decomposition reactions 

go not in parallel as found with other systems /4/. The activation energies of HNF lot 2 and 

HNF lot 3 are in average somewhat different, but the values are within the error margins in 

congruence. In Table 11 and 12 some characteristic data of the decomposition behaviour are 

listed, always for 75°C. The initial mass loss rates and energy loss rates differ from substance 

to substance. HNF lot 3 has the lowest initial rates. But with mass loss it turns then to be the 

substance with the fastest decomposing rate, Table 13, followed by HNF lot 2 and then HNF 

lot 1. In Table 14 the times to reach energy loss (EL) data are presented. To reach the same 

conversion expressed as ML or as EL needs with EL significantly less time. This is surprising 

but confirms the above made assumption that the two probings, split-off of gases and net 

sum of the heats of reaction, go not in parallel with HNF. To solve this discrepancy a third 

method must be employed. The best is to follow the decomposition behaviour by detailed 

analyses of decomposition gases and un-decomposed HNF. 
 

Table 10: Arrhenius parameters compiled for overview. 
 

HNF 

lot 

atmo-

sph. 

type temp. 

range 

Ea1  

[kJ/mol] 

lg(Z1 

[1/d]) 

R2
1 Ea2  

[kJ/mol] 

lg(Z2 

[1/d]) 

R2
2 

lot 1 air ML 
50°C - 

80°C 

166.2 

± 10 

21.92 

± 1.5 
0.993 

158.6 

± 5 

23.20 

± 0.8 
0.998 

lot 2 air HG 
60°C - 

75°C 

139.3 

± 18 

17.94 

± 2.8 
0.983 

128.4 

± 10 

19.08 

± 1.6 
0.994 

lot 3 air HG 
60°C - 

75°C 

132.4 

± 7 

16.82 

± 1.1 
0.994 

116.6 

± 5 

17.38 

± 0.8 
0.997 

 

Table 11: Characteristic decomposition data at 75°C from mass loss. MLR means mass loss 

rate. 
 

 

HNF lot 

initial MLR at 

75°C 

[%/d] 

intrinsic reaction rate 

constant kML
1 

at 75°C  [1/d] 

autocatalyt. reaction 

rate constant kML
2 

at 75°C  [1/d] 

HNF lot 1 0.124 1.242 E-3 2.924 E-1 

HNF lot 2 0.081 8.115 E-4 4.914 E-1 

HNF lot 3 0.072 7.193 E-4 6.418 E-1 



 167 - 22 

 

Table 12: Characteristic decomposition data at 75°C from heat generation, measured in 

air. Averaged values for lot 2 and lot 3. HGR means heat generation rate, ELR 

means energy loss rate determined with Qref = QEX = 5580 J/g. 
 

 

HNF lot 

initial HGR and 

ELR at 75°C 

[µW/g]      [%/d] 

intrinsic reaction 

rate constant kQ
1 

at 75°C  [1/d] 

autocatalyt. reaction 

rate constant kQ
2 

at 75°C  [1/d] 

HNF lot 1 70.32      0.109 1.089 E-3 7.728 E-1 

HNF lot 2 74.08     0.115 1.147 E-3 7.383 E-1 

HNF lot 3 61.30      0.095 9.492 E-4 7.759 E-1 

 

Table 13: Times in days to reach given mass loss ML values at 75°C for the three HNF lots, 

calculated with reaction rate constants obtained by autocatalytic modelling. 

The offset is excluded. 
 

ML [%] lot 1 [d] lot 2 [d] lot 3 [d] 

1 4.15 3.99 3.59 

2 6.00 5.27 4.60 

3 7.21 6.06 5.22 

5 8.85 7.10 6.03 

10 11.26 8.59 7.17 

 

Table 14: Times in days to reach given energy loss EL values at 75°C for the three HNF 

lots, calculated with reaction rate constants obtained by autocatalytic model-

ling. Qref = QEX = 5580 J/g. Measurements in air. 
 

EL [%] lot 1 [d] lot 2 [d] lot 3 [d] 

1 2.72 2.73 2.86 

2 3.54 3.58 3.70 

3 4.05 4.11 4.21 

5 4.71 4.81 4.87 

10 5.66 5.80 5.82 

 

 

4.2 Comparison of HNF with other energetic material 
 

In order to assess HNF as possible ingredient in rocket propellants for military use, it is useful 

to compare it with other ingredients. Fig. 21 compares the mass loss behaviour of HNF with 

that of un-stabilized nitrocellulose (NC). This standard material with nitrogen content of 

13.15% shows better stability than HNF. The adiabatic self heat rate, Fig. 22, provides are 

similar insight. HNF is in the series of HNF < ADN < NC < CL20 < RDX < HMX the most instable 

substance. In comparison with ADN at lower temperatures HNF is less stable than ADN, see 

Fig. 23, which compares the mass loss curves of HNF lot 1 and ADN ICT at 70°C and 75°C. It is 

to be noticed that the so-named anomalous decomposition behaviour of ADN at around 

60°C only appears at special conditions of ADN purity. Especially the water content seems to 

have an essential effect /10/. In most cases these conditions are not encountered with ADN in 
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practice and in use one can adjust the water content in such a way that the anomalous de-

composition of ADN will not be effective. 
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Fig. 21:  Comparison between nitrocellulose (N-content = 13.15%) and HNF lot 1 by 

mass loss measurements. 
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Fig. 22:  Adiabatic self heat rate h as function of the adiabatically reached temperature 

of HNF, ADN, NC and some high explosives. Measurements performed with an 

ARCTM. Sample mass between 200mg and 300mg. 
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Fig. 23:  Comparison by mass loss measurements of HNF lot 1 with un-stabilized ADN 

manufactured at ICT. 

 

 

5. Conclusion 
 

The thermal-chemical stability of the energetic substance HNF is such that it cannot be seen 

as non-handling substance. At room temperature and as pure material it can be stored for 

several years. Substances like un-stabilized NC and ADN have better stability behaviour than 

HNF. The determined relatively small values of activation energies, from mass loss (lot 1) 166 

kJ/mol and with heat generation between 132 and 140 kJ/mol for lot 2 and 3, each for the 

intrinsic decomposition reaction, reflect the reduced thermal stability of HNF. A comparative 

discussion of the here found Arrhenius parameters and those to be found in the literature 

will be postponed to a further paper. Nevertheless the stability of HNF is such that it may be 

stored at 25°C for several years until reaching a mass loss of 1%. HNF decomposes autocata-

lytically. The autocatalytic decomposition of HNF is not delayed as with nitrocellulose, it 

starts from begin of its existence on. This makes HNF somewhat more dangerous at storage. 

The autocatalytically effective species is accumulated over its storage time and by some tem-

perature increase the decomposition of HNF is then raised much more then one would ex-

pect from the basic decomposition data, which a priori do not show this effect of accumu-

lated autocatalytic decomposition potential when determined with freshly prepared mate-

rial. An additional source of risk is the high heat generation rate HNF is able to show. This 

limits non-stabilized HNF to be handled only in containers of small geometric dimensions. 

The use in military ammunition with the demand to handle it up to 71°C (highest environ-

mental temperature according to STANAG 2895) seems not advisable. The high heat genera-

tion rates during HNF decomposition would be a source of a non-manageable danger.  
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Abstract 

Results of the characterization of the detonation wave propagation process in small 

conical PBX (HMX/Epoxy) charges, with a micrometer spatial resolution and a 

nanosecond temporal resolution, are presented. The Z-t diagrams obtained with such 

resolution, for propagation distances up to 16 mm, permit a detail characterization of the 

detonation velocity behaviour, including its variation with the charge diameter, the 

identification of characteristic period of oscillations and a precise determination of the 

detonation failure diameter. Those parameters are analysed as a function of the 

explosive-binder mass ratio, the HMX crystals characteristic size and are correlated 

with the oscillating period. 

 

1. Introduction 

In recent years, the study and characterization of the explosive substances is being done 

much beyond the normal determination of the pressure and detonation velocity. The 

development of experimental capabilities for resolution of the detonation wave (DW) 

parameters in the meso-scale level has allowed the observation of spatial and temporal 

fluctuations of those parameters, which should be considered a so important factor as 

their means values in the evaluation of the explosive performance [1, 2]. Those 

fluctuations are believed to be a consequence of the non-continuous, detonation wave 

propagation process with formation of a cellular structure and, in past works [1-3], it 

was found significant variations of the fluctuation regime, and of the DW cellular 

pattern, with the explosive particles characteristic size and with the binder nature 



(energetic or non-energetic) for fully developed detonation situations. The explanation 

for the origin of this oscillations, and the related cellular structure, is not completely 

clear yet but they are believed to be connected with both strongly non-equilibrium 

reaction-kinetics of the explosive crystals and the front curvature. Moreover, the role of 

these oscillations in the overall performance of the explosive composition and on its 

ignition and failure process is still a subject of interest for the people working in the 

area. 

Specifically with respect to the failure process, here considered as diameter at which the 

propagation of a self sustained DW extinguish, we have obtained in the past [1] an 

experimental evidence of the existence of a strong relation between the failure diameter 

and the size of the detonation cells. The complete clarification of this possible relation, 

pass through a, as precise as possible, quantitative determination of the detonation cell 

size and failure diameter and through the verification of the behaviour of their 

dependence with the explosive particle sizes and explosive/binder mass ratios.  

 

2. Experiments 

2.1. PBX Compositions 

HMX/epoxy based PBX compositions have been used as object of study in this work. 

HMX particles have been obtained from Dyno Nobel AS, Norway, being the epoxy 

resin, Araladite - long time curing, from a commercial grade. To achieve a suitable 

variation of the HMX particle size in the PBX composition, prior to their use in the 

PBX preparation, the HMX particles were separated in three narrow granulometric 

classes characterized by the following limit values: #1 – 420µm<d<529µm, #2 – 

180µm<d<210µm, and #3 – 63µm<d<90µm. Optical microscope photos of HMX 

particles taken from those classes are shown in Figure 1. The desired variation of the 

HMX/epoxy mass ratio was achieved fixing the relative amounts of HMX and epoxy in 

77/23 and in 88.5/11.5.  



       

Figure 1. Optical microscope photos of HMX particles used for preparation of PBX: a) 63µm<d<90µm; 
b) 180µm<d<210µm; and c) 429<d<595µm. 

The PBX compositions used in this studied were prepared by gently mixing the pre-

heated epoxy resin with the HMX particles and have been used to fill the conical 

charges prior to their hardening. Details about the six different compositions prepared 

for this study, and named from PBX-EP1 to PBX-EP6 are given in Table 1 

 

Table 1. Studied PBX-EP samples 

Designation 
HMX 

grain[1] sizes 
[µm]  

HMX 
mass %

Binder 
Epoxy[2] 
mass % 

Density, ρ0 
[g/cm3] TMD ρ0/TMD, 

[%] 

PBX-EP1 420<d<595 77 23 1.65 1.66 99.4 

PBX-EP2 420<d<595 88.5 11.5 1.75 1.77 98.8 

PBX-EP3 180<d<210 77 23 [3] 1.66  

PBX-EP4 180<d<210 88.5 11.5 1.75 1.77 98.8 

PBX-EP5 63<d<90 77 23 1.63 1.66 98.2 

PBX-EP6 63<d<90 88.5 11.5 [3] 1.77  
Density of HMX particles and binders: [1] 1.894g/cm3, [2] 1.180g/cm3. [3] – Lost results.  

 

2.2 Experimental set-up and typical data 

A schematic representation of the set-up used to perform the experiments is shown 

in Figure 2. The essential feature of this set-up is a sharp conical explosive (with 10º 

±0.5º angle) charge confined by a 125 µm thickness Kapton® layer. This conical charge 

 a) b)  c)  

500 µm 1000 µm 200 µm 



is placed over two 5 mm thick copper plates between which is located the optical fiber 

strip that will allow the capture of the light emitted by the detonation wave front. The 

optical fiber strip which has 64 equal spaced independent channels, with 250 µm of 

diameter each, it is connected without any intermediate optics to a nanosecond 

resolution electronic streak camera THOMSON TSN 506 N. By this way it is possible 

to determine the z-t diagram of the detonation wave propagation and failure phenomena, 

with a 250 µm of spatial resolution, and over a distance bigger than 16 mm. The results 

obtained from the streak records, namely the ones referring the estimation of the failure 

diameter, can even be compared with the erosion pictures of the copper plates that can 

be seen as witness plates of the detonation phenomena.  

 

 

 

Figure 2. Experimental set-up of the conical explosive charge 

A typical streak record and the corresponding witness plates obtained with the 

experimental set-up described above is shown in Figure 3. As it is clearly perceptible 

from the referred figure the streak record corresponds to a z-t diagram of the detonation 

front position and its graphic translation can be seen in Figure 4. From that data is 

straightforward the evaluation of the detonation front velocity which is shown in the 

graphic of the Figure 5, besides, because the characteristic angle of the conical charge is 

known the D-z relation can be easily transformed in D-φ(z) (being φ(z) the local 

diameter of the of the conical charge, which is a function of the axial coordinate z). 

Cu plates 
80x30x5 mm 

Op. Fibers
64x0.250 

Conical PBX
sample ≈ 10º 



 

Figure 3. Typical streak record of the DW front propagation in a conical PBX charge  

 

 

Figure 4. Copper witness plates. 
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Figure 5. a) DW front propagation diagram Z-t, b) DW front velocity D-z, c) DW front velocity as a 

function of the charge diameter D-φ. 

 

The information contained in this graphics is very rich and it is well beyond the 

simple variation of the mean values of the detonation front velocity with the 

propagation distance deserving a deep data treatment. 

  

3. Data treatment and analysis of the results 

As we have just said the interest of the obtained experimental data is beyond the 

simple evaluation of the variation of the detonation front velocity with the charge 

diameter or the determination of the failure diameter. That information is, off course, 

very interesting and will be present for the six studied PBX composition plus a 



reference one. This means that its behaviour will be analysed as a function of the HMX 

characteristic particle and HMX/epoxy mass ratios. However the most original aspect of 

this study is related with the reinforcement of the relation established in the past 

between the failure diameter and the detonation cell size. That pass through a, as precise 

as possible, quantitative characterization of the oscillations observed in the detonation 

front velocity values, which are considered to be a manifestation of the cellular 

propagation regime. 

 

3.1 Data Treatment 

Estimation of the error 

The most important parameter derived from the experimental data is the DF 

velocity. The velocity is calculated by the central difference method and taking into 

account that the position of the DF can be estimated with, typically, ± 1 µm accuracy 

and the time with  ± 2 ns the estimated error for the velocity, obtained from the equation  

is about 0.3 mm/µs. 

This value, as we will see later, is well bellow the level of oscillations obtained for 

the DF velocity, supporting the idea that they are a consequence of is a physical 

phenomena and not of the uncertainties of the measurements and calculations.  

Periodicity evaluation 

The identification of the characteristic parameters of the oscillating behaviour of the DF 

velocity is made by first decoupling the non stationary variation of the velocity 

associated with the conical character of the charge from the variations associated with 

the cellular nature of the front propagation. This is done by fitting the velocity-position 

values (D-z) with a third order polynomial function and considering the difference 

between those two. An example of the result of this procedure can be seen in the Figure 

6. Taken the values of the oscillations calculated as referred we proceed with the 

determination of the autocorrelation and the power spectral density functions from 

which can be taken the characteristic values of the oscillating period and wave number, 

respectively. Examples of these functions can be seen in the graphics of the Figure 7    
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Figure 6. a) DW velocity and a fitting of the velocity-position values (D-z) with a third order polynomial 

function. b) DW velocity oscillations. 
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Figure 7. a) Autocorrelation function b) Power spectral density function 

 

3.2 Analysis of the results 

Once treated as described before, the experimental data transform itself into results 

which can be easily analysed, and from which is expected to obtain information about 

the physical phenomena of the detonation wave propagation in narrow conical charges 

which, we believe, can help us to increase the comprehension of its behaviour. The 

analysis of the results will involve the verification of the variation of the D-φ curves, the 

failure diameter and the DW front velocity oscillation behaviour, characterized by its 

period, as a function of the HMX size and HMX/epoxy mass ratio. 

D-φ curves 

The results of the variation of the DF propagation velocity as a function of the charge 

local diameter are shown in the three graphics of the Figure 8. In each on of those 

graphics are presented the D-φ profiles for a HMX characteristic size and two 

HMX/epoxy mass ratios1. 

                                                 

1 Unfortunately the data of the experience performed with the PBX-EP3 was lost  
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Figure 8. DW velocity as a function of charge diameter for the PBX-EP1 to PBX-EP6 compositions. 
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From the analysis of the graphics it looks that the formulations prepared with a smaller 

HMX/epoxy mass ratio are more sensitive to the diameter variation of the charge than 

the ones prepared with bigger HMX mass fraction. In fact, while for the samples with 

higher HMX concentration we observe a clear, but small in amplitude, oscillations 

behaviour of the DW velocity around an almost steady average value, until a suddenly 

reduce near the failure diameter. For the sample with smaller HMX mass fraction, the 

oscillations are bigger in amplitude, more irregular, and occur around an average value 

that decreases substantially with the decrease of the charge diameter. It is also possible 

to say that the oscillating behaviour and the dependence of the DW propagation on the 

charge diameter are more evident for the PBX compositions prepared with the bigger 

HMX particles than for the compositions prepared with the small size particles.  

 

Failure diameter and period of oscillation 

The described features of the D-φ profiles, especially with what concerns to the 

oscillating behaviour, are clear manifestations of a cellular detonation wave propagation 

process. In the case where the DW front curvature is big, like in the case of the 

experiences made in this work, the longitudinal and transversal dimension of the 

detonation cell are considered to be similar [3, 4, 5]. 

So the determination of the characteristic period of the DF propagating velocity can be 

related with the dimension the detonation cell and, because it is believed that the DW 

propagation can not occur for charge diameters bellow the characteristic size of the 

detonation cell (it should be emphasize again here that the cell size of the DW depend 

on a large number of factors related with the PBX characteristics and charge features), 

the evaluation of that values can be seen as a limit value for the DW failure diameter.  

In the graphic of the Figure 9 are shown the values of the period of oscillation of the DF 

velocity, evaluated, as described before, together with the values of the failure diameter, 

evaluated case by case, analysing not only the D-φ profiles but also the erosion pictures 

in the copper plates placed bellow the explosive charge. For all the situations for which 

was possible to obtain results the values of the oscillating spatial period are close but 

bellow the estimated values of the failure diameter. This result can be considered as a 

clear consequence of the cellular structure of the detonation wave propagation process 



in which the detonation cell, associated to a certain size of HMX particle clusters, 

determines the limit size for the DW propagation process. 
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Figure 9. Failure diameter and characteristic spatial period of oscillation as a function of mean particle 

size for two HMX/epoxy mass ratios. 

 

4. Conclusions 

We shall start the conclusion of this work by remembering that the main objective of 

this work was the clarification of the existence of a possible relation between the failure 

diameter and the size of the detonation cells which was already depicted by us in a past 

work [1]. In order to achieve that objective a, as precise as possible, quantitative 

determination of the detonation cell size and failure diameter was made and analysed as 

a function of the explosive particle sizes and explosive/binder mass ratios. Special care 

was taken in the evaluation of the spatial period of oscillation and statistic data 

treatment tools, like the autocorrelation and the power spectral density functions, have 

been used for the first time to overcome that difficulty.  

The obtained results in what refers to the D-φ profiles allow us to identify both the 

characteristic size of the explosive crystals and the explosive/binder mass ratio as two 

important factors that affect the sensibility of the explosive behaviour to the charge 

diameter. Finally the comparative analysis of the results referring to the detonation 

wave failure and period of oscillation come to reinforce our prior idea of the existence 

of a deep relation between the oscillation period, associated with the detonation wave 

cell size, and the failure diameter.   
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Abstract 

In this work a new energetic prepolymer is synthesised and its structure described. The 
structure of the prepolymer exhibits the 1,3,5-s-triazine ring with lateral chains derived 
from the epichlorohydrin ring opening. The chlorine atoms are then substituted by azido 
groups. The new energetic prepolymer shows high density and low glass transition 
temperature.  
The new prepolymer PC13A is partially characterized in terms of shock and detonation 
behaviour. The role of PC13A in detonics is compared with two reference binders, GAP 
and HTPB. The 3-D simultaneous registration of the light irradiation and pressure field 
of shock and detonation waves was performed with application of 96-channel Multi-
Fiber Optical Probes. This technique allows a meso-scale level of spatial resolution, i.e., 
HMX grain size dimension, and a nano-second time resolution. Shock Hugoniot data of 
PC13A are obtained by testing it together with the two other reference materials, in the 
same experiment. The analyses of the 3-D structures of the reaction fronts allow the 
evaluation, at meso-scale level, of the detonation performance of a single HMX grain 
inside each binder, i.e., an elementary PBX cell. 
Performance of prepolymers was considered in terms of a new approach based on the 
minimum disequilibrium between shock reaction velocity in the binder and in the HMX 
single crystal surrounded by the binder. 
 

1. Introduction 

Prepolymers are used in energetic formulations like cast-cured explosives and 

propellants to give mechanical resistance, decrease sensitivity to impact and friction, 

increase thermal stability and to protect the energetic crystals. Energetic prepolymers 

also contribute to the process of energy release.  

In this work, we study the new energetic prepolymer PC13A synthesised from 

cyanuric acid and epichlorohydrin. The 1,3,5-s-triazine ring is present in RDX and other 

known energetic materials. In conditions of high temperature and pressure it gives 

polycyclic systems, which are known to be burning rate modifiers. When compared to 

their analogue carboxylic compounds, heterocyclic compounds have higher predicted 
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density and thermal stability and lower shock sensitivity [1]. They also require lower 

oxygen content in energetic formulations. 

In this paper, the shock behaviours of PC13A, GAP and HTPB are compared. The 

performance of the shock reaction of elementary PBX cells, represented by a HMX 

single crystal surrounded by the binders, is evaluated. The shock behaviour of the 

reference binders GAP and HTPB was previously studied [2]. The shock behaviour 

inside a large explosive single crystal (slices of PETN), at initiation and without binder, 

has been reported [3]. Detonics phenomena of HMX single crystals and collection of 

HMX single crystals inside GAP, HTPB, water, epoxy resin and fine-grained PBX, 

when subjected to a strong shock wave, were previously described [2,4,5,6,8].  

From the comparison of PC13A with GAP, an assessment of the role of cyanuric 

acid in the prepolymer structure is made. This is possible because the chemical structure 

of the lateral chains in PC13A is also present in GAP. From the comparison between 

PC13A and HTPB an evaluation of the new energetic prepolymer with a reference inert 

prepolymer is made.  

 

2. Materials, equipment, optical recording system and shock wave generator 

Reagents: cyanuric acid (>98%) and epichlorohydrin (99%) were obtained from 

Aldrich, tin (IV) chloride fuming and sodium azide (99%) from Riedel-de-Haen and 

N,N-dimethylformamide (99%) from Fluka. 

GAP diol was obtained from SNPE and HTPB from ELF. GAP density was 1.291 g 

cm-3 at 25 ºC and molecular weight 2000 g mol-1. HTPB density was 0.901 g cm-3 [8]. 

HMX was supplied by Dyno Nobel. 

FTIR spectra were obtained in a Nicolet 750 equipment, using a Golden Gate ATR 

accessory from Specac, where the samples were analysed as prepared. Resolution was 4 

cm-1 and the number of scans 64. Density was measured in an Accupyc 1330 helium 

pycnometer at 25ºC. 

The registration of the multi-fiber line signals were performed with a fast electronic 

streak camera Thomson-TSN 506N, with a maximum temporal resolution of 0.6 ns. A 

Nikon Optiphot HFX-II was used for the microscope photographs. 

The 3-D simultaneous registration of the light irradiation and pressure field histories 

of shock and detonation waves (SW and DW) was performed with application of 96-

channel Multi-Fiber Optical Probes (MFOP) [2,4,5,6,8,9]. This technique allows a meso-
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scale level of spatial resolution, i.e., HMX grain size dimension, and a nano-second 

time resolution.  

In all measurements of light intensity irradiation caused by detonation or exothermic 

shock reaction, the model of Zel’dovich and Raiser [10] was followed. According to this 

model, the photons transmitted to the MFOP through the bulk of the energetic material 

are emitted from the surface of the shock front. Photons from the zone behind the shock 

front cannot pass the shock barrier due to absorption by the irradiating front.  

The shock wave generator (SWG) employed PBXb based on HMX (82% in mass) 

with bi-modal distribution (d25=3.28µm, d50=10.33µm, d75=34.38µm, d90=64.03µm, 

<1% of d=100µm) and non cured GAP (18%) [8]. The mean detonation velocity in the 

SWG was 8.66±0.09 mm µs-1 (95% confidence level), measured from 15 experimental 

points of the detonation front (z-t) diagram that was recorded in 3.5 mm run, in the 

terminal zone of the PBXb charge. Fig. 1 shows the experimental setup, streak record 

and attenuation through the Kapton stack attenuator (KSA) at the centre of the SWG 

and at radius between 6750 and 7250 µm. After the first 455 µm run of SW inside the 

KSA, shock field becomes very homogeneous.  
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Fig. 1: Characterization of the booster charge: a) experimental setup, b) streak record 
and c) attenuation of SW induced by detonation of PBXb in KSA  
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3. Synthesis and characterization of PC13A 

The syntheses of the inert precursor PC13 and of PC13A were carried out in a 100 

ml glass reactor equipped with a magnetic stirrer and reflux condenser in a temperature 

controlled oil heating bath. For PC13, cyanuric acid and DMF were added to the 

reactor. Stirring and heating were started and ECH was then added. The catalyst was 

gradually added for a period of 5 minutes. The reaction was carried out at 70ºC during 

24 h. Table 1 shows the reagents and synthesis conditions.  

 
Table 1: Reagents in the synthesis of the inert precursor PC13 

 

Reagent PC13 

Cyanuric acid (mmol) 91.34 
DMF (ml) 58.9 
ECH (mmol) 1883 
SnCl4 (mmol) 11 

 
Once reaction was finished, 50 ml of distilled water was added to the reaction 

products. After the separation of the two phases, this step was repeated twice and the 

product was dried overnight at 60 ºC in a ventilated oven. A final drying was carried out 

in a vacuum oven at 50ºC and 1 Pa.  

To 50.0105g of PC13 was added 135.0 ml of DMF and 70.0416 g of sodium azide. 

The reaction was carried out at 75º C for 24 hours under continuous stirring. The 

purification of PC13A was similar to PC13, but using 150 ml of distilled water. The 

final product was a brown liquid.   

Fig. 2 shows the FTIR spectrum of PC13A. The bands at 1455 and 850 cm-1 (not 

clearly visible) are due to the triazine ring. The stretching vibration of C=O groups with 

endocyclic carbon is observed at 1685 cm-1. The band at about 3300 cm-1 is due to the 

OH stretching vibration. The bands between 2960 and 2870 cm-1 are due to the 

stretching vibrations of alkyl groups of the lateral chains. The presence of azido groups 

is confirmed by the bands at 2094 and 2025 cm-1. The intense band at 1282 cm-1 is due 

to CH2N3 groups [11, 12].  

Fig. 3 shows the proposed structure of PC13A, based on this result and 1H NMR 

studies [13]. It consists of a central cyanuric acid molecule bonded to lateral chains with 

pendent methylene azido groups. The lateral chains are terminated by hydroxyl groups. 
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The measured molar mass of PC13A by chromatography was 494 g mol-1 (mass of 

peak), density was 1.4038±0.0004 g cm-3 and glass transition temperature -20.8 ºC  [13]. 
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Fig. 2: FTIR spectrum of PC13A 
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Fig. 3: Proposed structure of the prepolymer PC13A. R1 and R2 are lateral chains 

similar to the one shown either in a) and b). 
 

4. Experiments on shock behaviour and discussion 

4.1 Shock behaviour of pure binders 

Micro-samples of uncured PC13A, GAP and HTPB were encapsulated into 

cylindrical cells with 6 mm diameter, preliminary drilled in 1.8 mm thick lead plate. 

The procedure included evacuation of the air micro-bubbles by applying 10-3 torr 

vacuum. The cells with the prepolymers were then closed in the top and bottom with 

KSA and Kapton stack monitor (KSM), respectively, as shown in Fig. 4. KSA and 

KSM consisted in five 132.5 µm thick and six 62.4 µm thick Kapton films, respectively. 

For better optical resolution of the SW run in KSA and KSM, the micro-gaps between 

Kapton films were filled with argon. The MFOPs, with two or three parallel rows and 

10-12 optical fibers per row, were placed in contact with KSM for observation of the 
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central zone of the cells. SWG (see Fig. 1) was applied for simultaneous shock loading 

of the three micro-samples. 

 

      
 

Fig. 4: Schematic representation of micro-samples of binders combined with KSA, 
KSM and MFOP 

 
The obtained streak record is presented in Fig. 5. It shows the necessary data for 

calculation of the shock Hugoniot parameters, i.e. the SW run in KSA terminal zone, 

samples and KSM. 

The input of the SW in GAP was clearly resolved. This was attributed to the 

instantaneous emission of photons from the shock front at GAP/KSA interface [5]. As 

SW runs in GAP, front irradiates photons caused by exothermic shock reaction, up to 

the moment of output to KSM. When shock front crosses the GAP/KSM interface, the 

transmission of photons to MFOP stops because the shocked layer of Kapton becomes 

opaque. The mean velocities Us of the SW run in the micro-samples are presented 

below (see Table 2). Further propagation of SW in KSM is measured from the 

successive light signals of argon micro-gaps between Kapton films. 

For PC13A and HTPB, the SW input was identified by superposition of the 

calibration (z-t) diagram (SWG, see Fig. 1) with the resolved light signals from PBXb 

detonation and KSA. Despite PC13A being also energetic, emission of photons from the 

SW front at its run in the sample was not distinguishable from the background noise due 

to the opaqueness of this prepolymer (absorption of photons in the non-shocked part of 

the sample) and the relatively low sensitivity of the Polaroid film (640 ASA) applied in 

the experiments. In contrast to PC13A and GAP, HTPB is inert under shock 

compression. Moreover, the shocked HTPB is opaque, as most of the hydrocarbon 

polymers subjected to strong shock waves. The KSM signals for PC13A and HTPB 

cases were clearly identified for most of the interfaces. For the PC13A case, the SW 

output to KSM and propagation in the first Kapton film was found by extrapolation of 

the SW run that is resolved in the last 5 Kapton films. 
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Fig. 5: Streak record obtained in the experiment on shock characterization of pure 

binders 
 
Fig. 6 shows the (Us-t) profiles in KSM for the three prepolymers. These were 

obtained from (z-t)-diagrams of SW run in KSM resolved from 6-9 independent 

channels in the central zones of shock fields.  
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Fig. 6: Attenuation of shock field in KSM after the SW run through pure binders (in 
central zone of recording area). Bars refer to 95% confidence intervals, calculated from 

9 (PC13A and GAP) and 6 (HTPB) independent channels.  
 

The pressure history in KSM shock field was built from (Us-t) profiles using the 

shock Hugoniot chracteristics of Kapton [14]. Goranson’s equation [15] was then applied 
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to calculate the (P,Up) parameters referred to the shock state of the prepolymers just 

before KSM: 

 
( ) ( )

( )K0

K0binder0
binder Usρ2

UsρUsρ
PkP

×
+

×=  

 
where the subscript k refers to Kapton of KSM as SW enters to KSM from the 

prepolymers. The parameters of state in KSM at the interface with prepolymers and in 

the prepolymers (Hugoniot characteristics) at the SW input to the KSM are shown in 

Table 2 and Fig. 7.  

 
Table 2: Parameters of state in KSM at the interface with prepolymers and in the 
prepolymers at the SW input to the KSM. Shock velocity and pressure in KSA at the 
input to the samples were 4.89 µm ns-1 and 9.97 GPa, respectively. 

 
PC13A GAP HTPB 

KSM Uskexp (µm ns-1) 5.76 5.48 5.40 

 Pkcalc (GPa) 18.64 15.39 14.57 

 Upk
calc(µm ns-1) 2.29 1.99 1.91 

Prepolymer Usmean
exp(µm ns-1) 5.67 7.41 5.99 

 Pcalc (GPa) 10.63 11.53 8.70 

 Upcalc(µm ns-1) 1.34 1.20 1.61 
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Fig. 7: Shock Hugoniot characteristics of Kapton [16], HMX single crystal [17] and 
measured shock Hugoniot points P, Up for HTPB, GAP and PC13A 
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The energetic character of GAP, previously observed by the light irradiation from 

SW front, and of PC13A, is confirmed by the increase of pressure in the KSM, after the 

SW run in the samples, when compared to the pressure in KSA at the input to the 

samples. The pressure in the front of SW increased 7% for PC13A and 16% for GAP, 

despite the attenuation caused by the Taylor wave coming from booster detonation. For 

HTPB, pressure decreased 13% due to the attenuation.  

When PC13A and GAP are subjected to shock, the exothermic reaction behind the 

front shows a complex behaviour. The two observed peaks in Pk(t) profiles can be 

attributed to a double stage shock reaction behind the front, which can be followed by 

other stages. This multiple stage reaction needs further study with application of shock 

decomposition models of complex molecular structures. 

 

4.2 Shock behaviour of elementary PBX cells: “HMX crystal in binder” 

The characterization of the shock behaviour of the prepolymers in the vicinity of a 

HMX crystal was performed with the crystals, experimental setup and view of the 

micro-samples shown in Fig. 8. The booster, KSA, KSM and confinement of the cells 

were similar to those used in the previous experiment. Three single HMX large crystals 

were selected from a HMX “class 3” batch. The crystals were fixed on the KSA surface 

by one of the rhomb planes using a microscopic amount of epoxy resin, as shown in 

Fig. 8 a) and b). The heights of the crystals in the z-axis that is normal to A1B1C1D1 

planes were 586, 617 and 546 µm for PC13A, GAP and HTPB micro-samples, 

respectively. The cells, similar to those used in the previous experiment, were then 

filled with the prepolymers. The procedure of filling included vacuum treatment as in 

the previous experiment to avoid air bubbles.   

The obtained streak record is presented in Fig. 9. The SW inputs to the cells were 

identified by the light irradiation when SW crosses the interfaces KSA/crystals. The SW 

output from the prepolymers to KSM was clearly identified for GAP and HTPB. For 

PC13A, an extrapolation was made for the first Kapton film of KSM. The outputs of the 

reaction fronts from the crystals were identified by the local extinction of strong light 

recorded by fibers located in the projection of the terminal rhomb planes of the crystals. 

These results permit to calculate the mean velocities of SW run through the crystals and 

in the prepolymers from the crystals up to KSM, as well as the pressure history Pk(t) of 

shock field in KSM. The history Us(t) of shock fields in KSM is shown in Fig. 10.  
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a)  

b)    c)   

 
Fig.8: Experiment with the micro-samples “HMX crystal in binder”: (a) HMX crystals 
(view from the MFOP side), (b) schematic representation of micro-samples connected 
to booster charge and MFOP and (c) and view from the booster side of micro-samples 

 
 

 
 

Fig. 9: Streak record obtained in experiment with micro-samples “HMX crystal in 
binder” 
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Fig. 10: Attenuation of shock field in KSM after the SW run through the micro-samples 

“HMX crystals in binders” (in the zone of crystal projection). Bars refer to the 
maximum error of measurements estimated, 7%.  

 
Shock Hugoniot characteristics of HMX single crystals [16] (ρ0 = 1.9 g cm-3, Us = 

5.80 + 0.59 Up) were applied for the characterization of SW parameters in the initial 

phase of the crystal’s shock compression. When the initial SW (that in the terminal zone 

of the KSA has velocity and pressure of 4.89 µm ns-1 and 9.97 GPa, respectively) enters 

the single crystal, the transmitted shock front runs inside the crystal with velocity and 

pressure in the front of 4.46 µm ns-1 and 11 GPa, respectively. The superposition of the 

(P,Up) point relatively to the Hugoniot curve for KSA is shown in Fig. 7. Accepting the 

mean velocity values of SW run in pure prepolymers measured in the previous 

experiment, the velocity of the SW in the prepolymers surrounding the HMX crystals 

are 16% higher for PC13A, 51% for GAP and 22% for HTPB. This shows that the SW 

in the prepolymers is faster than in HMX crystals and begins to wrap the crystals. 

Refraction of the shock front takes place in the planes of crystals followed by collision 

and interference of the waves inside the crystal, after traversing the planes. Finally, the 

interaction of the shock waves leads to the development of the SW inside the crystal, 

with a concave front towards the direction of main propagation (negative curvature). 

The curvature of this SW depends, in the initial phase of shock compression of the 

crystal, on the difference in the velocities of the SW in the prepolymer and in crystal. 

This difference was found maximum for HTPB and minimum for PC13A. This model 

that takes into account the orientation of the planes of the crystals allowed the 

explanation of stronger non-equilibrium kinetics of the exothermic reaction caused by 

strong shock, considered for an input pressure of 20 GPa, in our previous work [5].  
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The patterns of light intensity irradiation emitted from the front, as it runs inside the 

crystals, show a strong oscillating regime for HTPB, less strong for GAP and almost 

stable regime for PC13A (see Fig. 9). The more stable reaction regimes inside the 

crystals for PC13A and GAP can be attributed to the exothermic reaction of these 

energetic prepolymers at the interfaces with crystals. Furthermore, the lower difference 

in the velocities of SW outside and inside the crystal for PC13A leads to the observed 

reacting front in the crystal, which is more homogeneous when compared to GAP test. 

These results show that, in the terms of shock dynamics referred to the HMX single 

crystal, the disequilibrium in behaviours between binder and crystal is less pronounced 

for PC13A when compared to GAP. Thus, at this scale and under these experimental 

conditions, the new binder shows better performance than GAP. 

In the cell with HMX crystal in HTPB, the inert nature of the prepolymer and the 

difference between the velocities of the shock font inside and outside the crystal lead to 

a stronger wrapping effect of the crystals by the shock front and higher localization of 

the reaction behind the front. Such superposition of fronts inside and outside the crystal, 

especially when no exothermic reaction occurs in the binder, results in the generation 

and development of ejecta [2,5,7,8,9,18,19,20], that represents an overdriven micro-jet. The 

ejecta type micro-jet leaves the crystal later than the surrounding shock wave that 

wrapped the crystal, but due to its higher velocity overtakes the SW at a later stage. The 

ejecta phenomenon is indicated in the streak record (see Fig. 9) as continuous light 

irradiation that is appearing after the SW output from the crystal, in its the projection 

zone. The dissipation of the ejecta after the crystal was previously considered [7]. It has a 

complex 3-dimensional mechanism, which involves localization and redistribution of 

impulse and energy in the peripheral zone of shock flow.  

Table 3 shows the mean velocities of the reaction front run through the crystals and 

of the shock wave run in the binders from the terminal zone of the crystal up to KSM. 

Fig. 11 shows the (z-t)-diagrams of SW run in pure binders and binders with crystals 

and Fig. 12 the Pk(t) profiles in KSM. For the applied input pressure of 9.97 GPa in 

KSA, the obtained mean values of shock reaction velocities inside the crystals are 32%, 

26% and 52% less than ideal detonation velocity of HMX single crystal (D = 9.1 µm ns-

1 for ρ0 = 1.9 g cm-3 [17]), for PC13A, GAP and HTPB respectively. Thus, the SW 

parameters obtained with this test configuration refer to the ignition phase of the shock 

initiation of the HMX crystals, i.e. before “ideal” detonation.  
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Table 3: Mean velocities of the reaction front run through the crystals and of the 
shock wave run in the binders from the terminal zone of the crystal up to KSM 

 
 PC13A GAP HTPB 

URF
mean inside the crystal (µm ns-1) 6.9±0.1 7.2±0.1 6.0±0.1 

Usmean in binders, after the crystals (µm ns-1) 6.1±0.1 7.2±0.1 6.7±0.1 

 

The pattern of evolution of the 3-dimensional shock flow below the crystal involves 

at least two concurrent processes: decrease of the reaction rate just behind the front due 

to the geometrical spreading of the shock front and then increase of the reaction rate 

(after induction period) further behind the front. The major part of the impulse from the 

reacted crystal can be transmitted from the axial zone to lateral zones below the planes 

of the crystal due to the effects of localization of the reaction inside the crystals and at 

the ejecta dissipation. For HTPB, this effect is observed by the lower pressure obtained 

in the experiment with crystal, in the axial zone of the crystal (see Fig. 12). However, 

the central part of the front arrives faster to the KSM, compared to the pure binder. 

 For PC13A, where the difference between the velocities in the crystal and in the 

binder is the lowest and the ejecta scale is minimum, the contribution of the shock 

reaction of the crystal to the shock flow after the crystal is observed in the increase of 

the shock velocity and decrease of the slope behind the first front in  Pk(t) profile (see 

Fig. 12). For GAP, where the differences in velocities inside and outside the crystal is 

the highest, the shock velocity in the binder after the crystal remains almost unchanged 

but the decrease of the slope behind the first front in  Pk(t) profile is also observed. For 

both energetic prepolymers, the amplitudes of the pressures near the front do not 

increase.  

The presented explanation of the obtained results permits the evaluation of the scale 

of dissipation of the shock flow after the crystal. However, the structure of the flow is 

still not clear and further studies need to address the 3-dimensional effects of 

localization and dissipation in binders after the crystal. 
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Fig. 11: (z-t)-diagrams of SW run in pure binders and RF and SW run in micro-samples 
“HMX crystal in binder” measured in the zone of crystal projection, for a) PC13A, b) 
GAP and c) HTPB. The experimental error in Us and URF values was calculated based 

on the maximum temporal resolution of the electronic streak camera. 
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Fig. 12: Pk(t)-diagrams of SW run in KSM obtained in the experiments with pure 
binders and “HMX crystal in binder” 

 

5. Conclusions 

In this work, a new energetic binder was presented and compared with GAP and 

HTPB. The simultaneous test of the three pure binders allowed the determination of the 

Hugoniot points (P,Up) and their superposition relatively to Kapton and HMX single 

crystal. The factor of disequilibrium between the shock velocities in pure binders and in 

HMX single crystals was proposed for the evaluation of the binder performance. For the 

accepted model, the differences in velocities are less pronounced for the new binder 

PC13A, when compared to GAP, where it was found the highest, and HTPB. Thus, 

PC13A shows higher performance than GAP in terms of this model. The simultaneous 

experiment with a HMX single crystal inside the binders suggests more stable kinetics 

of the reaction of HMX when it is surrounded with the new binder, when compared to 

the other tested binders. The scales of dissipation of shock flow in binders after the 

crystal were evaluated. The effects of localization, ejecta formation and evolution of the 

3-dimensional shock front after the crystal in the dissipation process need further study.  
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ABSTRACT 
 

In this paper, a new three-phase (dispersion phase, interface phase, and continuous phase) 

constitutive model and its simulation calculation were preformed for the mechanical properties of the 

composite solid propellants. With this model, the relationship between mechanical properties of the 

HTPB-based propellant and modulus of elastomer, solid particles content, particle size, gradation and 

thickness of the interface adhesive layer were constructed mathematically. This relationship and its 

derived patterns are instructive in improving the mechanical properties and formulations design of 

solid propellants. 

 
KEY WORDS 

HTPB-based propellant, Mechanical Performance, Simulation Calculation,  

Tensile Strength , Elongation. 

 

INTRODUCTION 

Solid propellant is the fuel for rockets and missiles, and also motive power for aviation. In 

addition to certain energy requirement and being able to have stable combustion, solid propellant must 

possess sufficient mechanical strength. If the required mechanical properties fail to maintain fine 

performance, the flame surface will propagate and the pressure will enhance dramatically, which will 

result in abnormal flying of rocket missiles, in some cases, even explosive accident. In the past years, 

the experiments and simulation forecasting for the mechanical properties of composite solid 

propellants have been under intense research.[1-4]  

In this paper, a new three-phase (dispersion phase, interface phase, and continuous phase) 

constitutive model and its simulation calculation were preformed for the mechanical properties of the 

composite solid propellants. With this model and its derived computer program and software package, 

the relationship between mechanical properties of the HTPB-based propellant and modulus of 

elastomer, solid particles contend, particle size, gradation and thickness of the interface adhesive 
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layer was constructed mathematically. This relationship and its derived patterns are instructive in 

improving of the mechanical properties and formulations design of solid propellants. 

 
THREE PHASES CONSTITUTIVE MODEL FOR THE  

MECHANICAL PROPERTIES CALCULATION  

Introduction  

Composite solid propellant is a filling elastomer that composed by solid loaded stock uniformly 

dispersed on the binding bodies. Solid loaded stock has three-phase: dispersion phase, interface 

phase, and continuous phase. An interface active molecular, bonding agent, which will constitute a 

high modulus layer, i.e, the interface phase, on the surface of solid particles, is usually added into the 

solid loaded stock. The mechanical properties are directly related to the integration of the three 

phases. In this paper, the following assumptions were made in order to make the deduction of the 

mechanical model more conveniently.  

1. Solid loaded stock is distributed uniformly in the binder according to the closest-ordering 

theory. The void volume maintains the same after the particles being loaded. Particles 

of the gradation have the same diameter.  

2. The propellant is uniform, condense, airbagless, and defectless on the binding interface, 

having identical volume before and after the elongation.  

3. Deformation and fragmentation only occur within the elastomeric matrix during the 

elongation process.  

4. Bonding agent binds the solid loaded stock particles and the cured system, and has no 

other side reaction.    

The solid loaded stock and elastomeric matrix are assumed to move toward the left and 

right ends, and formulating condense and airless three section homogeneous body. The 

surface of the solid loaded stock is binded by a binding layer (high modulus layer) with 

certain thickness as showed by figure 1 where Lt, Lm, and Le refer to the length of the loaded 

stock, of interface high modulus layer and of elastomeric matrix respectively.  

Since L΄e = Le + Δ Le, and Δ Le = L΄e −Le the following formula can be deducted from figure 1,  

  L= Lt +Lm+ Le                                           (1)   

Based on the definition of elongation, the elongation of elastomeric matrix is:  

εe = (L΄e − Le) / Le                                                         (2) 
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             Loaded stock (AP+Al)  Interface layer  Elastomer 

 
FIGURE1 The Hypothesized Propellant 

 
 

Loaded stock  Interface layer  Elastomer   

 
FIGURE 2 The Hypothesized Propellant Under Elongation Condition 

 

The elongation of the hypothesized propellant is: 

εp =  (L΄e − Le) / L 

There is no deformation for solid loaded stock and the interface of high modulus layer during the 

elongation process, deformation and discontinuity only occur inside the elastomeric matrix. Thus the 

actual elongation of propellant: 

εp = C×( L΄e − Le) / ( Lt + Lm + Le)                                            (3) 

Since the horizontal cuboid sectional area are identical, thus (3) can be modified to         

εp =εe×C×Ve / ( Vt + Vm + Ve)                                        (4) 

Where C is the compacting factor(experimental density/theoretical density),  Ve is the volume of 

elastomeric matrix, Vm is the volume of high modulus of elastomer interface layer, and Vt is the actual 

loading volume of solid loaded stock.  

To compute the propellant’s elongation factor, the volume of elastomeric matrix Ve, 

actual loading volume of the solid loaded stock Vt and the volume of high modulus layer Vm 

need to be solved.  

To compute the tensile strength, the following assumptions are made: 

1. Solid loaded stock is in hook body which satisfies σ = E×ε; 

2. Solid loaded stock has identical interface and the elastomeric matrix is linear 

viscoelastomer which satisfies σ = E(t)×ε. To simplify, Ee(t) and Em(t) are symbolized 

as Ee and E m. 

From mechanics viewpoint, the solid loaded stock can be treated as serial structure, so  
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   Δ L =Δ Lt −Δ Lm+Δ Le   

εp=φt×σt ⁄ Et + φm×σm ⁄ E em+φe×σe ⁄ E e                                          (5) 

where σ is the tensile strength, E is the modulus of elastomer, φ is the volume fraction, and t, m 

and e refer to solid loaded stock, high modulus layer and elastomeric matrix.  

The computation of the volume of the three phases 

A. Ve, the volume of elastic body can be acquired by mass/density  

B. The computation of the volume of solid loaded stock 

Vtt refers to theoretical volume, can be calculated through   

Vtt=W1 ⁄ ρ1+ W2 ⁄ ρ2+ W3 ⁄ ρ3+……+ Wi ⁄ ρi                                       (6) 

where W is the mass, ρ is the density, and i indicates the gradation number of loaded stock from 

1 to i.  

In general, the total void volume effects the mechanical performance. Assuming the total void 

volume of the multi-level gradation of the solid loaded stock is η, which can be calculated by the 

particles diameter, particle size and gradation of the actual formula. Thus the actual loading volume of 

solid loaded stock. 

 Vt = Vtt ⁄ (1+η)                                                            (7) 

C. The computation of the volume of high modulus of elastomer 

The thickness of binding layer is the distance between the particle interface and the first curing 

reaction area. The volume of the high modulus layer of the interface, Vm, can be represented by the 

volume of all the bonding agent Wj ⁄ ρj, the volume of curing agent reacting with bonding agent and 

binder, as well as the volume of the first binder layer adjacent to the curing agent. 

2Vm = Wj ⁄ ρj+(Wcj+Wcb) ⁄ ρc + Wbc ⁄ ρb                                           (8) 

where Wj is the mass of binder, Wcj, and Wcb are the the curing agent that reacted with bonding 

agent and binder; Wbc is the binder that reacted with curing agent;  ρj, ρc, and ρb refer to the density of 

bonding agent, curing agent and binder respectively 

High modulus layer distributes on the surface of particles. The thickness of high modulus layer, 

L, is assumed to be identical for all particles. Particles are in the shape of sphere. The average 

diameter for type i is d, and the volume is V, where V is the combination volume of high modulus layer 

that all particles distributed on. Figure3 shows the diagram. The formula of the relation between high 

modulus layer and particle diameter can be deducted from the sphere volume formula: 
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                                                               (9)   

 

 
FIGURE 3 Embedded High Modulus Layer Diagram 

 

Through bonding agents and curing agent joining the elastomer network, the elongation of 

propellants can be computed from the elongation of elastomeric matrix and compacting factor.  

The introduction of the void volume directly relates the mechanical performance of the 

propellants to the solid particles, content, and gradation.  

Till now, the description of the three-phase structural mechanical model is completed. The 

elongation and tensile strength of propellant formulas can be computed given the formula, solid  

loaded stock, gradation, diameter, elongation of elastomeric matrix, modulus of elastomer, and the 

compacting factor.   

 
 
 
 
  
 
 
 
 
  
 
 
 
 
 
 
 
 
 
 
 
 

FIGURE 4. Main Program Diagram 

Begin 

Input parameters： 

Percentage weight and density of composed ingredient, total void volume, 

functionalities of curing system and bonding agent ingredient, elongation 

factor of binder body, compacting factor, etc. 

Compute the curing system, unit mass functionality of 

bonding agent, and the R value of curing system. 

     Compute V 

   Compute Фm 

Compute elongation and tensile strength 

Out the result 
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RESULTS AND DISCUSSIONS 

 
The simulation calculation for experimental propellant formulas were carried out by utilizing the 

three-phase structural model [5~7]. Most of the computation results, which are shown in table 1, are in 

good fit with the experimental results. 

TABLE 1.The Comparison of Theoretical Computation and Experimental Results of  
the Mechanical Properties of HTPB-Based Solid Propellant 

 
F.No    Tensile Strength   Elongation    Theo.Cal.    Theo.Cal.  
          σexp/MPa         εthe/%        σcomp / MPa       εcomp/%  

1                          42.0-48.5       1.16        41.1 
2                          14.0-25.8       0.61        23.5 
3         0.85-1.08         32-47          0.955       33.99 
4         0.85-1.08         32-47          0.955       35.52 
5         0.99             52.9           0.98        42.8 

 

Note�1.  Formula 1~4 are from [4] ~ [7]. 
       2.  Formula 5: Binding system( HTPB) : 12%; Curing parameter: 0.9; AP: 68%, AL: 20%. 
       3.  Five formulas contain small amount of bonding agents. 

Based on the formula of [6], the relationship between mechanical properties of the HTPB-based 

propellant and modulus of elastomer, solid particles contend, particle size, gradation and thickness of 

the interface adhesive layer was constructed mathematically. 

 The Effect of Elastomeric Matrix 

The effect of the elongation and modulus of elastomer of elastomeric matrix on the mechanical 

properties of the propellants are shown in figure 5 and figure 6. It is shown on the figures that when 

the elongation of the solid elastomeric matrix is 195%, the modulus of elastomer increases to 1.0 from 

0.1, and the tensile strength increases to 1.91MPa from 0.191Mpa. However, the elongation maintains 

the same. When the modulus of elastomer of the elastomeric matrix is 0.5MPa, the elongation of the 

elastomeric matrix increases to 525% from 135%, the elongation of the HTPB propellants increases to 

95.63% from 24.59%, tensile strength increases to 2.57MPa from 0.66.The results illustrate that the 

elongation of the elastomric matrix has largest effect on the mechanical performance of the 

propellants, and the modulus of elastomer of elastomeric matrix has the secondly largest effect. 
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FIGURE 5 The Effect of Modulus of Elastomer of Elastomeric Matrix 
     on the Mechanical Performance of Solid Propellants. 

FIGURE 6  The Effect of Elongation of Elastomeric Matrix on 
                              the Mechanical Performance of Solid Propellants 
 

The Effect of The Diameter and Graduation of AP 

 

  AP and Al powder are the major form of solid loaded stock in the composite solid 

propellant�AP takes up about 70%. In this paper, the content and diameter of AP are assumed 

unchanged. Then the effect of variation of the particles and gradation of AP on the mechanical 

performance are computed. The results are shown in figure 7 and table 2.  
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FIGURE7. Effect of AP Gradation on the Mechanical Property of HTPB-Based Propellants 

 Table 2、The Effect of AP Gradation on The Mechanical Property of HTPB-Based 

Propellants  

AP HTPB propellants 

Gradation Dia./µm content/% Elongation/% Tensile Strength/MPa 
1 83 67.6 35.518 0.956 

2 125 
7 

35.6 
32 39.186 0.956 

3 
225 
125 
4.08 

19.6 
18 
30 

 
52.416 

 
0.956 

 
Figure 7 and table 2 show that the variation of AP diameter has little effect on the mechanical 

performance of solid propellants. The elongation has slightly increases with the decrement of AP 

diameter and the tensile strength has no change. However, the gradation of AP has significant effect 

on the elongation which will significantly improved with the increment of AP gradation. 

The Effect of Bonding Agents  

Bonding agent is an interface active molecular with polarity. It can aggregate on the surface of 

oxidizer and make physical absorption and chemical reaction, formulating chemical bonds with solid 

cured system, entering grid structure, and finally formulating a high elastical layer on the surface of 

solid particles which avoid the occurrence of desorption of moisture and result in the improvement of 

mechanical properties of propellants. Thus adding a certain amount of adhesive will dramatically 

enhance the mechanical property. The amount is usually among 0.05% and 0.2%, excessive adhesive 

will decrement the effect. The computation result can be viewed on figure 8, the elongation ratio will 

decrease with the increment of adhesive content. The computational result is in good fit with the actual 

data. 
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FIGURE 8: The Effect of Bonding Agent Content to the Mechanical Properties of Propellants 
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Abstract: A Valence Electrons Fractal Combustion Model based on the Valence Electrons Combustion 

Model is proposed in this paper. Using fractal dimension to compensate surface roughness of Ammonium 

Perchlorate (AP), Fomulas and calculational method are presented under this new model. The calculation 

process can be computer programmed by Visual Basic.NET. The results obtained by this model fit with 

experimental data better than Valence Electrons Combustion Model, which suggests that Valence Electrons 

Fractal Combustion Model is a very promising method in analyzing combustion phenomena and 

evaluating burning rate of propellants. 

Keywords: Valence Electrons Fractal Combustion Model, Burning rate prediction, Composite Solid 

Propellants, Fractal dimension 

Nomenclature: 

Ts  the temperature of the burning surface  T0  the primary temperature of the burning surface 

B2 , B5  experiential constants    EH  the breakdown activation energy of HTPB 

ρ the density of composite solid propellants   

Cs  the average heat capacity of composite solid propellants 

QB x the condensed phase reaction heat of composite solid propellants 

Qo x the gas phase reaction conduction heat of composite solid propellants 

D the particle diameter  D  the particle diameter in the fractal model(the average particle diameter)  

D0  characteristic length  D′ the average section diameter of the oxidizer-binder combination                        

Dr the ratio of the average diameter of the fractal particles to the characteristic length D0  

Dt the curvature diameter of the AP instantaneous spherical combustion interface                                    

D ′ the average section diameter in the fractal model   
tD the curvature diameter in the fractal model 
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Researchers have long been interested in the combustion phenomena and evaluation of the burning rate 

of composite solid propellants. Up to this day, most Ammonium Perchlorate (AP) composite solid 

propellant burn rate models are developed based on Beckstead-Derr-Price (BDP) model. Built on a base of 

the BDP by using statistical method, Petite Ensemble Model (PEM) assumes that particles with similar 

size burn independently from the other ones with different sizes in the propellant. The burning rate is then 

calculated by summing the proportional contributions of each particle size to the total mass flux. Whereas 

in Valence Electrons Combustion model[2-6], the actual combustion mechanism is difficult to be revealed 

by statistical method only. This model showed the AP propellant combustionb process by combining  

both statistical method and physical chemistry mechanism. 

In the PEM model, AP particles in the propellant are also assumed perfectly spherical, however, These 

particles are of many different shapes and sizes, they are not spherical either (as showed in Fig.1 )  

 

  

 

Fig. 1 SEM photograph of AP sample 
 
Note: X denote the amplification, AP fractal 
index was preliminarily estimated to be 1.3653 
 

 

 

 M.A.MARVASTI et al. [1,10] modified the PEM model using fractal theory in the recent years. A Valence 

Electrons Fractal Combustion Model based on the Valence Electrons Combustion Model has been 

proposed by the application of fractal theory[1,7-10]. In this model, by using fractal dimension to compensate 

for the surface roughness of the AP, it is possible to deduce some formulas about the combustion 

calculation and even make computer programming. The results obtained by this model fit with 

experimental results better than Valence Electrons Combustion Model. This demonstrates that new Valence 

Electrons Fractal Combustion Model with independent intellectual property rights is more reasonable. 

With development of the fractal theory, propellant combustion calculation steps up to a higher level. 

1 Measurement of the Fractal Dimension  

Fractal dimension can be viewed as a parameter to quantitatively describe fractal characters, and it 

usually is a fractional number (can be integral, or not integral), which characterizes the complexity of  

fractal objects. As the fractal dimension gets large, its natural object increases in complexity. There are 



many different kinds of fractal dimension measurement, which include: Box-Counting , combination of 

the changing observation scale and Box-Counting  combination of the Boundary Element Method and 

Box-Counting, Area-Perimeter Relationships Method, etc. , In this research, Area-perimeter method[6] is 

used to measure AP fractal dimension, it is also called Small Island Method. 

The perimeter P of regular figure (such as circle, triangle, etc.) is directly proportional to first power of 

its measuring sizeε, and the area A is proportional to second power ofε. There are usually  proportional 

relations between them,  

P∝ε1       (1)          A∝ε2           (2) 

A1/2∝ε2×1/2    P∝A1/2          (3)   

For perimeter P and area A with irregular fractal in two-dimension space, the relation between them is 

more complicated. Mandelbrot pointed out that the previous smooth perimeter should be substituted by the 

fractal perimeter curve, the equations then have been revised: 

[P(ε)]1/D=a0ε
(1-D)/D[A(ε)]1/2 

[P(ε)]1/D =a0ε
1/Dε-1[A(ε)]1/2                 (4) 

where the fractal dimension D is usually bigger than 1 (when the perimeter is smooth, D=1, the above 

equations can be simplified as P∝A1/2, which is exactly equation 3), the change of perimeter P gets less. 

Where a0 is a constant associated with the shape of the particle, andεdenotes the measurement size., 

whereεis nornally smaller than 1 the factor ε(1-D)/D increases  when the measurement sizeεdecreases. 

The smoother the curve is, the closer D value get to 1.Equation 5 is obtained by taking logarithmof 

equation 4.. 

log[P(ε)/ε]/D=log(a0)+log[A(ε)1/2/ε]             (5) 

After the data are measured, this, when log[P(ε)/ε] plotted against log[A(ε)1/2/ε], gives the fractal 

dimension D from the inverse of the straight part 's slope in the curve. 

This method can also be applied to irregular surfaces (Surface Area –Volume Method). Equation 6 

shows the known relation between area A and volume V of a round ball. For irregular surfaces, it can be 

modified as equation 7, Where a0 is a constant, as the surface tends to smooth, D will gets close to 2. 

Equation 8 is obtained by taking logarithm of equation 7. 

A1/2 ∝V1/3                                             (6) 

[A(ε)]1/D= a0ε
(2-D)/DV(ε)1/3                   (7) 

log[A(ε)/ε2]/D=log(a0)+log[V(ε)1/3/ε]            (8) 



If we plot log[A(ε)/ε2] vs. log[V(ε)1/3/ε] , the fractal dimension D can be determined by taking 

reciprocal of the slope of the best straight line across data points. For the AP1-c, there are three steps for 

measuring the fractal dimension D by using Area-Perimeter Relationship Method: 

a. Two-value transformation or monochromatic transformation: In order to get sharp particle outlines, 

the original image (Fig.2) can be transformed into two-value imige using software IMAGE 

PROCESS/SPECIAL PROCESS/2－LEVEL,  or it can also be  transformed into monochromatic 

bit map ( Fig.3) using image tool Acdsee. 

b. Color reversal: Using the submenu SPECIAL PROCESS \ REVERSE of the fractal image 

processingsystem software FIPS, the photograph is processed to get a new white background outline, 

where particles are black (Fig. 4). 

c. Process using Area-Perimeter Method: With help of software FIPS, the fractal dimension is measured. 

The fractal dimension for AP1-c is determined. 

          
Fig.2 SEM image of AP1-c   Fig.3 Monochromatic transformation    Fig. 4 Color reverse 

 

                 
Fig.5 Data diagram of Area-Perimeter Relationship Method (AP1-c)  



This method is convenient in operation, it has nice data convergence, however, highly demand of a 

qualified image processing. The experimental results are shown in Table 1, D(F)AP1 = 1.3653. 

Table 1 The AP fractal dimension by using the Area-Perimeter Relationship Method 

Number AP1-a AP1-b AP1-c AP1-d Average 

D(F) 1.452 1.341 1.342 1.326 1.3653 

 

Being two different sized AP particles, the fractal dimensions of AP1 and AP2 have slight variations. 

Since the SEM image of AP1 shows higher quality (better dispersion, clearer outlines, more information 

contained), whereas SEM image of AP2 is partially overlapped, not well dispersed, the AP1 fractal 

dimension was chosen to represent the ultimate AP true value. 

2.Establishing the Valence Electrons Fractal Combustion Model of composite solid propellants  

The Valence Electrons Fractal Combustion Model was built by modifying the Valence Electrons 

Combustion Model. Fig.6 shows a schematic diagram of valence electrons model of the AP/HTPB 

propellant combustion process. It can be seen from the figure clearly that: a) AP is in discontinuous phase, 

whereas HTPB is in continuous phase. B) AP can detonate to produce AP flame, whereas HTPB cannot. 

Some hypothesis are made for the Valence electrons model based on above observations: 

  (1) AP premixing flame is produced in the burning surface: AP combustion gas spreads about (including 

dispersion) and mixes with the dissolving gas of HTPB, then they form a final premixing flame. In the 

small interface space between AP and HTPB, the decomposition gas of AP solid phase and the breakdown 

products of the HTPB form a ‘primary flame’ (not necessarily luminous flame, can be a primary heat 

release from the dark area). 

 

Fig. 6 Valence electrons model of the AP propellant combustion process 



(2) Quantity of heat is directly proportional to the temperature gradient: The AP burning surface mainly 

receives conductive heat of its premixing flame, and the heat quantity from final flame hardly passes to AP; 

The HTPB part in the burning interface mainly receives conductive heat from the final flame, and AP 

flame doesn’t transfer heat to it; The interface between AP and HTPB can receive a little conductive heat; 

The whole burning surface receives radiant heat from the final flame. 

(3) The linear burning rate of the propellant is determined by the linear breakdown rate of the 

continuous phase -- HTPB. 

(4) The linear breakdown rate of HTPB can be calculated by equation 9. 

)(5 T
E

S

H

R
EXPr

•
−•= B                    （9） 

Fig. 7 shows an AP combustion process schematically of the improved model. The basic burning rate 

model states that a certain amount of binder will be assigned to each oxidizer. The AP particles are not 

spheres, and possess fractal behavior. Two cross-sections of the oxidizer-binder combination are shown in 

Fig.8 and Fig.9. 

 

Fig.7 Valence electron fractal model of the AP propellant combustion process 

                        

Fig. 8 Top view of the fractal AP oxidizer–        Fig. 9 Side view of the fractal  AP oxidizer– 
binder combination                                      binder combination   

Thermal analysis study showed that the HTPB breakdown temperature was above that of AP. During the 



propellant combustion process, AP must be concave down inside the binder plane. The preheating and 

decomposition process of AP particle are shown in Fig. 10 

 

Fig.10  AP particle preheating and decomposition processes 

Surface area is fairly important in burning rate calculation of the propellants, the continuity equation is a 

part of a series of the burning rate determination equations (such as energy, flame temperature, etc). The 

equation derivation of Valence Electrons Combustion Model is provided by some previous research in this 

field. [3-6]. The relation between particle size and surface area in the Valence Electrons Combustion Model 

no longer applies here due to the fractal behavior of actual particle. In order to compensate the surface 

roughness of AP in the surface area relations of the fractal model of composite solid propellants, and 

measure the actual surface area of AP, a calculation of the fractal dimension of the interface between 

oxidizer and binder is required. The fractal dimension of 1.3653 is used in this paper. 

After the fractal dimension of AP has been obtained, how do we relate this fractal dimension to the 

burning surface area of the actual AP particle? A review of the formulas developed for a spherical particle 

will help us understand AP fractal behavior . For one-dimensional interfaces, the perimeter can be written 

as equation 10, where Dr = D / D0. In two dimensions situation, the perimeter can be defined as surface 

area divided by characteristic length, as shown in equation 11, which can be generalized for a dF 

dimensional interface to get equation 12. The characteristic length 0D can be obtained using the definition 

of the fractal dimension, which is defined by equation 13, where C1 is a constant. The perimeter P can then 

be rewritten as equation 14, where 2C  is a constant. If we combine equation 12, 13 and 14, equation 15 

can be derived. Since 1C and 2C are not functions of dF, 0D must therefore be defined as equation 16. 

Generalizing from spherical particle to fractal one, all physical quantities in spherical model have thw 

same functional forms with the fractal model. In fact any quantity that is linearly based on the perimeter 

(such as b , D′ , etc.) keeps the similar function (and thus similar quantity). Therefore in the fractal 

model, equation 17 is given. 
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In the spherical particle model, the burning surface area of the particle is given by equation 18, where Dt 

can be defined as equation 19. As we mentioned before, quantities base linearly on the perimeter have the 

same numerical values in both spherical and fractal models. The burning surface area of the fractal particle 

can be written as equation 20 and 21. The derivation of other parameters can be found in the some other 

publications [2-6]. 
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3.Calculating Program for the Burning Rate  

The burning surface energy conservation equation and HTPB linear thermal decomposition rate 

equation are listed respectively as equation 22 and 23, which can also be described as equation 24 and 25. 

The burning rate r can be worked out by using iteration method. Fig. 11 shows the program for calculating 

the burning rate. 
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4.Results and Discussions 

(1) Comparison of Theoretical and Experimental Burning Rate:  

The calculation results obtained fit with the experiment data fairly well; most of the errors are within 

10 percent. (Table 2). 

 



 

        

 

 

 

 

 

 

 

 

 

 

 

 

 

                       Fig.11 Program for burning rate calculation 

Table 2  Comparison of theoretical and experimental burning rate for propellant without catalysts 

Number 1 2 3 4 5 6 

pressure(MPa) 6.0 6.0 6.0 6.0 6.0 6.0 

Gradation 4 4 4 4 4 4 

Particle size (μm) 335.0 335.0 335.0 335.0 340.0 340.0 
1 

mass fraction   (%) 9.02 8.90 9.13 8.68 7.80 9.64 

Particle size (μm) 242.0 242.0. 242.0 242.0 243.0 243.0 

2 
mass fraction   (%) 36.05 35.59 36.53 34.70 31.19 38.55 

Particle size (μm) 138.0 138.0 138.0 138.0 140.0 140.0 
3 

mass fraction   (%) 18.02 17.79 18.26 17.34 15.59 19.28 

Particle size (μm) 7.6 7.6 7.6 7.6 7.6 7.6 

AP 

4 
mass fraction   (%) 6.31 7.12 5.48 8.68 14.81 1.93 

Fractal calculation 7.043 7.116 6.970 7.257 7.827 6.659 

Experimental results 7.051 7.073 7.023 7.364 7.880 6.980 

Burning rate 

(mm/s) 

△r% -0.1% 0.6% -0.8% 1.4% -0.7% -4.6% 

Fractal calculation 0.452 0.451 0.454 0.449 0.443 0.463 

Experimental results 0.4561 0.4730 0.4753 --- 0.4610 0.445 Pressure index 

△r% -0.8% 4.6% -4.4% --- -3.9% 4.0% 

INPUT FORMULA, PRESSURE, PARTICLE SIZE, 

SELECT CATALYST PRESET SOME 

EMPIRICAL CONSTANTS OR PARAMETERS 

CALCULATE FINAL FLAME TEMPERATURE 

CALCULATE ST , r  

OUTPUT 

START

END 

CALL STU OR STU4 

RETURN 

CALL SCC3 

RETURN 

CALL SURTT 

RETURN 

CALCULATE PRESSURE INDEX 
CALL PTL 

RETURN 



Table 3  Comparison of theoretical and experimental results of burning rate for propellant with catalysts 

Number 1 2 3 4 5 6 7 8 

pressure(MPa) 5.6 5.6 7.0 5.6 6.0 6.0 6.0 6.0 

Gradation 4 4 4 2 3 3 3 2 

type Ct1 Ct1 Ct1 Ct1 Ct2 Ct2 Ct2 Ct2 
catalyst 

mass fraction (%) 0.5 0.4 0.5 0.5 3.3 4.0 3.3 3.7 

particle size (μm) 355 355 355 360 225 225 225 225 
1 

mass fraction (%) 12.1 26 26 41.4 18 18 18 28 

particle size (μm) 225 225 225 7 125 125 125 4.86 
2 

mass fraction (%) 31.3 13.4 13.4 27.6 20 20 20 51 

particle size (μm) 125 125 125  9.8 9.8 9.8  

3 
mass fraction (%) 17.4 17.4 17.4  34 34 34  

particle size (μm) 8 8 8      

AP 

4 
mass fraction (%) 8.7 12.7 12.7      

Fractal calculation 10.00 10.47 10.51 11.02 37.85 37.85 38.88 41.15 

Experimental 

results 
10.22 9.74 10.40 11.25 37.84 36.58 36.49 34.0 

Burning 

rate(mm/s) 

△r% -2.15 7.49 0.96 -2.04 0.03 3.47 6.55 21.91 

Fractal calculation 0.503 0.514 0.500 0.586 0.361 0.361 0.362 0.37 

Experimental 

results 
0.488 0.511 0.509 0.540 0.377 0.356 0.388 0.32 

Pressure 

index 

△r% 3.07 0.59 -1.77 8.44 -0.44 1.40 -6.70 15.62 

note：Ct1-catalyst 1 Ct2-catalyst 2     

As shown in Fig. 12, the fractal burning rates are bigger than those of spherical situation, since the 

burning surface calculated using fractal model are bigger than spherical model. Both Table2 and 3, and 

Figure 12 and 13 demonstrate that the results calculated using this new fractal model fit with experimental 

data better than the other one, which suggests that the Valence Electrons Fractal Combustion Model is 

more accordant to the real situation of propellants combustion.  

(2) Effect of Particle size on Burning Rate:  

Fig.14 shows the burning rate increases along with the reduction of the AP particle size. When the 

particle size is less than 20μm, the burning rate changes sharply. Fig.15 shows the burning rate is hardly 

related to the particle size of Al. These results are accordant to experiments, which demonstrates that the 

estimations are firmly reliable. 

(3)  Effect of Pressure on Burning Rate:  

Fig.16 shows a relationship between the burning rates of the composite solid propellant with catalyst 2 

and the different pressures. The burning rates increase as the pressures rise. The basic formula of the 

propellant is 12.7/ 79/5－HTPB/ AP/ Al. 



                 
Fig.12 Comparison of the theoretical and experimental   Fig.13 Comparison of the theoretical and expe 
rimental burning rate data: 10% error band                 pressure exponent values: 10% error band 

         
Fig.14 Relation of AP particle size and burning rate   Fig.15 Relation of Al particle size and burning rate  

 
Fig. 16 Relation between burning rate and pressure of the propellant with Ct2 

Ninety percent of the burning rate calculations are within 10% error, which suggests a high accuracy of 

calculating. According to the results obtained by computer programming, the influence of particle size of 

solid filling in propellants and the pressure on the burning rate were both studied, they were consistent 

with the experimental data. By using fractal theory, the Valence Electrons Fractal Combustion Model, 

which is associated with the microscopic combustion process, can explain many experimental phenomena. 

In comparison with the PEM model, it has advantages such as less experiential parameters, simpler 

computer programming, and more accurate results for burning rate prediction.  

In this model, determination of the burning rate requires the calculation of surface area by utilizing 

fractal geometry, whose accuracy is deeply relate to the value of fractal dimension. Therefore, further 

studies are expected in the area of fractal dimension measurement.  
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Abstract 

Foamed propellants are based on crystalline explosives bonded in reaction polymers.  

Due to their porous structures they show high burning rates. Their properties, like 

energy content and material characteristics, can be varied in a broad range by using 

different explosive fillers or combinations of them and inert or energetic binders.                                  

Polymer bonded explosives and propellants can be used for developing insensitive 

ammunition for different reasons. Typical application areas are caseless ammunition and 

combustible cartridges 1-17. 

Foamed charges can be produced easily in different shapes by the reaction injection 

moulding process18. Beside of this it is also possible to produce modular or layered 

charges of different porosity and as well composition. 

 

 

Kurzfassung 

Geschäumte Treibladungen bestehen aus kristallinen Explosivstoffen, die in einer 

Polymermatrix eingebunden sind. Aufgrund ihrer porösen Struktur zeigen sie hohe 

Abbrandgeschwindigkeiten. Der Energieinhalt und die Materialeigenschaften der 

geschäumten Treibladungen können in weiten Bereichen durch Auswahl der 

energetischen Füllstoffe oder ihrer Kombinationen und der energetischen Polymere 

variiert werden.  

Geschäumte Treibladungen eignen sich zur Entwicklung von unempfindlicher Munition, 

wie z. B. hülsenlose Munition und verbrennbare Hülsen.  



 2

Geschäumte Ladungen können in einfacher Weise im Reaktionsschaumgussverfahren in 

verschiedenen Geometrien hergestellt werden. Außerdem ist es auch möglich, modular 

oder schichtweise aufgebaute Ladungen unterschiedlicher Porosität oder 

Zusammensetzung herzustellen.    

 

 

 

Experimental 

Samples of foamed propellants charges based on explosives fillers and inert or energetic 

polyurethane components were produced according to the reaction injection moulding 

process. The particle size distribution of the filler used was a bimodal one for a good 

processability. Additives and processing parameters were adjusted in order to fill 

completely the choosen cavity and to achieve charges with smooth surface and closed-

cell structure. 

 

 

 

Thermodynamical data 

Thermodynamic calculations were performed with the ICT-Code[19] to give first 

informations on specific energy, combustion temperature and heat of explosion of 

different formulations.  

The specific energy of foamed propellants is determined by the ratio of energetic binder 

as well as the type and the ratio of energetic fillers. Figure 1 shows the influence of 

different energetic substances on the thermodynamical performance data. Specific 

energy and oxygen balance can be improved by higher filler content, by alternative 

explosives like CL20 or TNAZ or by replacing inert binders by energetic polymers.   
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Figure 1: Thermodynamical performance data 
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Viscosity 
 
The viscosity of the polyol- and isocyanate premixtures filled with e.g. RDX was 

measured with a Brookfield viscosimeter at ambient temperature. Figure 2 shows the 

influence of the particle size ratio on the viscosity of the mixtures.  

 
   
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2: Viscosity of the polyol-premixtures with different grain size ratios at ambient 
temperature 
 
 
 
 
Foam qualification 
 
The foaming process is decisive for the quality of foamed propellants. Therefore it is 

necessary to have close insights in this process. 

The classic method for characterising foams is to determine the rise height or height 

profile by recording expansion of a foam sample in a cup as a change of height. The 

exothermic crosslinking reaction causes the rising temperature in the foam sample. 

Pressure builds up in the foam after the components have set. The forming network of 

stable cell walls prevents the foam from further expanding and the blowing agent from 

escaping. In extreme cases, these forces may destroy a part.  
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Dielectric polarisation is a new measuring parameter in the field of foam qualification. 

Chain formation precedes the crosslinking reaction that ultimately suppresses all dipole 

mobility during curing. The dielectric polarisation is measured as the increase in capacity 

relative to the empty vessel. This can be used to assess the setting times of foams.  

The following figure shows the results obtained by the investigation of a propellant 

foam.  
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Figure 3: Foam qualification  
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Pore size distribution 
 

In figure 4 are shown typical pore size distributions of foamed propellants with different 

amounts of blowing agent. The lower the amount of blowing agent is the smaller is the 

middle of the pore size distribution.  
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Figure 4: Pore size distribution of foamed propellants with different amounts of blowing 
agent (m1>m2>m3) 

   

 

Mechanical Properties 

The mechanical properties of foamed propellants were measured in a one dimensional 

pressure test at ambient temperature. Figure 5 shows the results by investigation 

formulations with different grain size ratios of RDX.  
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Figure 5: Mechanical properties of the RDX-polyurethane based foamed propellants  
 
 
 
 
Burning characteristics 
 

The burning behaviour of foamed propellants was examined using a closed vessel. Cubic 

samples (10³ mm³) were produced and tested in a 100 ml vessel with reduced volume 

(LD 0,2 g/ml). Some results of these tests are represented in figure 6.  
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Figure 6: Vivacity of foamed propellants based on RDX and polyurethane   
 
 
 
 
Summary  
 

Foamed propellants can be produced easily by the reaction injection moulding process. 

The properties of foamed propellants can be varied in a wide range by changing the 

formulation as well as by adjusting the internal porous structure. Foamed propellants 

with suitable components have good chemical and thermal stability, low sensitivity and 

good mechanical properties. Using energetic binders instead of inert polymers, foamed 

propellants with high specific energy and good burning characteristics are possible. The 

mechanical properties required for foamed propellants are achieved by combining 

different energetic and inert binders. 
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ABSTRACT 

The blast wave resulting from an accidental explosion of energetic materials could cause 
serious damage to structures as well as loss of human lives. Thus, a higher degree of safety 
on the storage facilities of energetic materials is strongly required. Energetic materials are 
usually stored in the storage facilities such as an underground magazine (UGM) or an earth 
covered magazine (ECM). In the present study, field explosion experiments with these 
types of scale-model magazines had been carried out. The UGM scale-model was designed 
to be not destroyed (rigid) by the detonation of high explosives. The ECM scale-model was 
destroyed (non-rigid) by the detonation of explosives.  

The results showed that the blast wave pressure in case of rigid model had some 
directivity. However, the blast wave pressures in case of non-rigid model were a little 
connected with the azimuth angle. In addition, the effect of an exit’s barricade of a 
magazine model on blast wave propagation also investigated. These experimental results 
are worthwhile to take into consideration to design a higher degree of safety on the storage 
facilities.  

 

1. Introduction 

In recent years, the intensification of housing and the high rate of industrial development 
in Japan have increased the number of instances in which high energetic materials such as 
explosives are stored, transported and consumed near residential areas. If an accident 
occurs in such an area, the blast wave resulting from an accidental explosion could cause 
serious damage to structures as well as loss of human life. Energetic materials are usually 
stored in the storage facilities such as an underground magazine (UGM) or an earth covered 
magazine (ECM). There are a few studies about blast wave propagation outside a 



structure1)-4). In Japan a magazine must has the safety distance of a circle with the radius of 
16 m/kg1/3 from the inner wall of a magazine. But, in recent years, the instances in which 
the residential areas approach the magazine have been increasing in Japan. Thus, a high 
degree of safety is required when using such materials, and there is a need for more 
effective methods for attenuating the blast waves in the event of an explosion. 

The main concern of the present study is the effect of solidity of magazines on blast wave 
propagation caused by an accidental explosion within. In addition, the effect of a barricade 
of exit of magazine on blast wave propagation also investigated into. 

2.5 m

Top view

Front view      

1.0 m

Top view

Side view

Barricade

 
a) Underground magazine (UGM)        b) Soil covering magazine (C-ECM) 

Figure 1 Structural model of magazines  
 
2. Experiments 
2.1 Magazine models 

Two kind of large-scale experiments with four kind of magazine were conducted in free 
field. Figure 1 show the structural shapes employed as the magazine models. First model 
was the underground magazine (UGM) model which was made with cylindrical steel vessel 
with one end open and covered with huge amount of sand. It was designed that the model 
was not destroyed (rigid) by the detonation of the 32 kilogram of TNT explosives. Second 
model was the earth covered magazine of A type (A-ECM) model which was made of 
mortar and soil. Third model was the earth covered magazine of B type (B-ECM) model 
with a barricade preventing fragments from the exit of the magazine. Fourth model was the 
earth covered magazine of C type (C-ECM) model which was also made of mortar and soil. 
Between A, B, C type models were almost the same but the roof of magazine had different 



thickness. The roof of C type (C-ECM) model had ten times thicker than the roof of A and 
B type models (A-ECM and B-ECM). It is supposed that the earth covered magazine 
(ECM) models were destroyed (non-rigid) by the detonation of the 160 kilogram of C4 
explosive s. Therefore, the main concerns of the present study are the effect of solidity and a 
barricade of magazines on blast wave propagation. 

 
2.2 Measurements  

Blast wave pressures were measured with piezoelectric pressure sensors. Each sensor 
was flush-mounted to a sharp-edged stainless steel disc (which have a diameter of 90 mm) 
and mounted in the direction where the peak static overpressure would be measured. The 
pressure sensors were located 1.0 m above ground so that the reflected blast wave from the 
ground did not reach the sensors until the primary blast wave at that location had decayed 
to atmospheric pressure.  

In the case of underground magazine  (UGM), the pressure sensors were set at each 
direction of 0, 60, 120 and 160 degrees, and at 7.0, 11.5, 16.0 m/kg1/3 from the exit of 
magazine. In the case of earth covered magazine  (ECM), the pressure sensors were set at 
each direction of 0, 45, 90, 135 and 180 degree, and at 7.0, 9.4, 12.5 and 16.5 m/kgTNT

1/3 
from the exit of magazine. (The mass of C4 explosives were converted into the mass of 
TNT explosives by 1.4 times.) 

Figure 2 Blast histories of UGM in four directions 
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3 Results and discussion 
3.1 Blast wave histories 

In the first test of UGM, Fig. 2 shows blast wave histories of TNT 32 kg and distance of 
51 m on each direction for an example. It is found that as the direction increase, the peak 
overpressure decrease significantly and the time of arrival is late. It is found that there is 
some directivity until the scaled distance of 16 m/kgTNT

-1/3 . 

Figure 3 Blast histories of A-ECM without a barricade 

 
In the second test of A-ECM without a barricade, Fig. 3 shows blast wave histories of C4 

160 kg without a barricade at distance of 104 m on each direction for an example. It is hard 
to find that there is the directivity. Even thought time of arrival is a little different, the peak 
overpressures show almost the same level.  

In the third test of B-ECM with a barricade, Fig. 4 shows blast wave histories of C4 160 
kg without a barricade at distance of 104 m on each direction for an example. It is found 
that there are almost the same level of overpressure between 90, 135 and 180 degree. But, 
the direction of 0 degree has the highest level of peak overpressure, and the direction of 45 
degree has the lowest level of peak overpressure.  
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Figure 4 Blast histories of B-ECM with a barricade 

 
In the fourth test of C-ECM with a barricade, Fig. 5 shows blast wave histories of C4 160 

kg with a barricade at distance of 104 m on each direction for an example. It is found that 
there are almost the same level of overpressure between 45, 90, 135 and 180 degree. But, 
the direction of 0 degree has the highest level of peak overpressure. It is the same result of 
the test results of B type models (B-ECM).  
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Figure 5 Blast histories of C-ECM with a barricade 
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3.2 Directivity  
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Figure 6 Directivity of peak overpressure versus azimuth angle 

 
Figure 6 shows the experimental results of peak overpressure with respect to the azimuth 
angle (=an angle from the centerline of the magazine’s exit) at the each scaled distance 
(m/kgTNT

1/3). The mass of C4 explosives were converted into the mass of TNT explosives 
by 1.4 times. It is found that as the distance increases, the directivity disappears due to a 
diffraction effect. Figure 6a) shows that the UGM model has the directivity that means the 
peak overpressure decreases significantly as the azimuth angle increases. Figure 6b) shows 
that the A-ECM model has a little directivity. Figure 6c) shows that the B-ECM model with 
a barricade has more directivity than without barricade model (Fig. 6b)). Figure 6d) shows 
that the C-ECM model with a barricade also has some directivity, and the lower peak 
overpressure than the A and B type model. It is also found that due to barricade the peak 
overpressure of 0 degree become higher. Further study is needed why it is happened. 

Figure 7 shows the experimental results of scaled impulse with respect to the azimuth 
angle. It is found that as the distance increases, the directivity disappears. Figure 7a) shows 
that the UGM model has the directivity that means the scaled impulse decreases 
significantly as the azimuth angle increases. Figure 7b) and 7c) show that the A-ECM 
model without the barricade (Fig. 7b)) has more directivity than the B-ECM model with 
barricade (Fig. 7c)). It is different result compare with the analysis result of peak 

a) UGM      b) A-ECM  c) B-ECM (barricade)  d) C-ECM (barricade) 



overpressure (Fig. 6b) and 6c)). Figure 7d) shows that the C-ECM model with a barricade 
also has the lower scaled impulse than the A-ECM and B-ECM model. It is supposed that 
the thickness of the roof effects on the blast wave pressure. 
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Figure 7 Directivity of scaled impulse versus azimuth angle  
 

4. Conclusions 
Due to the free field experiments, the effect of solidity and a barricade of magazine 

model on blast wave propagation were investigated. The conclusions are 
- There is the directivity significantly when the magazine is not destroyed.  
- The Directivity becomes small when the magazine is destroyed. 
- Due to the existence of the barricade, 0 direction has the highest peak overpressure. 
- Analysis results of peak pressure and impulse could be different depend on the shape of 

the magazine. 
 
These experimental results are worthwhile to take into consideration to design a higher 

degree of safety on the storage facilities.  
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ABSTRACT 
The Naval Surface Warfare Center, Dahlgren Division (NSWC-DD) was tasked by the Joint Non-

Lethal Weapons Directorate (JNLWD) to conduct an effects-based evaluation of a number of 

fuel-rich flash powder (FRFP) formulations for non-lethal applications.  These formulations may 

be employed as replacements for and/or additions to the formulations currently employed in a 

number of fielded and planned flash-bang devices.  Non-lethal flash-bang devices are designed to 

temporarily incapacitate personnel without causing permanent injuries.  Desired improvements to 

existing non-lethal Commercial Off-the-Shelf (COTS) devices include; reduced near-field 

pressures to reduce injuries, increased light impulses to increase the duration of flash-blindness, 

optimized light and pressure output for long duration non-injurious human incapacitation.  The 

experimental results of this study have revealed several thermobaric mixes that demonstrate the 

following output characteristics as compared to existing COTS devices; greater total light output, 

larger fireball size, longer duration fireball, lower peak pressures.  The results of this study 

indicate that FRFP formulations can be tailored to achieve significant performance improvements 

over existing devices in smaller, safer, and more environmentally friendly devices. 

 

BACKGROUND 

Devices containing fuel rich flash powders (FRFPD) are similar to thermobaric explosives in that 

they exhibit a large magnitude and long duration of light and sound (overpressure) output.  If the 

output of such a device is tailored to correspond to the levels of light and sound known to 

incapacitate humans, the optimized FRFPD will provide significant improvement over the current 

US Navy Mk 141 diversionary grenade in terms of effective coverage area, as well as degree and 

duration of human incapacitation.  The primary technical challenge in evaluating the use of a 

FRFPD is in understanding the human effects produced by the proposed device.   

 

It is estimated that the large magnitude and long duration of light and sound output associated 

with a FRFPD will prove to be an effective means of achieving human incapacitation.  Current 

flash-bang devices rely on an explosive chemical charge, typically a blend of potassium 
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perchlorate and aluminum powders, to produce an impulse of broad-spectrum light and 

concussive sound.  Current devices such as the MK 141 diversionary charge, however, have not 

been optimized or tuned to safely produce the target levels of light and sound that are ideal for 

human incapacitation and are within known threshold limits. 

   

FRFPD have potential applications in a wide range of non-lethal weapon delivery systems.  These 

efforts focused on the weaponization of this technology in the form of a non-lethal hand-delivered 

grenade.  Potential follow-on development may consider this technology for more challenging 

applications such as shoulder fired, vehicle fired, mortar-launched, air-dropped, air-launched, and 

remotely activated non-lethal systems.   

 

GENERAL COMPONENTS OF FUEL RICH FLASH POWDER DEVICES 
 Ignition/Activation Train 
There are four essential components of FRFPD: 

1. Initiation:  Typically electric matches have been used during the prototype development 

phase although other sources of initiation (primers, safety fuse, etc.) should also work for 

this purpose. 

2. Igniter/Activator (I/A):  Pyrotechnic igniter compositions of varying flame temperatures 

including black powder (BP) [1] have been used as the I/A.  The role of the I/A is to heat 

the illuminant, breach the grenade body and disperse its contents. 

3. Illuminant (ILL): Most often, the ILL is a finely divided metal powder with or without 

other additives blended in to enhance combustion rates and increase visible light output.  

Both flaked and more spherical metal powders were investigated. 

4.   Air:  Air reacts with the heated, dispersed fuel-rich flash powder to produce additional 

heat and light. 

 
Ignition Train Sequence 
Two different designs for the ignition train sequence were investigated in 

the FRFPD prototypes tested in this effort: 

1. Vertical Layering:  This design is used for devices built from 

twenty-gauge shotgun shell hulls.  The primer is removed from 

each shell and replaced by a center-perforated cork of equivalent 

outer diameter.  An electric match is inserted through the 

perforation in the cork; a few grams of I/A powder are then 

Figure 1.  Shotgun 
shell with an electric 

match inserted in 
the primer port.  



placed inside the shotgun shell hull followed by the illuminant.  Finally, a pressed paper 

wad is placed on top of the illuminant and the shell is crimped (Figure 1). 

2. Radial Layering:  This method is used 

in building prototypes from cardboard 

Mk 116A1 Grenade Simulator bodies 

(Figure 2):  (a) The electric match is 

inserted through a grenade body disk so 

that the match is centered in the 

grenade. (b) Foam rings are used to 

center a tube made of standard cardstock 

in which the I/A powder is loaded.  The 

diameter of the cardstock tube was 

varied during FRFPD development to investigate the performance of different I/A to ILL 

ratios.  (c) ILL is placed in the annulus between the cardstock tube and the outer grenade 

body.  Epoxy is used as the adhesive. 

 

PERFORMANCE EVALUATION OF FUEL-RICH FLASH POWDER DEVICES 

Performance evaluation varied somewhat during various stages of development: 

1. Light output was monitored as a function of time using a photopic light detector.  

Integration of the light intensity vs. time trace yielded a measurement of total light output 

or illuminance. 

2. Blast pressures were measured as a function of time at an 18” 

(45 cm) standoff using pencil gauges.  Maximum pressures were 

acquired from these data points. 

3. Fireball size was measured from high speed and normal speed 

video traces.  The field of view always contained a dimensional 

standard of reference, which was utilized to compute the width 

and height of the fireball at its maximum area, which, in turn 

was used to determine fireball area in a vertical plane. 

Tests were conducted remotely.  The Mk 141 Diversionary Device 

(Figure 3) was used as a standard of FRFPD performance.   

 

 

 

Figure 2.  A modified Mark116A1 grenade 
simulator body was used to evaluate new 

FRFPD fills. 

Figure 3.  The Mk 
141 Diversionary 

Grenade 



PERFORMANCE EVALUATIONS FOR VERTICALLY LAYERED FRFPD 

Mixing versus Layering of Igniter/Activator and Illuminant 

Work at Sandia Labs has documented good performance of vertically layered FRFPD with BP as 

the I/A layered below the ILL, aluminum powder [2].  In work reported herein, the difference in 

performance of layered versus mixed I/A and ILL was determined using the 20-gauge shotgun 

shell prototype.  In the experiment detailed in Figure 4, the integrated illuminance for both 

configurations is comparable.  However, the mixed system shows evidence for a much sharper 

pressure rise and thus, a potential for greater lethality.  The layered system utilizes the I/A to heat 

and disperse the ILL activating it toward reaction with air producing a high light intensity fireball.   

Broader, elongated traces in the layered system allow placing a larger charge in FRFBD for a 

specified maximum pressure output.  This, in turn, allows development of a device with a higher 

total light output. 

 

Variation in the Igniter/Activator to Illuminant Ratio 

Relatively small amounts of I/A are required to promote a large total light output of a vertically 

layered FRFBD.  In the series of 20-gauge shotgun shell tests illustrated in Figure 5, a ratio of 5 

ILL to 1 I/A yielded the greatest total illuminance. 

Figure 4.  Comparison of FRFPD (20-guage shotshell) in which the 
I/A is either mixed or layered with the ILL (flaked Al)  in a 2:4 ratio. 



 

Response of Flaked Aluminum to Different Igniter/Activators 
Although various tests indicated that I/As having higher flame temperatures were more effective 

in activating spherical metal powders, BP (flame temperature ≈2,000 K) is a better activator of 

flaked aluminum than higher temperature/lower gas fraction igniters, MT I/A, (Figure 6).  

Apparently, the higher gas fraction of combusted BP can effectively convey the heated, high 

surface area flakes to a source of oxygen or nitrogen before the particles cool below their ignition 

point.  Spherical metallic particles do not act as effectively as “kites in the wind” and require a 

significant amount of heat to keep them above their ignition point until the point in time when 

they are conveyed into a source of oxygen or nitrogen. 
 

Performance Comparison of Powdered Metal Illuminants in FAFPD. 

As illustrated in Figure 7, magnesium is by far the most efficient ILL.  Reactive transition metals 

such at titanium or zirconium produce even less integrated illuminance than aluminum powders.  

However for these transition metals, at least some measurable illuminance is sustained for a 

significantly longer period of time than for magnesium or aluminum powders. 

Figure 5.  Comparison of FRFPD (20-guage shotgun shell) in which the ratio of I/A is varied 
relative to the ILL (flaked Al).   
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PERFORMANCE EVALUATIONS FOR RADIALLY LAYERED FRFPD 

General Comparisons  
Performance evaluations for radially layered FRFPD were conducted using modified Mark116A1 

grenade bodies (Figure 2).  Mk 141 Diversionary Grenades were used as the standard of reference 

(Figure 3) during this development effort.  The radiometric performance of the Mk 141 and 

typical radially layered FRFPD containing aluminum or magnesium powder as the ILL are 

illustrated in Figure 8.  The total illuminance is larger and the flash duration is longer for the 

magnesium grenade relative to that containing aluminum.  The Mark 141 has significantly less 

total integrated illuminance and a much shorter flash duration than both the aluminum and 

magnesium FRFPD grenades.  The fireballs from the actuated grenades are shown in Figure 9. 

Figure 6.  Comparison of FRFPD (20-guage shotgun shell) in which ILL (flaked Al) is 
activated using either MT I/A or BP. 
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Figure 7.  Comparison of FRFPD (20-guage shotgun shell) with different powdered metal ILL. 

Figure 8.  Light intensity vs. time for actuated modified Mark 116A1 grenades containing  
aluminum or magnesium as the ILL and the Mark 141 grenade as the standard of performance. 
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That of the magnesium grenade is significantly larger than those for the aluminum and Mark 141 

grenades.  Maximum pressures measured for Mark 141 grenades were typically between 15-20 

psi at an 18-inch (46 cm) standoff.  Modified Mark116A1 grenade bodies containing an FRFP 

payload, yielded pressures in the range of 2-5 psi at the same distance from burst.  In summary, 

the FRFPD grenades produce a bright, longer duration flash, a larger fireball but less blast 

pressure than the Mark 141 Diversionary Grenade. 

  
Figure 9.  Fireballs for the Mark 141 (left) and modified Mark 116A1 grenades containing aluminum 

(center) or magnesium (right) as the ILL. 
 

Methods to Modify Radially Layered Grenade Performance 
Total integrated illuminance for Modified Mark116A1 grenades can be increased substantially by 

increasing the overall flame temperature of the I/A (Figure 10) in the case of both aluminum and 

magnesium based ILL.  Apparently, the metallic particles in the ILL require a significant amount 

of heat to keep them above their ignition point until the point in time when they are conveyed into 

a source of oxygen or nitrogen.  Otherwise, the reactive metal particles will be quenched and 

grenade efficiency will decrease. 

 

The time from grenade actuation to that of maximum illuminance, i.e., the rise time, can be 

shortened by using an ILL that is a blend of powdered metal and additive (Figure 11).  At least 

for cases in which the weight percent of metal powder is greater than that of the additive, rise 

times decrease as the percentage of additive added to ILL increases.  The total light output 

increases for ILL with a little additive.  However, as larger amounts of additive are blended with 

the metal power, light output reaches a maximum and then decreases. 

 

The performance of FRFPD can also be tailored by varying the degree of confinement as 

illustrated in Table 1.  This table lists the performance of four Modified M116A1 grenades 

containing almost identical charge weights of I/A and ILL.  The grenades labeled 6B1 and 6B2  



 

Figure 10.  Light intensity vs. time traces for Modified Mark116A1 Grenades with flaked aluminum 
(Al) or spherical magnesium (Mg) as the ILL and medium temperature (MT) or high temperature 

(HT) I/A. 

 
 

Figure 11.  Comparison of photopic intensity vs. time traces for actuated Modified Mark116A1 
grenades illustrating the effect of ILL containing small amounts of and additive (Ad) blended with 

magnesium (Mg). 
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were glued with copious amounts of epoxy promoting greater confinement as verified by the 

pencil gauge readings.  The results are consistent with conservation of energy:  If more energy is 

expended blowing apart the cardboard grenade housing, less can be used to make an intense ball 

of fire. 

 
 

Table 1.  Performance of four different Modified Mark116A1 grenades with near identical charge 
weights of I/A (HT I/A) and ILL (spherical magnesium). 

 

CONCLUSIONS 
Ample light intensity can be produced over a 250 millisecond time period using a variety of 

FRFPD configurations where blast pressures at an 18-inch standoff are about 3 psi.  In most 

cases, fireball diameters are larger than 6 feet in diameter.   

 

In order to maintain reproducibility of potential FRFPD, not only does the charge weight of both 

the I/A and ILL need to be held constant, but also the confinement in the grenade.  Grenade 

bodies that were held together with ample adhesive produced greater near field blast pressures but 

lower light output and smaller fireballs:  if work is expended destroying the grenade body, less is 

available to produce a bright flash.  It is also possible that other variables play into reproducibility 

including void volume, placement of the electric match, the type of adhesive used, etc. 

 

For optimal light output, the particle size of the powdered metals used as the ILL should be 

relatively small.  There appears to be a point of diminishing return when bulk density of the 

material causes a significant decrease in the maximum charge weight that can fit in a FRFPD 

volume.   
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While analyzing the results, it became apparent that generic trends cannot be made relative to 

what configuration/formulation parameters effect light output.  Spherical aluminum, high surface 

area flaked aluminum and spherical magnesium respond differently to the type and amount of 

activator used and the additives blended in with these powdered metals as well as grenade design.  

For example, using an activator with a higher flame temperature enhances light output of 

spherical aluminum and magnesium, whereas this does not appear to be the case for high surface 

area, flaked aluminum.  In fact, using black powder to activate spherical magnesium in grenades 

yielded very poor results, whereas black powder worked reasonably well to activate the high 

surface area, flaked aluminum.   

 

Several factors should be considered when down selecting a FRFPD for actual deployment: 

 

1. If magnesium or a higher surface area aluminum is selected, the grenade body should be 

designed to be impermeable to water vapor since hydrogen off gassing can occur in 

humid environments.   

2. Flaked metals have low bulk densities and poor flow properties making it more 

challenging and time consuming to fill grenades. 

3. Great care should be taken in assembling these grenades in a consistent manner so that 

confinement remains relatively constant from grenade to grenade. 

 

FRFPD should be considered for applications requiring low blast and high flash such as non-

lethal diversionary devices and naval warning shots. 
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ABSTRACT 

 
Although A-1A has successfully been used for more than 50 years in US Navy delay cartridge 

applications, there is very limited information on its critical performance characteristics (other than 

those few addressed in product specification).  Over the years, there have been many changes in the 

individual ingredients used in Zr-Fe2O3-diatomaceous earth ignition compositions, primarily in the 

sources and characteristics of the zirconium metal powder.  These changes have impacted the 

performance of A-1A ignition composition, which is used in pyrotechnic delay cartridges.    

In our paper, we will discuss the history of A-1A, describe recent concerns about its low heat 

output performance, and present results of a recently concluded study on A-1A ingredients (with an 

emphasis on zirconium) and their influence on A-1A performance characteristics.   

 
BACKGROUND 

 
The US Navy’s most widely used ignition 

composition for pyrotechnic delays is 

designated as A-1A, which consists of 65 

wt% 2 µ zirconium, 25 wt% red iron oxide, 

and 10 wt% diatomaceous earth.  A-1A is 

considered to be a “gasless” ignition 

composition and is generally used as a 

compacted (30,000 psi/ 208 MPa) powder increment in a delay cartridge (Figure 1).  A-1A’s function 

is to assure ignition (especially at low temperature) of the slower burning/less sensitive pyrotechnic 

delay composition.    

A-1A is valued for its high ignition sensitivity (even when functioned cold [-65°F/-53°C] or 

when used with a weak ignition source, e.g., a marginal output percussion primer), its ability to 
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reliably ignite a broad range of pyrotechnic delay compositions (even at cold temperatures), and its 

ability to contribute to consistent delay time performance.  A-1A contributes to consistent delay times 

through effectively buffering any shock associated with the percussion primer output (which could 

cause delay column breakup or cracking), by burning essentially gasless, by having a very fast burn 

rate (relative to that of the delay composition), and performing consistently (at least within a given lot).  

A-1A formulation and performance requirements are contained in the military specification for Gasless 

Ignition Composition (Ref. 1).  Ellern (Ref. 2) states that A-1A (originally designated as “XD-8A”) 

was used as a replacement for F-33B (41% Zr, 49% Fe2O3 with 10% added diatomaceous earth).        

F-33B was less violent than A-1A but was “limited in ignitibility and fire transfer quantities,” 

especially at cold temperatures1, while A-1A was reliable across the operational temperature range.    

The Navy’s traditional 

sources for fine zirconium 

for A-1A have been Foote 

Mineral Company and 

Ventron’s Metal Hydrides 

Division.  By the mid-

1990’s, appropriate g

of zirconium were no 

longer available from 

either of those sources 

and materials on hand 

were being rapidly depleted. At that point, the Navy procured zirconium from several previously 

untried sources and found those powders to be inferior in performance (Figure 2) as indicated by 

lower/more variable heat outputs measured by calorimetry

rades 

                                                

2. The minimum acceptable heat of 

explosion (HOE) value for A-1A is 450 cal/g (1884 J/g).   

 
1 Per Ellern, A-1A in the 1960s was formulated with Foote Mineral Grade 120A zirconium that was widely recognized to 
be very sensitive and reactive (to the point of being considered essentially “pyrophoric”).  Per a NASA report, Ref (3), the 
increased sensitivity/reactivity of the Foote zirconium was due to its manufacturing process, physical characteristics (e.g., 
presence of “sharp edges”) and its low hafnium and hydrogen content (both of which, if high, reduce the handling and 
processing hazards).  Because of the high sensitivity of its zirconium, Foote experienced a fire which destroyed its 
production facility.  This event prompted the zirconium industry to abandon the manufacturing processes that produced the 
most sensitive grades of zirconium.    
 
2 A-1A heat of explosion (minimum acceptable value 450 cal/g) is measured in 25 atmospheres argon.  The cause for the 
high HOE values (in the 550 cal/g range) noted by Ellern and experienced in some pre-1969 Navy tests is not known but is 
possibly attributable to an unidentified (and long lost) difference in testing procedures, the effect of purer or more reactive 
zirconium, incomplete purging of air from the bomb calorimeter, or a combination of those factors.  
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APPROACH 

After several in-house efforts to address the problem (which provided valuable but limited 

data), the Navy initiated an effort to better characterize A-1A and its ingredients with the intent of 

gaining a more complete understanding of its chemistry as it affects performance.  Of particular 

interest were: (1) characterizing the zirconium from two new sources (Chemetall and ZR Energy) 

believed to be suitable for use in A-1A, (2) examining ferric oxide and diatomaceous earth from non-

traditional sources (both were obtained from Atlantic Equipment Engineers), and (3) determining the 

heat output of A-1A as a function of fuel to oxidizer levels.   

 

FINDINGS 

1. Characteristics of Raw Materials  

Zirconium metal powder, MX grade, batch 35497, was received from Chemetall GmbH in an 

aqueous packaging. The powder, according to producer evaluation, met the requirements for MIL-Z-

399D Type II Class 1 zirconium. The relevant test results supplied for zirconium metal powder, batch 

35497 were: 

Zr (incl. Hf) total   97.4 % 
Zr (incl. Hf) active                 88.9 % 
Ignition gain    31.2 %             
Average particle size [µm]  1.9  

 

Another supplier of zirconium metal powder was ZR Energy, Inc. (Phoenix, AZ). ZR Energy also 

shiped its material water wet. The zirconium metal powder received, product code ZR100, lot 307D, 

was certified as conforming to MIL-Z-399D Type II, Class 1 requirements. Analysis provided by ZR 

Energy for lot 307D was: 

    Zr    99.7 %      
Al    0.02 %    
Ca                             0.01 % 
Fe    0.01 % 
Mg    0.10 % 
H2     0.08 % 
Ignition gain    31.2 %     
Median particle size [µm]   2.24 

 

Red iron oxide, a mixture of Fe2O3 and Fe3O4, was acquired from Atlantic Equipment Engineers 

(AEE, Bergenfield, NJ). According to information provided by the supplier, this product contained 

99.9% of Fe2O3 (hematite).  Ferric oxide was ordered as catalog number FE-MIL, a grade meeting the 
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requirements of MIL-I-706, Type I, Class 2.  A pigment grade of ferric oxide was also obtained for 

comparative purposes. 

Diatomaceous earth was also purchased from AEE, product catalog number DI-101, lot 2504. This 

material met the requirements of the diatomaceous earth military specification (MIL-D-20550B) as 

well as the requirements of the A-1A specification3. Chemical analysis provided by the supplier for lot 

2504 was: 

   Silicon dioxide      93.0 % 
   Aluminum oxide     3.0 % 
   Water       4.0 % 
   Median particle size [µm]    13.0 
   Surface area [m2/g]   10 – 20 
 

2. Particle Size Distribution, Specific Surface Area and SEM Images of Reactants  

Particle size distribution was measured using a commercial apparatus (Microtrac Inc., Particle Size 

Analyzer, model S3000). Specific surface area was measured using a commercial instrument for BET 

isotherm measurements (Micromeritics Instrument Company, GA, model Gemini III 2375). 

Visualization of characteristic features of the ingredients was accomplished using a scanning electron 

microscope (JEOL Inc, model JSM-840A).  Examples of SEM images for reactant powders are shown 

in Figures 3 – 6. 

 
                                                 
3 Although there is a military specification for diatomaceous earth (MIL-D-205550B), the A-1A specification (MIL-P-
22264) does not impose the MIL-D-205550B requirements. Instead, for A-1A use, there are only three requirements 
specified for diatomaceous earth: weight loss on ignition (not more than 0.4%), silica content (not less than 90.0%), and 
granulation (99% shall pass throuth a 325 USS sieve).  Traditionally, Superfloss™ (a finely ground and calcined 
diatomaceous earth distributed by Johns-Manville Company) has been used in A-1A.  This material was used to improve 
the loading/compaction characteristics of A-1A.  It was previously believed that diatomaceous earth did not substantially 
enter into the A-1A reaction (i.e., the reduction of the ferric oxide by the zirconium). 
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Reactant particle sizes differ considerably, as shown in SEM images and in Table I. The 

average sizes (from PSD curves) and specific surface areas (from BET) are listed for reactant powders. 

 

Table I. Average size and specific surface area for the A-1A reactant powders 

Reactant Average size [µm] Specific surface area [m2/g] 

Diatomaceous Earth 19.0 1.6 
Zirconium, Chemetall 4.6 - 
Zirconium, ZR Energy 2.44 - 

Ferric oxide, MIL grade 0.42 8.02 
Ferric oxide, pigment grade 0.47 7.30 

 

Zirconium powders from different sources (Chemetall and ZR Energy) had distinct particle size 

distributions and different average particle sizes. Although both powders contained the same amount of 

active metal (measured or calculated at 88.9%) according to the analysis of ignition gain (both 

exhibited a 31.2% gain), we continued to test the two sources as separate samples.   For the ferric oxide 

powders, size and specific surface areas were not significantly different. Therefore, only the powder 

conforming to the MIL specification (from AEE) was used in further testing.   

   

3. HOE Output Dependence on Composition  

In performing heat of explosion (HOE) tests on A-1A samples, care must be taken to eliminate air 

from the closed bomb.  This is accomplished by purging the bomb with argon prior to pressurizing it to 
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25 atmospheres (2.53 MPa) of argon.  Many pyrotechnic metals, such as zirconium, can react with 

both the oxygen and nitrogen components of air.  Air inclusion can be real problem since A-1A is fuel 

rich (as are most pyrotechnic compositions).  As part of our effort to determine the HOE of A-1A with 

various zirconium lots, we tested A-1A both with unpurged (of air) bombs and purged bombs.  We 

also evaluated the effect of both industrial argon and high purity argon.  Results, shown in Table II, 

show that proper purging of the bomb is critical to obtaining proper HOE values.  The differences 

between industrial and high purity argon appear to be minimal and are within the 0.3% accuracy of the 

calorimetric measurement.  The failure to purge the calorimeter prior to testing may have been one of 

the reasons for the very high HOE values for A-1A in the past (i.e., prior to 1969).   

 

Table II   Heat of explosion for various samples of A-1A and for different calorimeter conditions. 

HOE  [cal/g] 

Zr supplier 

 

A-1A preparation 

 

Ar purity 

ZR Energy Chemetall GmbH 

99.9% 515.1 ** 499.4 ** 

99.9% 462.3 * 455.3 * 

 

I, 1 g batch 

99.9%  448.6 * 

99.9% 461.6 * 454.6 * II,  2 g batch 

99.999% 464.3 * 454.6 * 
*     Bomb chamber was purged with Ar gas before pressurization. 

**   Bomb pressurized with 25 atm Ar gas without pre-purging of the bomb chamber. 
 

From these measurements it is clear that A-1A energy output ranges from slightly above (Zr 

from ZR Energy) or nearly equal to (Zr from Chemetall) the HOE requirement of 450 cal/g, minimum.   

 

Preparation of A-1A mixture for calorimetric measurements 

The reactants for A-1A preparation (Zr powder, iron oxide, and diatomaceous earth) were dried 

before use in an oven at 800C. Since the weight of the prepared samples differed from that described in 

MIL-P-22264, the formulation procedure had to be modified for a small (about 2 g) sample size. The 

composition of the mixture was pre-calculated for various Fe2O3/Zr weight ratios from 0.2 to 1.5 with 

constant 10 wt% content of diatomaceous earth and total sample weight of 2 g.   

AEE diatomaceous earth, 200 mg, was covered with 1 mL of absolute ethyl alcohol in a plastic 

tube. For a mixture with Fe2O3/Zr ratio of 0.385, 500 mg of AEE MIL-SPEC ferric oxide was 
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subsequently added to the tube followed by 1300 mg of zirconium powder (ZR Energy or Chemetall). 

The solid suspension was mixed using the 1/8” tip of an ultrasonic dismembrator (Fisher Scientific, 

Sonic Dismembrator, model 100) and applying intermittent five-second pulses for about a minute. The 

suspension became homogeneous after mixing.  It was then poured out onto a drying pan and the 

solvent completely removed from the solids by evaporation at 60oC.  Powder was stored in a plastic 

vial for the HOE evaluation. Other Fe2O3/Zr compositions were prepared following pre-calculated 

amounts of ferric oxide and zirconium powder. For the HOE samples, Zr powders from two sources 

(Chemetall GmbH and ZR Energy) were used.  

For the assessment of the diatomaceous earth (DE) content effect on HOE, the sample preparation 

differed only in that the DE amount was changed from 5 – 25 wt% in 0.2% increments.  The Fe2O3/Zr 

ratio was kept constant at the 0.385 level. Mixing/drying procedure was the same as described earlier.  

 

Calorimetric measurements and results 

The calorimetric measurements were performed on ~300 mg pressed pellets made of the 

corresponding powder using a bomb calorimeter. Typically, two calorimetric measurements were 

sufficient for confirming expected accuracy of the measurement. Results are shown in Figure 7. 
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There were only minor differences in HOE for A-1A mixtures prepared using Zr powder from 

the two sources. However, the heat effect was strongly depended on Fe2O3/Zr weight ratio, reaching a 

peak at ~ 550 cal/g for a 0.7-0.8 weight ratio. Both Zr powders provided sufficient HOE to meet 

specification requirements (≥ 450 cal/g).  

It was observed that the residues recovered after burning in the bomb calorimeter had different 

densities and shapes. A picture of the specimens collected after calorimetric measurements is shown in 

Figure 8. 

  

 

 

 

 

 

 

 

 

 

Figure 8. Pellet residues after combustion in argon in a calorimetric bomb. 

A1A

Fe2O3/Zr weight ratio0.2 0.8

1.0 1.5

A1A

Fe2O3/Zr weight ratio0.2 0.8

1.0 1.5

 

Samples which were more fuel rich (less oxidant) than the reference A-1A composition resulted in 

denser residue, although the HOE is less than required specification values.  The peak HOE 

corresponded to the largest loss of the material (i.e., slag loss). Accordingly, this effect may limit A-1A 

performance if the loss of the material is excessive. At Fe2O3/Zr weight ratio larger than 0.9, the 

residues are melted during combustion and, after cooling, form uniform droplets.  

Concentration of diatomaceous earth (DE) in the A-1A mixture also contributed substantially to the 

HOE. Graphic representation of this effect is shown in Figure 9.  

The HOE can change about 3% with change of DE concentration by 2.5% from the recommended 

concentration of 10 wt%. This behavior clearly indicates that SiO2 acts as another oxidant, beyond 

Fe2O3, in a fuel rich A-1A mixture.  An increase above 15 wt% of concentration of the DE increasingly 

reduces HOE and, therefore, should be avoided. 
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4.   Measurement of Slag Loss at -65°F/-53°C  

A low temperature functioning test was conducted using the test f

22264A (Section 4.6.5.2). The test elements were loaded in three equ

MPa. The elements were individually weighted using analytical balan

fixture. The mounted elements were conditioned in a temperature cha

minimum.  After conditioning, the fixture was removed from low tem

in order to determine both propagation reliability and slag loss (on a w

fixture was disassembled and test element was re-weighted. From the

weight, slag loss (as a percent) was determined. Results of slag loss m

with the nominal MIL-P-22264 composition (weight ratio of Fe2O3 : 

in Table III. 

 

Table III.  Percent loss in weight (slag loss) of A-1A mix during a fun

 

 Samples 
Sample # 1 2 3 4 5 6 7 8 9 
% loss in 

weight 
14.1 13.6 13.5 8.71 12.5 13.2 13.7 12.7 16.3

Avg. – average value,  St. dev. – standard deviation. 
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Figure 9. Heat of explosion 
dependence on the amount of 
diatomaceous earth in the A-1A
mix. 
ixture recommended in MIL-P-

al increments at 30,000 psi/ 208 

ce before mounting into the test 

mber at -65°F/-53°C for 2 hours, 

perature chamber and functioned 

eight basis). After firing, the test 

 difference in pre- and post-test 

easurements for the A-1A mix 

Zr : DE = 25 : 65 : 10) are shown 

ctioning test at -65F/-53°C.      

10 

Avg. St.dev.

15.4 13.3 0.20 



The average value of the percent loss in weight of A-1A was ~ 13%, with a standard deviation 

of less than 1.5% of the average value.  The above measurements were from a single mix prepared 

using lot 307D zirconium from ZR Energy.  To verify the performance, the same test was repeated 

using A-1A made with another zirconium lot (357A-1) from the same vendor. The average slag loss in 

the second test series of tests was even lower, at 4.0%.  This is significantly below the upper limit slag 

loss (not more than 30%) requirement in the A-1A specification (MIL-P-22264A).  

 

5.    Characterization of Reaction Products (Residues) Using X-Ray Diffraction (XRD) 

X-ray powder diffraction analysis of A-1A combustion products was conducted on four samples 

with different reactant compositions: (a) Fe2O3/Zr weight ratio of R=0.25, (b) R=0.385, (c) R= 0.70, 

and (d) R=1.5.  In all samples, the diatomaceous earth was held constant at 10 wt%.   

 

 

 

 

Figure 10. The XRD traces for 
products mixtures obtained after 
combustion of A-1A pellets in an 
argon atmosphere 

 

 

After burning the samples in a 

calorimetric bomb under argon, residues 

were collected and each residue was 

reduced to a fine powder using an agate 

mortar and pestle. The powder was then 

inserted into a powder diffractometer 

(Rigaku MSC, TX) and a diffraction pattern was recorded using an x-ray (CuKα) source.  Diffraction 

angles used in the analysis ranged from of 15 – 75 degree. For diffraction pattern analysis, Jade™ 

software (Materials Data Inc., CA) was used to identify components of the A-1A combustion products. 

The recorded patterns are shown in Figure 10. Plots in Figure 10 are shifted along the ordinate axis for 

the clarity, and the intensity of the diffractograms was normalized before plotting. The corresponding 

HOE values observed for samples (a), (b), (c), and (d) are shown on the graph. Combustion of the fuel 

rich A-1A mixture in Ar (R = 0.25, trace (a) in Figure 10) leads to a complex mixture of products. 

Besides the main product (zirconia), FeO and  SiO2, were identified.  It also appeared that Fe3O4 was 

detected as the result of the incomplete reaction under low HOE conditions. There were also iron-
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zirconium silicide phases identified.  Combustion of reactants with a nominal A-1A formulation 

produced a higher heat output (HOE higher by ~ 20%).  The diffractogram for nominal A-1A is shown 

in trace (b) in Figure 10.  This trace reveals fewer amounts of residual oxidizers (FeO, Fe3O4 and 

SiO2). Again, the iron-zirconium-silicides of various compositions are also observed. Combustion of a 

sample with R = 0.7 (sample (c)) developed the maximum heat (HOE = 545 cal/g) and probably the 

highest temperature during reaction. Solid residue left after the reaction contained mainly zirconia . 

Apparently, other products of the reaction at high temperature are volatile enough to separate from the 

solid residue.    

At a large excess of the iron oxide above the stiochimetric ratio (trace (d) in Figure 10, R=1.5, 

HOE = 431 cal/g), temperature during the reaction could be expected to be lower than in case (c). 

Moreover, composition of the reactant mixture may promote formation of different products. Analysis 

of the diffractogram shown in trace (d) reveals only Fe2SiO4 as a product, secondary to zirconia. 

Existence of this product supports the involvement of diatomaceous earth (SiO2) as an important 

reactant in A-1A combustion. The residue mixture apparently melts during reaction. Fayalite 

(Fe2SiO4), melts at ~ 1500 oC and was found during XRD analysis of the sample residue shown in 

trace (d) in Figure 10.  

 

6.    Other Assessments 

 A-1A component mixing  

The A-1A ignition mixtures were prepared using two different mixing processes. For smaller 

quantities (≤ 2 g ), an ultrasound dismemberator probe was used to mix components in ethanol. Since 

mixing using this probe is very efficient, usually a one minute mix cycle in the ultrasound field was 

sufficient. The resultant thick and viscous liquid suspension was then transfer to the drying pan. When 

larger quantities of A-1A was prepared (≥ 20 g), a shear homogenizer (Ultra-Turrax T8, IKA-Werke 

GmbH) with high-speed dispersing element was used. Components were suspended in ethanol and the 

homogenizer was used to disperse and mix the suspension for 5 minutes. The suspension at the end of 

process was of similar consistency and coloration to that obtained in small scale mixing using the 

ultrasound dismemberator probe. 

Samples of ignition composition prepared using both mixing methods were tested for HOE. The 

differences between HOE outputs were within the error of the calorimetic method (less than 0.3%). 
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Comparison of HOE for two different lots of zirconium obtained from ZR Energy 

Zirconium from two different lots (ZR Energy lot 307D, and ZR Energy lot 357A-1) was used for 

preparing A-1A lots.  Both were prepared in 20 g quantities using the high-speed homogenizer. The 

HOE output was performed on both samples and was found to be within specification and differed 

between lots by only about 1% (A-1A made with zirconium from lot 357A-1 had a higher HOE by 

only 5 cal/g). This small difference can be accounted for by a minimal difference in active metal 

content in both samples. This suggests that lot-to-lot differences in zirconium produced by ZR Energy 

are not significant in terms of HOE output. 

An A-1A lot was also made using Chemetall zirconium.  This lot exhibited an HOE of only 1 cal/g 

less than that of the A-1A lot using ZR Energy, lot  307D zirconium.  This would suggest that there is 

no significant difference (at least as it relates to HOE) between zirconiums from these two vendors.  

 

Proposed acceptance criteria for raw materials 

       Based on the performed analyses and tests it is recommended that the Zr powder should be 

accepted using the following criteria: 

-  Average particle size should be 2.5 ± 1 µm by Microtrac analyzer. 

-  Ignition gain should be in the range 30.2 - 33.0% 

-  Zirconium content should be greater than 94.0% 

These recommendations are consistent with zirconium powders meeting the requirements of MIL-

Z-399D, Type II Class 1. 

It should be noted that zirconium powder is shipped under liquid (e.g. water, water/alcohol in cold 

weather, etc.). Special care should be taken during the drying process – both to assure drying is 

complete and to minimize the hazards associated with handling dry zirconium.  Fully drying a small 

sample from a slurry of zirconium has been successfully used to calculate the total dry zirconium 

weight in the slurry for final preparation of a production sized lot of A-1A mixture. 

       Based on our testing and vendor certifications, it was determined that zirconium powders we 

evaluated from the two different commercial suppliers have met the above outlined acceptance criteria 

and should be appropriate for use in A-1A. 

       It was also determined that the specification for iron oxide powder is less critical than that for the 

zirconium.  Iron oxide power meeting the MIL-I-706 Type I Class 2 specification should be adequate 

for the preparation of A-1A mixtures.   
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The diatomaceous earth meeting MIL-D-20550B should be considered for use to tighten 

control over this ingredient, especially since it is a secondary oxidizer in the A-1A reaction – a fact not 

previously appreciated.  A comparison of loading characteristics of the MIL-SPEC diatomaceous earth 

to the traditionally used Superfloss™ has not yet been conducted.  Such a comparison could ultimately 

determine the suitability of MIL SPEC diatomaceous earth for use in A-1A. 

 

CONCLUSIONS 
Although the zirconiums on the market today may not have the reputation or (perhaps) the 

sensitivity/reactivity of those grades used in the past (from Foote and Metal Hydrides), today’s 

zirconiums, if properly selected, should be able to be used to produce acceptable A-1A.  

As suppliers continue to go out of business or change processes and sources for pyrotechnic 

ingredients, end users must recognize the need (and take appropriate actions) to better understand the 

ingredients that they are using and what makes those ingredients “work” in the application prior to any 

ingredient changes. 

Although initial efforts have been conducted (and reported herein) on A-1A, many questions 

still remain which can only be resolved through continued research, experimentation, and application 

tests. 
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Reaction Efficiencies for Impact-Initiated Energetic Materials 
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Impact-initiated energetic materials consist of a class of energetic materials that are 
intended to react under high-strain-rate loads but remain relatively inert under 
static and moderately dynamic loads.  These materials are classified as flammable 
solids (U.N. Class 4.1) and are not considered explosives or pyrotechnics (U.N. Class 
1).  Because these materials are not capable of propagating a reaction, the extent to 
which they are consumed under impact conditions is highly dependent upon 
material strength properties, meso-scale structure, and overall material response to 
impact.  For this reason, measured energy release is a strong function of both 
material strength properties and theoretical energy density.  This paper presents a 
theoretical analysis of the potential chemical energy release of four different impact-
initiated materials and compares those estimates to the energy release measured 
during an impact-initiated reaction. 

 
Nomenclature 

 E = total energy (non-intensive) 
 P = pressure 
 R = gas constant for air 
 T = temperature 
 V = volume of system 
 gmix = mass of composite material (in grams) 
 γ = ratio of specific heats of air, =cp/cv 

 γΟ2 = ratio of specific heats of oxygen
 γΝ2 = ratio of specific heats of nitrogen
 θvib = characteristic vibration temperature 
ρ = density of gas 
 

Introduction 
Over the past several years, the Naval Surface 
Warfare Center, Dahlgren Division (NSWC-DD) 
has been investigating the performance of a variety 
of impact-initiated energetic materials.  This class 
of materials normally consists of a polymer binder 
and a metal that combine to produce an exothermic 
reaction under impact loads.  These materials are 
classified as flammable solids (i.e. they carry a 
U.N. class designation of 4.1 flammable solid) and 
are inert under static to moderately dynamic loads.  
Under extreme dynamic loads, however, the 
materials are reactive and are capable of producing 
substantial energy release. 
 
The extent to which the materials react is highly 
dependent upon material strength and loading 
conditions at impact; correlations between 
measured energy release and theoretical energy 
content are weak.  This poor correlation indicates 
that reaction ignition, growth, and completion are 
highly variable among the various materials and 
result in widely varying reaction efficiencies. 

 
Because these materials are impact initiated, the 
use of traditional calorimetric techniques are not 
suitable; the processes associated with high-strain-
rate impacts are not captured using these 
techniques.  As such, NSWC-DD has developed a 
new technique that accurately characterizes the 
performance of these materials (Ref. 1).  This 
technique, referred to as Vented Chamber 
Calorimetry (VCC), measures the energy release 
into a chamber that vents through an entrance hole 
created by the impact-initiated material.  The 
energy release is calculated from pressure 
measurements taken around the test chamber.  In 
this manner, the effects of the impact and 
perforation event are accurately captured and 
accounted for in the measurements. 
 
This paper presents an examination of the 
correlation between the theoretical energy 
densities of four different materials and the 
measured energy release using the VCC technique.  
The theoretical energy content is computed on the 
basis of assumed reaction products and is 
compared to the measurements taken at three 
different impact speeds. 
 

Details of Materials 
Four different materials were used for the analysis 
presented here.  All of these materials include a 
metal powder that is mixed into a fluoropolymer 
binder and consolidated via a press/sintering 
process.  This formulation process produces 
materials with even distributions of the metal 
powder within the fluoropolymer binder at near 
theoretical maximum density (TMD).  



Polytetrafluoroethylene (PTFE) was used as the 
fluoropolymer for the aluminum mixture but 
processing limitations prevented the use of PTFE 
for the Zr, Ta, and Hf formulations.  For these 
three formulations the fluoropolymer THV 500 
was used. 
 

Material Loading 
(% by mass) Binder TMD 

(g/cm3) 
Al-PTFE 26.5/73.5 PTFE 2.4 
Zr-THV 52.0/48.0 THV 500 3.1 
Ta-THV 74.0/26.0 THV 500 5.3 
Hf-THV 69.0/31.0 THV 500 4.6 

Table 1: Materials used for the analysis presented here. 
 
PTFE is a fluoropolymer consisting solely of 
polymerized tetrafluoroethylene (TFE).  THV 500 
is a mixture of three different fluoropolymers: 
TFE, hexafluoropropylene (HFP), and vinylidene 
fluoride (VF).  These three fluoropolymers are 
mixed to form the THV500 material in mass ratios 
of 60/20/20 TFE/HFP/VF.  Details of the chemical 
structure of these materials are given below. 
 

Material Chemical Formula 
TFE C2F4

HFP C3F6
VF C2H2F2

Table 2: Details of binder materials. 
 
The materials were produced by mixing the 
constituents and processing them through a 
press/sinter cycle to produce a consolidated 
material.  Analysis of the material showed very 
even distribution of the metal powder within the 
binder and the composite materials were all greater 
than 96% TMD. 
 

Theoretical Reaction Processes 
The four metal-polymer materials were chosen 
under the assumption that the impact process 
would liberate the fluorine from the polymer and 
the metal-fluorine reaction would ensue.  Evidence 
of this reaction process has been borne out by both 

spectroscopic measurements and by analysis of the 
post-reaction residue. 
 
Additional reactions are also possible between the 
liberated carbon and hydrogen and the ambient 
oxygen if the experiments are conducted in air.  
This “afterburn” reaction is limited by mixing and 
diffusion, however, and will typically take place 
over much longer time scales (e.g. hundreds of 
microseconds compared to microseconds for the 
metal-fluorine reaction).  The intimate contact 
between the metal and the fluorine provides the 
necessary contact for prompt deflagrations. 
 
This dual-step reaction behavior manifests itself as 
different types of pressure phenomena in the 
experimental technique (described below).  The 
prompt deflagration that is a result of the metal-
fluorine reaction produces blast-type pressure 
traces (due to the speed with which the energy is 
deposited).  The afterburn reaction is largely 
spatially invariant in the test chamber and 
produces a volumetric pressure rise (i.e. a pressure 
rise that does not exhibit spatial gradients as in the 
blast pressures). 
 
The relative amounts of “prompt” and “afterburn” 
reaction are not discernible given the current 
experimental technique but the reactions described 
below separate the two phenomena.  Follow-on 
work will conduct repeat tests in an inert 
atmosphere in order to gauge the relative amounts 
of energy release in the two reaction types. 
 
Table 3 gives the assumed reaction products and 
the associated enthalpies of reaction.  The table 
separates the reactions into the prompt and 
afterburn reactions.  The table below was derived 
under the assumption that fuel-rich compositions 
will first react all of the metal with the fluorine, 
then with any free carbon or oxygen.  Note that the 
enthalpies are given in calories per gram of the 
composite material. 

 

Material Prompt Reaction Prompt 
∆H (cal/gmix) 

Afterburn Reaction and Phase 
Change 

Afterburn 
∆H (cal/gmix) 

Al-PTFE C2F4 + 4/3Al fl 4/3AlF3(g) + C(s) 1300 C + O2 fl CO2 

AlF3 (g)  ∏  AlF3 (s) below 1550K 
Rxn: 1380 

Phase ∆: 700 

Zr-THV 0.51C2F4 + 0.11C3F6 + 0.26C2H2F2+Zr fl 
0.8ZrF4(g) + 0.13CH4 + 0.19ZrC + 1.54C 

770 
0.13CH4 + 0.19ZrC + 1.54C fl 
1.87CO2  + 0.26H2O + 0.19ZrO2

ZrF4 (g)  ∏  ZrF4 (s) below 1179K 

Rxn: 1310 
 

Phase ∆: 260 

Hf-THV 0.48C2F4 + 0.1C3F6 + 0.26C2H2F2 + Hf fl 
0.77HfF4(g)+0.13CH4+0.23HfC+1.41C 765 

0.13CH4  + 0.23HfC + 1.41C fl 
 1.51CO2  + 0.26H2O + 0.23HfO2

HfF4 (g)  ∏  HfF4 (s) below 1243K 

Rxn: 900 
 

Phase ∆: 90 

Ta-THV 0.38C2F4 + 0.086C3F6  + 0.2C2H2F2 + Ta fl 
0.49TaF5(g)  + 0.1CH4  + 0.51TaC + 0.8C 490 0.1CH4 + 0.51Ta + 0.8C fl  

1.41CO2  + 0.2H2O + 0.26Ta2O5
Rxn: 1025 

Table 3: Reaction mechanisms and associated enthalpies of reaction. 
 



Note also that the Al-PTFE, Zr-THV, and Hf-THV 
materials produce additional energy due to a phase 
change in the metal-fluorine product.  The phase 
change TaF5(g) to TaF5(s) occurs below 500K; 
estimates for temperatures within the test chamber 
are 500K – 1000K when the peak quasi-static 
pressures are reached.  As such, the temperatures 
are likely too high to allow this phase change.  This 
phase change will occur later in time, however, as 
the venting process takes place, the quasi-static 
pressure drops, and the temperature falls. 
 

Experimental Technique 
Because the reaction efficiency of impact-initiated 
materials relies so heavily on the dynamic loading 
process, traditional calorimetry techniques are not 
suitable.  For this reason, the vented chamber 
calorimetry (VCC) technique is used. 
 
In particular, past work has shown that impact-
initiated materials produce dramatic increases in 
energy release (100% or more) when the material 
is pre-conditioned before impact by perforating a 
thin target skin (Ref. 8).  The VCC technique 
measures the energy release under such conditions.  
It does so by projecting a material specimen 
through a target skin against a hardened steel 
impact anvil on the interior of an initially sealed 
chamber.  
 

 
 

 
Figure 1: Side-view schematic of test chamber setup (top) and 

side-view photograph (bottom). 
 
As the projectile passes through the target skin it 
leaves a hole through which reaction products are 
eventually vented from the chamber interior.  As it 

passes through the target skin, the projectile begins 
to fracture and some portion of the projectile mass 
is removed and left on the exterior of the chamber.  
The extent to which the material is fractured 
depends upon the impact speed and the material 
strength properties.  Once inside the chamber, the 
remnants of the projectile proceed on to the impact 
anvil.  Here, the material undergoes a quasi-
detonation and produces a blast-wave structure that 
reverberates throughout the chamber interior.  
Later in time, the afterburn process continues to 
add to the quasi-static pressures as the shock 
continues to affect localized regions.  An overview 
of this process is shown in Fig. 2 and is discussed 
in detail in Ref. 1.  Frames from high-speed video 
of the impact event are shown in Fig. 4. 
 

  
Figure 2: Development of the blast structure and reflections 

(left) and late-time afterburn with local shocks (right) 
 
Figure 3 shows the early-time pressure traces 
collected during a typical impact-initiated test.  As 
shown in the plot, a blast-type shock structure 
exists very early in time.  As the shocks reverberate 
within the chamber, the afterburn reaction 
continues and adds to the quasi-static pressure.  
During this time, the kinetic energy associated with 
the mass motion of the shock wave is dissipated 
into internal energy and continues to increase the 
quasi-static pressure, as well.  The total pressure 
response is the superposition of the global quasi-
static pressure and the localized gradients due to 
the shock reverberation.  These two phenomena are 
highlighted in Fig. 3 and are distinguished by the 
two different pressure traces. 
 

 
Figure 3: Early time pressures at the chamber wall. 
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The plot in Fig. 3 also shows that the quasi-static 
pressures reach a maximum and level off for some 
time before the venting process begins to affect the 
gases within the chamber.  This delay is due to the 
fact that the time scales associated with the venting 
process are substantially longer than those 
associated with the reaction; as such, the gas within 
the chamber initially behaves as if it were within a 
sealed container. 
 
Later in time, the venting process begins to have an 
effect and the pressures within the chamber begin 
to drop.  This drop typically occurs over time 
scales of 200 – 1000 ms (Fig. 5). 
 

 
Figure 5: Late time behavior of pressures at the chamber wall. 

 
The chamber used for the data presented here was 
cylindrical in geometry with a diameter of 61 cm 
and length of 91 cm, giving an enclosed volume of 
0.267 m3.  The target skin was 1.59 mm thick and 
was fabricated from mild steel.  The impact anvil 
was located 36 cm behind the target skin.  The 
walls of the target chamber are instrumented with 
pressure gauges. 
 
The test specimens consisted of 19.4 g spheres that 
were launched at 1.2, 1.8, and 2.4 km/s from a 
smooth-bore powder gun.  The projectiles were 
loaded into the gun within a sabot that was stripped 
from the projectile upstream of the target chamber.  
As a result, only the projectile entered into the test 
chamber.  Impact speed measurements were made 
via a laser gate array at approximately 3 m 
upstream of the test chamber. 
 

Analysis 
Previous work (Ref. 1) has shown that as long as 
the majority of the reaction is complete within 10-
15 milliseconds the peak quasi-static pressure in 

the chamber can be directly related to the energy 
deposition through the relation 
 

 E
V

1P ∆
−γ

=∆  (1) 

 
where ∆P is the peak quasi-static gauge pressure 
(i.e. peak pressure above ambient), ∆E is the 
energy deposition, γ is the ratio of specific heats of 
the gas in the chamber, and V is the volume of the 
gas in the chamber. 
 
Because the VCC technique is essentially a closed-
volume system, the temperature of the gas within 
the chamber can become moderately high (500 – 
1000 K).  For temperatures over 600K, the ratio of 
specific heats for air begins to fall from 1.40 to 
1.34 at 1000K.  This change is due to the excitation 
of molecular vibration modes in the gas and will 
result in a change in the energy partitioning.  In 
particular, some of the reaction energy is deposited 
into the vibration modes, resulting in a decrease in 
the energy deposited into the translation modes 
(which relates directly to the pressure).  As a 
consequence, equal changes in energy release 
result in decreasing changes in pressure above 
600K.  The assumption of constant γ would result 
in underestimates of energy release. 
 
In order to account for this effect, the analysis 
presented here takes the peak quasi-static pressure 
measurement and computes an associated peak 
temperature using the perfect gas relation 
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This temperature is then used to compute a ratio of 
specific heats for oxygen and nitrogen based on the 
relation 
 

( )

( )2T/

T/2
vib

2T/

T/2
vib

N,O

1e
e

T2
5

1e
e

T2
7

vib

vib

vib

vib

22

−
⎟
⎠
⎞

⎜
⎝
⎛ θ

+

−
⎟
⎠
⎞

⎜
⎝
⎛ θ

+

=γ

θ

θ

θ

θ

 

 
where θvib is the appropriate characteristic vibration 
temperature for the respective gas (2270 K for O2 
and 3390 K for N2).  The gas in the chamber is 
assumed to consist of 80% N2 and 20% O2 and the 
ratio of specific heats of the mixture is computed 
from 



 

22 ON 2.08.0 γ+γ=γ  
 
A typical reaction produces less than 0.5 mol of 
gas.  The volume of the test chamber is 0.267 m3, 
giving 11.9 mol of gas at standard conditions.  As 
such, the change in the behavior of the gas due to 
the presence of the reactants can be neglected and 
the properties for air can be used.  This assumption 
is used in this analysis for both the behavior of the 
specific heats and the mass within the chamber (i.e. 
the density is assumed equal to the density of air at 
standard conditions, 1.2 kg/m3). 
 
The peak blast pressures are an indication of the 
early-time energy release within the chamber.  
However, the uncertainty associated with the 
obliquity of the blast wave makes it difficult to 
extract quantitative information.  The pressure 
gauge is located on the wall of the chamber at 27 
cm from the impact anvil (9 cm behind the target 
skin along the axis of symmetry).  Because the 
structure of the blast wave is not known it is 
impossible to determine the extent to which the 
pressure is a result of a reflected or incident (static) 
wave.  However, these data are useful in a 
qualitative sense as an indicator of the relative 
amounts of early-time reaction. 
 

Results and Discussion 
The total energy that is deposited into the test 
chamber comes from two sources: the chemical 
energy associated with the reaction and the kinetic 
energy associated with the mass motion of the 
material.  In order to distinguish between the two 
the post-perforation residual mass and residual 
speed must be estimated.  Previous work with the 
Al-PTFE material (Ref. 4) has shown that 92% of 
the material is able to perforate a 1.59 mm target 
skin.  As a result, the total mass that enters into the 
test chamber is estimated at 0.92ÿ19.4g = 17.8g 
(this is the value used for gmix below). Residual 
velocity estimates are that the post-perforation 
material is moving at approximately 80% of its 
pre-impact speed.  These estimates are used to 
calculate the mass and kinetic energy of the 
material that perforates the target skin. 
 
Using Equation (1) above to compute the energies 
within the test chamber for the four materials gives 
the data shown below in Figures 6 - 8. 
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Impact at 
1.2 km/s 

Measured 
Total 

(cal/gmix) 

Kinetic 
Energy 

(cal/gmix) 

Chem. 
Energy 

(cal/gmix) 
Al-PTFE 926 114 813 
Zr-THV 708 114 595 
Ta-THV 154 114 40 
Hf-THV 1117 114 1004 

Figure 6: Energies for 1.2 km/s impact speed 
 

Figure 6 shows that the Hf-THV material, though 
theoretically half as energetic as the Al-PTFE 
material, produces the highest overall energy 
release at the lowest impact speed (1.2 km/s).  In 
addition, the Zr-THV material, with a theoretical 
energy density of about 60% of that of the Al-
PTFE, produced about 75% of the energy. 
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Impact at 
1.8 km/s 

Measured 
Total 

(cal/gmix) 

Kinetic 
Energy 

(cal/gmix) 

Chem. 
Energy 

(cal/gmix) 
Al-PTFE 2358 256 2103 
Zr-THV 2040 256 1784 
Ta-THV 863 256 608 
Hf-THV 1521 256 1265 

Figure 7: Energies for 1.8 km/s impact speed 
 
The trends for the 1.8 km/s impact speed more 
closely follow the expected behavior (Fig. 7).  The 
materials follow the trend that would be predicted 
on the basis of theoretical energy densities but the 
magnitudes of the differences are not consistent.  
As before, the Zr-THV, which contains only 60% 
of the energy of the Al-PTFE, actually produced 
about 87% of the energy released by the higher-
energy material.  The relationship between the Hf-
THV and Al-PTFE are incongruous in the same 
manner.  Similar trends are repeated in the data for 
the 2.4 km/s impact speed shown in Fig. 8. 
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Impact at 
2.4 km/s 

Measured 
Total 

(cal/gmix) 

Kinetic 
Energy 

(cal/gmix) 

Chem. 
Energy 

(cal/gmix) 
Al-PTFE 2775 454 2320 
Zr-THV 2277 454 1823 
Ta-THV 1248 454 794 
Hf-THV 1886 454 1432 

Figure 8: Energies for 2.4 km/s impact speed 
 
Note that except for the Ta-THV specimen the 
kinetic energy is only 5% - 15% of the total 
measured energy for the lower impact speeds.  At 
the highest impact speed this value increases to 10 
– 20% (again excepting the Ta-THV which is 
substantially higher).  For the majority of the shots, 
then, 80% - 95% of the energy deposited within the 
chamber is due to the post-perforation reaction. 
 
The data given in Figures 6 - 8 can be compared to 
the theoretical energy densities of the materials in 
order to estimate the reaction efficiencies.  These 
data are given in Tables 4 - 6 and displayed 
graphically in Fig. 9. 
 

Material 
At 1.2 km/s 

Chem. 
Energy 

(cal/gmix) 

Theo. 
Energy 

(cal/gmix) 
Efficiency 

Al-PTFE 813 3380 0.24 
Zr-THV 595 2340 0.25 
Ta-THV 40 1515 0.03 
Hf-THV 1004 1755 0.57 

Table 4: Reaction efficiencies for 1.2 km/s impact speed 
 

Material 
At 1.8 km/s 

Chem. 
Energy 

(cal/gmix) 

Theo. 
Energy 

(cal/gmix) 
Efficiency 

Al-PTFE 2103 3380 0.62 
Zr-THV 1784 2340 0.76 
Ta-THV 608 1515 0.40 
Hf-THV 1265 1755 0.72 

Table 5: Reaction efficiencies for 1.8 km/s impact speed 
 

Material 
At 2.4 km/s 

Chem. 
Energy 

(cal/gmix) 

Theo. 
Energy 

(cal/gmix) 
Efficiency 

Al-PTFE 2320 3380 0.69 
Zr-THV 1823 2340 0.78 
Ta-THV 794 1515 0.52 
Hf-THV 1432 1755 0.82 

Table 6: Reaction efficiencies for 2.4 km/s impact speed 
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Figure 9:  Reaction efficiencies 

 
The results given in Fig. 9 show that, as expected, 
the reaction efficiencies increase with increasing 
impact speed.  Because these reactions are unable 
to propagate, they require mechanical work to 
maintain the temperature, shear, and pressure 
required to provide the work function to drive the 
reaction.  The availability of this work increases 
with increases in kinetic energy, i.e. impact speed. 
 
The data also show the dramatic increase in 
reaction efficiency for all but the Hf-THV 
specimens between 1.2 km/s and 1.8 km/s impact 
speeds.  The greater energy release of the Hf-THV 
specimen at the 1.2 km/s impact speed is a direct 
result of its high reaction efficiency.  Though the 
material has a lower theoretical energy density, it 
reacts at a much higher efficiency and produces the 
highest net energy release at the lowest impact 
speed. 
 
Another instructive way of looking at the 
relationship between the measured and theoretical 
content is to plot them directly, as shown in Fig. 
10. 
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Fig. 10: Comparison of measured vs. theoretical energy content.  

Dashed line indicates 100% efficiency.  Symbols represent 
various material strengths. 

 
If the reactions were 100% efficient, the data points 
would all fall along the dashed line.  The most 
striking conclusion drawn from the data shown in 



Fig. 10 is that the high-strength materials fall short 
of the maximum to a larger extent than the low-
strength materials; i.e. they have remarkably lower 
efficiencies.  (The materials labeled “weak” are the 
THV-220 materials described below).  The 
compression yield strengths for the strong, 
moderate, and weak materials are 15 MPa, 12 MPa, 
and 5.0 MPa, respectively (Table 7).  It is also 
important to note that the three materials differ 
greatly in their melt temperatures.  The strong, 
moderate, and weak materials have melt 
temperatures of 260°C, 165°C, and 124°C, 
respectively.  Though the yield strengths of the 
PTFE and THV500 are similar, the substantially 
lower melt temperature of the THV material allows 
for thermal softening effects and will likely reduce 
its true dynamic strength beyond what is indicated 
by the yield strength, alone. 
 

Material Compression Yield 
Strength (MPa) 

Melt Temperature 
(°C) 

PTFE 15 260 
THV500 12 165 
THV220 5.0 124 

Table 7: Strengths and melt temperatures of binder materials. 
 
The data in Fig. 10 indicate a strong dependence on 
material strength properties.  For equivalent 
impact-initiated materials, it stands to reason that a 
stronger material would provide lower reaction 
efficiency: higher strength would likely result in 
better distribution of the mechanical energy within 
the material and delay the development of hot-spot 
initiation points.  What is remarkable about this 
result, though, is the extent to which the strength 
properties affect the net energy release.  It is clear 
from the data presented in Fig. 10 that these 
strength properties are at least as important in 
predicting net energy release as is the theoretical 
energy density. 
 
Further investigation of this relationship was made 
possible by conducting tests with equivalent 
materials prepared in identical binders with 
different strengths.  The THV material used for the 
majority of the specimens was THV-500, which 
has a static compression yield strength of 12 MPa.  
The Hf- and Ta-based materials were also 
formulated using THV-220, a fluoropolymer that is 
chemically identical to THV-500 but with a static 
compression yield strength of only 5.0 MPa.  
Because the two formulations are chemically 
equivalent, differences in energy release are related 
only to differences in material strength properties. 
 
Fig. 11 shows the results of the strength-difference 
study.  As expected, the weaker THV-220 binder 

produced consistently higher reaction efficiencies, 
approaching 100% for the Hf-THV material at the 
2.4 km/s impact speed.  Though the dependence is 
not dramatic, the strength plays a role nearly as 
important as that of the energy density in 
predicting the net energy release produced by a 
given material type.  For example, the Ta-THV 
material is nearly equivalent to the Hf-THV in 
terms of theoretical energy density but actual 
measurements show that they are comparable only 
in the strongest (lowest efficiency) Hf against the 
weakest (highest efficiency) Ta. 
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Figure 11: Relationship between efficiency and strength 

 
 

Conclusions 
Specific conclusions drawn from the data presented 
here include the following: 
 

1. For a given impact speed, the potential 
energy release for an impact-initiated 
energetic material is limited by its energy 
density; however, the efficiency of the 
reaction is limited by its strength 
properties.  As such, both theoretical 
energy density and strength properties 
play a significant role in determining the 
energy release characteristics for impact-
initiated materials. 

2. This dependence on strength is likely due 
to the fact that impact-initiated materials 
are not able to propagate a reaction.  As 
such, they require the continuous 
generation of hot-spot initiation points, a 
process that is facilitated by weaker 
materials. 
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Zusammenfassung 

Gegenstand dieser Studie war es, die Auswirkungen von Anzündbeschich-

tungen auf die Anzündung von geschäumten Treibladungsformkörpern (TLFK) 

zu untersuchen. Diese Anzündschichten sollten auf die innere Oberfläche der 

geschäumten Hülsen aufgebracht werden. Hierfür wurden Formulierungen mit  

3 unterschiedlichen Anzündmitteln sowie NC-Innenhülsen herangezogen. Zur 

Auftragung der Anzündbeschichtungen auf die geschäumten Hülsen wurde ein 

Rotations-Beschichtungsverfahren entwickelt und auf die Fließeigenschaften 

der Beschichtungen abgestimmt.   

In Untersuchungen der Hülsen im Abbrandsimulator führen Ladungs-

konfigurationen, bei denen der Beiladungsraum mit Treibladungspulvern gefüllt 

ist, im Anfangsbereich zu einer Aufsplittung der Drucksignale von Sensor B



 

und C (Patronenlager), d.h. im Ladungsraum herrscht deutlich unterschiedlicher 

Gasdruck. Je stärker der Ladungsraum gefüllt wird, mit desto größerer 

Wahrscheinlichkeit tritt diese Aufsplittung auf.  

Die Beschichtungen auf Zr/KClO4- bzw. B/KNO3-Basis sind mit 

Beiladungspulver kombinierbar und verändern das An- und Abbrandverhalten 

mit der entsprechenden Hülsenformulierung deutlich. Gerade für die schwer 

anbrennbare Hülsen sind deutlich höhere Massenumsatzraten im 

Abbrandsimulator erzielt worden. RDX-haltige Beschichtungen führen bei 

Verwendung mit Beiladungspulver zusammen zu sehr hohen 

Massenumsatzraten und zu Druckschwingungen; in dieser Kombination können 

sie daher nicht eingesetzt werden. Sie zeigen aber das Potential, die Hülse 

völlig ohne Beladungspulver initiieren zu können.  

 
 

Einleitung 

Die Anzündung von unempfindlichen Treibladungsformkörpern (TLFK) erfolgt 

mithilfe einer Beiladung, die für den erforderlichen Druck und die notwendige 

Temperatur sorgt. Veränderungen der Bedingungen an der anzuzündenden 

Oberfläche der Hauptladung durch geeignet angepasste Anzündbeschich-

tungen können sich deshalb vorteilhaft auf die Anzündung auswirken.  

Die geschäumten TLFK auf Basis nitraminhaltiger Kunststoffe sind im Vergleich 

zu NC-Körpern gleicher Geometrie unempfindlicher gegenüber Fremdein-

wirkungen und benötigen daher auch einen höheren Druck zur Anzündung. 

Steigt jedoch der durch die Beiladung erzeugte Druck zu rapide an, so hat dies 

unter Umständen einen unerwünschten und hohen „Gasschlupf“ zur Folge. Wie 

vorangegangene Untersuchungen zeigten, ist jedoch eine weitere Optimierung 

der Anzündung von einem veränderten Ladungsaufbau, z. B. in Form einer 

zusätzlichen Verdämmung des Beiladungsraums, nicht zu erwarten. In dieser 

Studie soll deshalb untersucht werden, ob eine Verbesserung der Anzündung 

durch eine Anzündbeschichtung direkt auf der Innenseite der TLFK.  



erreicht werden kann. Hintergrund für diesen Ansatz ist die Annahme, dass die 

Anzündung durch verschiedene Faktoren erschwert wird. So könnte 

beispielsweise eine Phlegmatisierung durch den eingesetzten Kunststoffbinder 

eintreten. Auch ist eine maßgeblich verminderte Energieübertragung von der 

Beiladung auf die Hülse durch eine aus der Zersetzung von GAP resultierende 

starke Abströmung der Verbrennungsgase von der TLFK-Oberfläche denkbar. 

Herstellung der Prüfkörper 

Die Untersuchungen des Anzündverhaltens beschichteter bzw. unbeschichteter 

Hülsen im Abbrandsimulator wurden mit den Hülsen-Abschnitten durchgeführt, 

in denen die Anzündeinheit sowie die Beiladung eingebracht werden („halbe 

Hülse“). Der Abschnitt, in dem sich bei den Hülsen mit voller Länge das 

Geschoss befindet, war bei diesen halben Hülsen nicht vorhanden.  

Die für die Versuche mit dem Abbrandsimulator erforderlichen halben Hülsen 

wurden in speziell hierfür konstruierten und angefertigten Gießformen unter 

Anwendung des bereits beschriebenen Schäumprozesses hergestellt [1], [2].    

Versuche zur Beschichtung der Hülseninnenseite wurden mit einem 

Rollenmischer durchgeführt, der zur Vermeidung von Explosionsgefahr auf 

einen Antrieb mit Druckluftmotor umgebaut wurde. Die Hülsen wurden mit zwei 

Stopfen verschlossen, die jeweils mit einer 6 mm großen Bohrung versehen 

waren. Einer dieser Stopfen verschloss eine Hülsenseite und hielt dabei den 

Innenraum für die Anzündeinheit frei, der andere verschloss das andere Ende 

ohne dabei einen Teil der Hülse freizuhalten (s. Abb. 1).  

Die noch flüssige Beschichtungsmischung wurde in die einseitig verschlossene 

Hülse gefüllt, anschließend, wie in Abb. 2 zu sehen, auf der anderen Seite 

ebenfalls verschlossen und auf dem in Abb. 3 dargestellten Rollenmischer zur 

Rotation gebracht. Das Lösungsmittel konnte durch die Bohrungen in den 

Stopfen abtrocknen. Der Trocknungsvorgang wurde bei Bedarf mithilfe von 

durch die Bohrungen geleiteter Druckluft beschleunigt.  



 

 

Abb. 1:  Hülse mit durchbohrten Stopfen 

 

 

 

 
Abb. 2: Hülse mit Stopfen verschlossen 



 

 

Abb. 3: Auf Druckluftmotorantrieb umgebauter  Rollenmischer 

 
 

 

 

Bei Wahl der geeigneten Lösemittelmischung, des Lösemittelanteils, der 

Binderzusammensetzung, des Feststoffanteils, der Drehzahl und weiterer 

Faktoren konnten zum Einen das Fließverhalten so eingestellt werden, dass die 

in Abb. 4 beispielhaft dargestellte Beschichtung mit gleichmäßiger Stärke mit 

einer rissfreien Oberfläche entstand.  Zum anderen konnte hiermit die Struktur 

der Beschichtung dahingehend beeinflusst werden, dass sich eine 

makroskopische Porosität ausbildete wodurch beim Abbrand ein schnelles 

Durchgreifen der Flammenfront erreicht werden konnte [3], [4].  

Aufgebracht wurden drei verschiedene Beschichtungen, deren Formulierungen 

sich in ihrer Zusammensetzung unterschieden. Eingesetzt wurden hierbei 

Formulierungen auf Basis der Anzündmittel B/KNO3, Zr/KClO4 sowie eine RDX-

haltige Formulierung. 



 

 

Abb.4: Hülse mit Beschichtung ohne Risse und ohne Hautbildung, erkennbar an der 

matten und damit rauen Oberfläche 

 
 
 
 
 
Untersuchung des Abbrandverhaltens im Simulator 

Zur Bestimmung des Eigenschaftsprofils der Innenbeschichtungen wurden im 

Abbrandsimulator zwei Hülsentypen geschossen. Durch Variation der 

Membranstärke des Abbrandsimulators wurden unterschiedliche 

Maximaldrücke erreicht, die je nach Hülsenmaterial bzw. Beschichtungsart im 

Bereich zwischen 2300 bar  und 3400 bar liegen.  

Vor dem Schuss wurden die der Hülse mit der Anzündeinheit, bestehend aus 

Anzündnapf  mit Anzündmittel (AZM) und Zündpille, konditioniert und bei Bedarf 

mit Beiladung versehen. Der  Aufbau des Abbrandsimulators (halboffenes 

System) in den die Hülsen anschließen eingebracht wurden ist in den Abb. 5, 6 

und 7 dargestellt. 



 

 

Gasnotablass für den Fall, dass sowohl 
Platzmembran wie Hülsenboden nicht öffnen  

Abb. 5: Ansicht ohne Platzmembran Abb. 5: Gesamtansicht montiert 

 
 
 
 

 
Abb. 7: Abbrandsimulator mit Drucksensoren 

- pA erfasst den Druck im Bereich Membran (u.a. Öffnungszeitpunkt) 
- pB Druck in der Ladung 80 mm vom Hülsenboden d.h. 35  mm entfernt vom  
  Geschossboden 
  (Düsen- bzw. Anzündseite)  
- pC Druck in der Ladung 50 mm vom Hülsenboden 
- pD erfasst den Druck der ausströmenden Gase 



Ergebnisse und Diskussion 

In den nachfolgenden Abbildungen sind jeweils die Signale an den Sensoren B 

und C eingezeichnet. Das Signal am Sensor B steigt zuerst an und erst ca. eine 

halbe Millisekunde später steigt auch der Druck im Bereich des Sensors C an. 

Die Anzündung wirkt auf der dem Napf zugewandten Seite der Pulverschüttung 

(d.h. der B-Sensor befindet sich 30 mm näher an der Anzündung als der  

Sensor C) und auch der Durchgriff des Gases wird durch Pulverschüttung 

gehemmt. Dies führt zu der beobachteten Aufsplittung der Drucksignale B und 

C im Bereich von 0 bis etwa 400 bar.  

Die in Abb. 8, 9 und 10 dargestellten Kurven mit den Maxima um 1100 bar sind 

die Ergebnisse aus den Messungen mit unbeschichteten Hülsen (Vergleichs-

standard). Die Kurven mit dem senkrecht sprunghaften Anstieg zeigen das von 

Mündungsblitz ausgelöste Signal.  

In diesen Diagrammen erkennt man an den eingezeichneten Mündungsblitz-

daten, dass die Düse zu einem Zeitpunkt bereits offen ist, bei dem der     

Sensor C noch keinen Druckanstieg zeigt. Der B-Sensor zeigt Werte > 0 bar. 

Der Gasdruck am Geschossboden ist daher zum Zeitpunkt der Düsenöffnung 

noch nicht über den Umgebungsdruck (1bar) angestiegen. Das heißt aber auch, 

dass kein expliziter Gasdruck angegeben werden kann, bei dem sich die Düse 

öffnet.  

In begleitenden Untersuchen außerhalb dieser Studie konnte festgestellt 

werden, dass Anzündnapfkonfigurationen existieren, bei denen sich die Düse 

öffnet und sowohl an C und B Sensor die Druckanstiege noch nicht begonnen 

hatten. Welche Kraft in Folge eines Körnerdrucks auf die Platzmembran (d.h. 

auf den Geschossboden wirkt) kann mit Hilfe dieser Messungen leider nicht 

bestimmt werden. 



Der in Abb. 8 dargestellte Maximaldruck steigt auf 2900 bar bis 3200 bar und 

damit um etwa 1900 bar über den des Vergleichsstandards mit 1100 bar. Eine 

Ursache hierfür ist, dass sich die Platzmembran beim Beschuss der Zr/KClO4-

beschichteten Hülsen erst bei 1200 bar öffnet (im Gegensatz zu 900 bar beim 

Vergleichsstandard). Ab ca. 900 bar ist der Massenumsatz der beschichteten 

Hülse im Vergleich deutlich erhöht. Der Druckanstieg ist im Bereich von 400 bar 

bis 1100 bar in den  Beschüssen mit Zr/KClO4-Beschichtungen in etwa gleich. 

Zu erkennen ist ebenfalls, dass die Reaktion der Anzündschicht zu einem 

kurzzeitigen Peak auf dem Sensorsignal C führt. Dies ist keine Druckspitze 

sondern Folge der Reaktion der heißen Anzündmittelschicht. Da sich im 

Bereich des Sensors B keine Anzündmittelschicht befindet, werden dort keine 

derartigen Peaks beobachtet. 
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Abb. 8: Hülse mit Zr/KClO4-Beschichtung, mit TLP als Beiladung im Vergleich mit 

unbeschichteter Hülse ebenfalls mit TLP als Beiladung, alle Schüsse mit 

AZM BKNO3 und 2 mm Al-Membran 



Abb. 9 zeigt ebenfalls Hülsen, diesmal jedoch mit B/KNO3-Beschichtung, mit 

TLP als Beiladung und B/KNO3 im Anzündnapf. Auch in dieser Konfiguration 

war die Hülse randvoll mit Beiladungspulver gefüllt. Zum direkten Vergleich ist 

auch hier der Beschuss der unbeschichteten Hülse, völlig gefüllt mit gleichem 

TLP als Beiladung bei gleicher Platzmembranstärke, eingezeichnet. Der 

Maximaldruck steigt auf 2200 bis 2400 bar und damit um mehr als 1200 bar 

über dem des Vergleichsstandards mit 900 bar. Die Platzmembranen öffnen die 

Platzmembranen zwischen 950 und 1150 bar. Der Massenumsatz der 

beschichteten Hülse ist auch hier im direkten Vergleich ab ca. 800 bar 

signifikant erhöht. 
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Abb. 9: Hülse mit B/KNO3-Beschichtung und TLP als Beiladung im Vergleich mit 

unbeschichteter Hülse mit gleicher Beiladung, alle Schüsse mit BKNO3 als 

AZM und  2 mm Al-Membran 



 

Abb. 10 zeigt die Hülse mit RDX-Beschichtung mit TLP als Beiladung und 

B/KNO3 im Anzündnapf. In dieser Konfiguration sind die Hülsen ebenfalls 

randvoll mit Beiladungspulver gefüllt. Auch hier ist als Vergleichstandard die 

unbeschichtete Hülse, gefüllt mit Beiladung aus gleichem TLP, bei gleicher 

Platzmembranstärke eingezeichnet. Der Maximaldruck steigt auf 2900 bis 3300 

bar und ist damit um über 1900 bar höher als der des Vergleichsstandards.  

Die Platzmembran öffnet sich oberhalb etwa 1400 bar. Die Festlegung des 

Öffnungsdrucks ist in Folge starker Oszillationen jedoch erheblich erschwert.  

Oberhalb 800 bar ist die Massenumsatzrate der Hülse mit RDX-Beschichtung 

massiv erhöht. 
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Abb. 10: Hülse mit RDX-Beschichtung, mit TLP als Beiladung im Vergleich mit 

unbeschichteter Hülse mit gleicher Beiladung, alle Schüsse mit BKNO3 als 

AZM und  2 mm Al-Membran 



 

In Abb. 11 sind drei Schüsse mit Hülsen mit RDX-Beschichtung, ohne 

Beiladung und mit B/KNO3 als Anzündmittel im Anzündnapf zu sehen. Die 

Stärke der Platzmembran ist bei einem Schuss variiert worden. Oberhalb eines 

Druckes  von 250 bar sind die Druckanstiege bis zur Öffnung der jeweiligen 

Platzmembran bei etwa 700 bis 800 bar sehr reproduzierbar. Eine Aufsplittung 

der Drucksignale der Sensoren B und C findet hier nicht statt, da hier kein TLP 

als Beiladung vorhanden ist, das die Gasausbreitung im Verbrennungsraum 

verzögern könnte. 
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Abb. 11: Hülse mit RDX-Beschichtung und ohne TLP als Beiladung, alle Schüsse mit 

BKNO3 als AZM im Anzündnapf 



Ausblick 

Die Anzündschichten auf Basis von Zr/KClO4 und B/KNO3 mit Treibladungs-

pulver kombinierbar. Der tatsächliche Nutzen einer solchen Kombination aus 

Anzündbeschichtung und TLP müsste jedoch noch in einem Waffesystem 

untersucht werden. Besonders wirkungsvoll könnte diese Kombination bei 

schwer anzündbaren Hülsen sein, beispielsweise wie die der Formulierung       

V 192.  

Eine Verwendung von RDX-haltiger Beschichtung erscheint nur ohne TLP 

sinnvoll. Hiefür  wären allerdings Anpassungen sowohl hinsichtlich der 

Zusammensetzung als auch der Porosität und der Schichtdicke notwendig.  

Insgesamt eröffnen die Anzündbeschichtungen eine Vielzahl von Möglichkeiten, 

das Anzündverhalten einer Ladungskonfiguration mit beschichteten Hülsen in 

gewünschter Weise zu modifizieren. Hierbei können außerdem durch 

Veränderungen der Geometrie dieser Schichten und durch Kombinationen 

verschiedener Anzündschichten miteinander geeignete Anzündkaskaden kreiert 

werden. 
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1 Introduction 

For the detection of explosives at airports, for humanitarian demining and in concerns with 

national security there are needs for inexpensive, rapid, high sensitive and selective sensors. 

Our approach is to develop a molecular imprinted polymer with e.g. TNT as template that 

is able to bind TNT from vapour. This imprinted polymer should be used in a mass sensitive 

sensor. Because of the known problem that nitroaromatics are weak hydrogen bond 

acceptors1, we tested several acrylates with different functional groups as monomers to 

find the one with the best interaction. 

 

2 The technique of molecular imprinting 

The technique of molecular imprinting allows the formation of specific recognition sites in 

macromolecules. In this process functional and cross-linking monomers are copolymerised 

in the presence of a target analyte (template). The functional monomers form a complex 

with the imprint molecule and in the following polymerisation the functional groups are 

held in position by the highly crosslinked structure. Subsequent removal of the template 

reveals binding sites that are complemetary in size and shape to the analyte. The complex 

between monomers and template can be formed via reversible covalent bonds or via non-

covalent interactions like hydrogen bonds. 

Figure 1: principle of molecular imprinting 
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3 Synthesis 

For TNT as template it is not possible to use the covalent approach. Furthermore with the 

non-covalent approach we are able to use a large pool of functional monomers that are 

commonly used in the field of molecular imprinting. In our synthesis we used several 

acrylates with different functional groups as monomers and ethyleneglycoldimethacrylate 

(EGDMA) as crosslinker.  

 

 

Figure 2: used functional monomers and crosslinker 

 

It has been reported that the crushing and sieving steps used after traditional bulk 

polymerisation can break the imprinted sites in the obtained polymer2. This process is also 

labor intensive and wasteful. In order to avoid these problems, the polymers used in the 

present work were prepared by suspension polymerisation3. In a typical experiment 2 mmol 

of the template TNT, 8 mmol of the functional monomer and 50 mmol EGDMA were 

dissolved in 25 ml of chloroform. Then the initiator AIBN (200 mg) was added to this 

mixture and sonicated to dissolve. A low molecular weight polyvinyl alcohol was used as 

emulgator and dissolved in 120 ml of water by stirring at 60°C under nitrogen atmosphere 

with a mechanical stirrer. After cooling to room temperature, the organic mixture was 

admitted to the flask at 600 rpm under a gentle stream of nitrogen. Then the temperature 

was raised to 60°C and the polymerisation was allowed to proceed for 24 h. The 

microspheres were washed with water, chloroform, toluene and acetone and dried in 

vacuum. Non imprinted polymers were prepared in the same way without the addition of 

TNT.  

 

The synthesized porous beads were characterized by scanning electron microscopy and 

BET-adsorption tests using nitrogen physisorption for the determination of the specific 

surface area of the MIPs. Like shown in Figure 3 the synthesized MIPs have a diameter of 

about 10 to 20 µm. The specific surface area is typically about 200-400 m2/g. 
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Figure 3: SEM and light microscopy of polymer beads 

 

4 Removal of TNT and performance 

In order to test the performance of the TNT imprinted polymers the template molecules 

have to be removed. Because of the application of the MIPs as coating for a TNT vapour 

sensor the template should be removed as much as possible. Furthermore nonreacted 

synthesis agents should be removed from the MIPs. Different methods were tested to 

remove the template from the polymer. 

 

After washing the imprinted polymers with different solvents (water, methanol, toluene, 

acetone or chloroform) to purify the MIPs from non polymerised monomer and cross-

linking agent Soxhlet extraction was tested to remove the template from the MIPs. For this 

reason 10 g of MIP was added to 100 ml chloroform in the Soxhlet apparatus. After four 

hours of extraction the MIPs were removed from the Soxhlet apparatus and dried under 

vacuum in an exsiccator. Another technique which was tested to remove residual TNT from 

the MIPs was the ultrasonication. 10 g of MIP was added to 100 ml chloroform in a 

lockable 250 ml glass and was treated in the ultrasonic bath for 2 hours. Every 15 minutes 

the chloroform was renewed. After ultrasonication the MIP was dried under vacuum in an 

exsiccator.  

 

To remove additional template and remaining solvent supercritical fluid extraction (SFE) 

with carbon dioxide was used. Different pressures (150, 250, 300 bar) and temperatures 

(50°C, 120°C) were tested. As an alternative method heat treatment was applied to 

remove additional template and remaining solvent. For these tests a few grams of MIP on a 

Petri dish were given into the drying oven for 20 hours at different temperatures (80 °C, 

100 °C, 120°C, 150°C or 200°C). 

 



Gas chromatography with mass selective detection (GC-MSD) in combination with indirect 

solid phase micro extraction (SPME) was used for quantifying the remained template 

amount, purification and the performance of the MIPs. Following analysis equipment was 

used: HP 5890 GC and HP 5971A MSD, HP-5MS column  (length 30 m, ID 0,25 mm, film 

thickness 1,0 µm. As carrier gas helium 6.0 was used. In the injector a Siltek® coated SPME-

Liner from Supelco® was used to avoid too much loss of TNT due the adsorption in the 

injector. In order to determine potential changes in the morphology of the polymers due to 

the different applied removal procedures the specific surface area and the pore volume 

were again measured by N2-adsorption. 
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Figure 4:  TNT-peak area per mg imprinted polyacrylamide after basic purification and   

purification with supercritical CO2 at different temperature and pressure as well 
as thermal treatment in the drying oven at different temperatures 

 

 

Figure 4 shows that the best method for purification is assumed to be the heat treatment 

in the drying oven but after this treatment the surface area of the beads decreased from 

200 m2/g to 5 m2/g because of the starting decomposition of the polymer. Therefore the 

purification technique with supercritical CO2 at mild conditions (150 bar, 50°C) was 

selected as the best technique after Soxhlet extraction of the MIP. At least a removal of  

> 99,7% of the template was achieved.  

 



After purification, the MIPs have been loaded with TNT vapor to prove the function of the 

MIPs. For this reason a TNT-vapour generator (Figure 5) was developed. 

 

 

 

 

 

 

 

 

 

 

Figure 5: Schematic build-up of the TNT-vapor generation plant 

 

Figure 6 shows the results of the GC-MSD measurements after treatment of imprinted and 

non-imprinted polymers with TNT vapour exemplarily for polymethacrylamide MIPs. The 

samples were taken from different areas in the MIP cell to examine the concentration 

gradient in the cell. It can be seen that there is only a small concentration gradient 

detected. But more important is the result that only the imprinted polymers could adsorb 

TNT from the gas phase. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 6: TNT-peak area per mg imprinted and unimprinted polymethacrylamide after 

treatment with TNT vapor as well as of imprinted untreated pMAAM; sampling 
at three different positions (front, middle, back) of the MIP-cell 
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5 Symmary 

The best way to clean the porous particles is Soxhlet extraction combined with supercritical 

CO2 treatment. Some synthesized imprinted polymers showed good adsorption properties 

for TNT against the non-imprinted polymers. The results of these preliminary experiments 

suggested that a mass sensitive sensor with a layer of these imprinted polymers is worthy 

of further study.  
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Abstract 

The calculation of chemical equilibria is not only of interest for the evaluation of the 

performance of rocket and gun propellants; it is also used for optimization purposes of 

different combustion processes with regard to temperature, pressure and product 

formation. 

 

Therefore two products were developed in the last years at Fraunhofer Institut für 

Chemische Technologie (ICT): a database of thermochemical values, which includes the 

main properties of energetic substances, and a thermodynamic code for the calculation of 

properties in formulations. 

 

Both products are updated regularly. 



The ICT-Database of Thermochemical Values 

Introduction 

The calculation of chemical equilibria is not only of interest for the evaluation of the 

performance of rocket and gun propellants; it is also useful for optimization purposes of 

different combustion processes with regard to temperature, pressure and product 

formations. Such calculations can for example be performed with the ICT-Thermodynamic 

Code. 

The reliability of thermodynamic calculations depends primarily on the availability and 

accuracy of thermochemical data. Therefore the Fraunhofer-Institut für Chemische 

Technologie (ICT) began very early to collect data on energetic materials. In 1971 tables with 

properties of substances related to the preparation of rocket and gun propellants were 

published [1]. This publication contains enthalpies of formation and other data like heat of 

combustion, molecular weight, oxygen balance, density and structure formulas of some 500 

substances. Data of 147 additional substances were published in 1981 [2]. 

Meanwhile properties of a lot of new energetic substances have been published. Therefore, 

instead of compiling an additional supplement, we decided to store the main properties of 

all these substances in a thermochemical database. This has the advantage -compared to 

printed tables- that data can be retrieved very fast; updates can be made easily and 

regularly. 

 

The first database published in 1994 contained data of 1850 substances. The seventh 

update of the database now contains data of 12,400 substances [3]. Not all of them belong 

to the field of explosives. Enthalpies of formation of a lot of important substances were for 

example taken from the NBS – Tables [4]. Therefor it is possible to use the database for 

general purpose. 

 



Content of the Database 

The database contains all the known names of the 12,400 substances stored in the seventh 

update. The CAS-Numbers are also included for other applications like search in commercial 

databases (STN). For each stored substance a sum formula and a structure formula are 

available. The structure formula can be shown on the screen or printed together with the 

other data. Further it can easily be transferred to the clipboard for the use in presentations 

etc. 

3,687 references and 47,850 properties of the stored substances are recorded in the 

database, including molecular weight, density, melting and boiling point, state of 

aggregation, energy of combustion and important values for thermodynamic calculations 

like oxygen balance, energy and enthalpy of formation. 

 

Fig. 1 shows the main window of the database showing the formula and properties of a 

chosen substance. 

 

Fig. 1: Result window of a substance search. 

 



Handling of the Thermochemical Database 

The use of the database is easy. It enables you to search for substances in four different 

ways. Search by name or by part of a name, by sum formula, by element or by properties is 

possible. The search by properties, where different properties or ranges of properties can be 

used for the identification of certain substance is of particular interest. 

If the expression ”search by properties” is chosen, a window as shown in Fig. 2 appears. By 

clicking one substance of the result list, you get the result window shown in Fig. 1. 

 

 

Fig. 2: Window for ”search by properties”. 

 



The ICT-Thermodynamic Code 

Introduction 

Nowadays thermodynamic calculations are an dispensable part of technical and scientific 

investigations. The calculation of chemical equilibria is not only of interest for the evaluation 

of the performance of energetic materials, rocket and gun propellants, but also for 

optimization processes with regard to temperature, pressure and formation of reaction 

products. An important aspect is the calculation of processes like combustion or chemical 

reactions at high pressure and high temperature, where many reactions take place 

simultaneously. The ICT-Thermodynamic Code has proved to be a flexible and valuable 

research tool for the investigation of thermodynamics of chemical systems under normal 

and extreme conditions of pressure and temperature which cannot be determined easily by 

direct measurement. 

The ICT-Thermodynamic Code dates back to 1969. At that time, the Fraunhofer-Institut für 

Chemische Technologie (ICT) developed a FORTRAN program for the calculation of the 

chemical equilibria [5], which has been expanded and improved continuously [6]. Thus 

nowadays the program is well established for performance calculation of propellants. 

 



Calculations with the Thermodynamic Code 

The ICT-Thermodynamic Code is based on a method developed by the National Aeronautics 

and Space Administration (NASA) [7, 8, 9]. This method uses mass action and mass balance 

expressions to calculate chemical equilibria. 

Input requirements are reported in detail elsewhere [6]. The data of substances required for 

the thermodynamic calculations are taken from a reduced database recorded from the ICT-

Database of Thermochemical Values, including the sum formulas, the densities and the 

enthalpies of formation. The molecular weight and the oxygen balance are calculated from 

the sum formula. 

The chemical equilibria can be thermodynamically calculated for constant pressure 

conditions as well as for constant volume conditions. Calculations at constant pressure lead 

for example to the specific impulse, an important characteristic for rocket propellants. 

Calculations at constant volume lead for example to the heat of explosion. The calculation 

of the heat of explosion is of special interest, because the experimental measurement using 

a calorimetric bomb is sometimes difficult due to high temperatures or erosive reaction 

products. The heat of explosion is calculated by assuming a freeze-out temperature of 1500 

K. The temperature of 1500 K was determined experimentally by analyzing the combustion 

gases of numerous explosives, which were burned in calorimetric bombs. It is also possible 

to calculate the composition of equilibrium at a fixed temperature. Finally, the code can be 

used to determine the parameters of gas detonations such as pressure, temperature and 

detonation velocity. 

The performance calculation of gun propellants results in pressures of several hundred Mpa. 

Therefore, an equation of state for real gases is necessary. The ICT-Code uses the Viral EOS 

[10] in addition to the ideal equation of state (EOS): 

  

   p V = n R T (1 + B(T)/V + nC(T)/V2) 

 

This EOS is especially important for the high pressure conditions of closed bombs and gun 

weapons. By applying the Virial EOS (including the second and third virial coefficient) 

pressures can be calculated that are close to experimental conditions. 



Up to 75 reaction products can be present in the calculations. 40 of these can be in liquid or 

solid state. 

 

 

 

 

 

 

 

Conclusion 

With the ICT-Database of Thermochemical Values and the ICT-Thermodynamic Code two 

products are available suitable for the determination of the performance of energetic 

substances and formulations and the calculation of chemical equilibria. 

Since not only energetic materials are included in the database the code can be used quite 

universally to determine the thermodynamic behavior of complex chemical systems under 

varying pressure and temperature conditions. 

Both products are updated regularly and can be used independently.  
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Abstract 

The regularities of combustion of energetic materials of stoichiometric composi-

tion based of ammonium nitrate in various polymers destined to exploitation in automo-

bile airbag inflators. The polymers with various inflammation capability — cellulose 

nitrate, poly-1-methyl-5-vinyltetrazole, polyvinylacetate etc. are considered as inflam-

mables.   

The combustion has been examined at 20°C in pressure range from 1 to 200 atm 

both at constant pressure & volume. 

It was established that below some critical density of samples (in the range of 1.2–

1.0 g/cm3) the combustion turn to convective mode. In so doing the value of critical 

density grows with inflammation capability of polymers in sequence polyvinylacetate 

— poly-1-methyl-5-vinyltetrazole — cellulose nitrate. 

The considerable increase of the burning rate (from some mm/sec up to 50–100 

mm/sec) after turning to convective mode has been demonstrated. 

This work is supported by International Science an Technology Center, Grant No. 

1882, and Russia Foundation for Basic Research, grant No. 04-03-08144. 

Introduction 

Ammonium nitrate (AN) is one of possible oxidizers for gas generating (GG) 

compositions for automobile airbags (AAB). It is of interest to use AN due to it’s eco-

logical purity, availability and wide row base. Also its application allows to decrease 
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significantly the temperature of gas-vapor mixture yielding upon combustion of 

stoichiometric compositions. One of the problems of AN using is that materials on AN 

base have in majority the combustion rates not satisfying the requirements to potential 

GG compositions for AAB. Commonly the stoichiometric compositions based on AN in 

absence of other oxidizers burn at 5–10 mm/sec rate in pressure range from 10 to 20 

MPa. Repeatedly attempts of using of catalysts didn’t lead to desired combustion rate 

increasing [1]. In [2, 3] the various ways of control of combustion rate and combustion 

law were considered as applied to GG materials for AAB. In particular the effect of co-

crystallization of AN with a number of salts, porosity and size of oxidizer particles were 

examined. The effect of two latter factors was noted but they were not so significant. 

The analogous conclusion was made by authors in [4], in which combustion of compo-

sitions with nanoscale AN with size of particles about 100 nm was studied. As noted in 

[3], one of most effective ways to increase the combustion rate of such materials up to 

20–30 times is the increasing of their porosity. 

In present work the investigation of combustion process of compositions based on 

AN, including porous materials, the combustion of which may turn to convective mode, 

and also containing nanoscale catalytic additives had being continued. 

The investigations were performed with AN fraction of 50–63 µm size predomi-

nantly. In some cases AN of smaller size (10–20 µm) and porous granules of common 

size were used. As well as low-molecular organic compounds (diamide of azodicarbox-

ylic acid (DAA), 5-aminotetrazole (АТ), dicyandiamide (DСDA), cyanuric acid (СA) 

etc.) and polymers (polyvinylacetate (PVA), cellulose nitrate (NС), cellulose (C), poly-

1-methyl-5-vinyltetrazole (PMVT), epoxy resins, etc.) served as a fuel. According to 

conclusions of [3], all compositions contained were doped by 2–3 mass % of technical 

carbon as combustion activating additive. 

The samples after mixing of components were pressed as blocks with diameter ~10 

mm, height ~20 mm and mass of ~2 g. To obtain the desired level of density (ρ from 0.8 

to 1.6 g/cm3) the pressing was performed using height limiters. Before incineration the 
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blocks were coated upon side surface. In some cases the blocks were pressed from gran-

ules of polymer composites obtained by extrusion using intermediate solvent (the sol-

vent was eliminated by vacuum drying at pressure approx. 10–2 mm Hg). Besides, the 

blocks were formed by vibration compacting of special compositions. Detailed informa-

tion on fabrication of concrete samples is given in the text of the present article. The in-

vestigation of combustion was performed in constant pressure bomb and in manometric 

bomb of 25 cm3 volume in pressure range of 20–400 atm approximately corresponding 

to real conditions of AAB operation. The propagation of combustion front in constant 

pressure bomb was detected using thermocouples and pressure sensors (upon sudden 

change of pressure). 

Table 1 shows linear combustion rates of stoichiometric mixtures of AN with vari-

ous fuels. 

Table 1. The combustion rate (U) of stoichiometric compositions based on AN in pres-
ence of 2 mass. % of technical carbon and some fuels at Р=100 atm. 

Composition 
No. 

Fuel, % AN content, % 
Density, 

g/cm3 
Combustion rate, U, 

mm/s  

1.  Cyanuric acid 80.80 1.5 3.5 

2.  Dicyandiamide 89.2 1.5 5.3 

3.  5-aminotetrazole 75.0 1.5 5.9 

4.  1.5 5.1 

5.  
Cellulose  88.1 

poured 5.8 

6.  1.5 3.5 

7.  1.35 5.3 

8.  

Diamide of azodicarbox-
ylic acid 80.7 

poured  6.2 

These data confirm early conclusions about the low combustion rate of AN-based 

compositions. The attempts to increase the combustion rate by catalysts, which did not 

use earlier (Table 2), were not successful. The nanoscale particles of nickel obtained in 

combustion wave on polymer carrier and iron microfibers were used as catalysts. The 
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composition based on DAA was used as basic. Nevertheless the significant decrease of 

exponent in the combustion law of composition with nickel nanoparticles was observed. 

Table 2. The parameters of combustion of AN-based GG compositions with catalysts 
in nanoparticles and microfibers. 

No. Composition, mass. Density, 
ρ, g/cm3 

Pres-
sure, 
atm 

Combus-
tion rate, 
U, mm/s 

Law of combustion 
rate 

60 2.7 
1. 

AN 80.7 

DAA 16.3 

technical carbon 3.0 

1.3 
100 4.7 

U = 0.13P0.724 

U250 = 7 mm/sec 

40 2.6 

60 3.9 2. 

AN 78.0 

DAA 18.0 

microfibers Fe 2.0 

technical carbon 2.0 

1.3 

80 5.1 

U = 0.084P0.935 

U250 = 14.7 mm/sec 

23 2.9 
3. 

AN 77.0 

DAA 20.0 

Ni –nanoscale catalyst 3.0 

1.4 
65 3.3 

U = 0.483P0.453 

U250 = 6 mm/sec 

Special attention should be given to the fact that going to bulk charge insignifi-

cantly affects on the combustion rate. It is indicated in Table 1 by the example of com-

positions with cellulose and DAA. But when using porous blocks formed from granules 

of AN-based composite with polymer binder obtained through intermediate solvent one 

can observe (as noted in [3]) the significant increase of the combustion rate after relative 

porosity exceed some critical level (Fig. 1).  

As shown at Fig. 1 by the example of some compositions, this critical level arises 

in sequence NC > PMVT > PVA. And the dynamics of rising and chiefly the absolute 

values of front propagation velocity decrease in the same sequence, corresponding to 

the decrease of energy capacity and to the possibility of self-maintaining burning. 

The analysis of available results allows us to suppose that the combustion turns to 

convective mode when the porosity of blocks made of separate granules achieves defi-

nite level.  
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Fig 1. The effect of porosity of composites on combustion rate. (1) — cellulose nitrate 
(12.0%  N); (2) — polymethylvinyltetrazole; (3) — polyvinylacetate. 

 

 

Table 3. Parameters of combustion of blocks obtained by extrusion from granules of 
stoichiometric composition. Results of combustion in manometric bomb 
(ρ=0.95 g/cm3).  

No. Composition, % mass. τind, msec τtot, msec Pressure range, 
atm 

1 

AN 90.0 

PVA 8.0 

Technical carbon 2 

70 220 70–330 

2 

AN 89.8 

PMVT 8.2 

Technical carbon 2.0 

20 70 70–350 

3 

AN 75.5 

NC (12.0 % N) 21.5 

Technical carbon 3.0 

0 22 70–250 
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This fact apparently was caused that the material has coarse pores. In this case 

conditions are favorable for gas filtration as against when mixture of oxidizer and fuel  

powders (for example NC with DAA, Table 1) was used. The similar tendencies were 

observed during the investigation of combustion of the same porous blocks in manomet-

ric bomb (Table 3). The prolonged inductive period (τind) was observed for composition 

based on PVA. For composition based on PMVT the inductive period and the total 

combustion time (τtot) were shortened. The inductive period was absent and the total 

combustion time was shortened approximately 10 times for composition based on NC in 

comparison for composition based on PVA. 

It is our opinion that according to common requirements to AAB inflators the sys-

tem based on PMVT-1 is most promising. In this connection we studied using it as an 

example the alternative ways of formation of porous blocks (besides described above 

formation from granules obtained by extrusion, method “A”). In particular, the polymer 

may be admitted into composition in powder state, and then small amount of solvent is 

added following by its removal (method “B”). Also we considered the method including 

treatment of surface of AN and technical carbon powders by solution of PMVT in ni-

tromethane followed by drying (resulting in coating particles by PMVT layer), com-

minuting to granules of about 0.5 mm size, treatment by small amount of solvent, com-

pacting the blocks by pressing and vacuum removal of residual solvent down to content 

not more than 0.2 mass % (method “C”). This method was used in anticipation of rising 

of combustion rate due to more uniform distribution of polymer. All experiments de-

scribed below were performed with AN with size of particles 50–63 µm. Table 4 shows 

results on combustion rates of composites fabricated by various ways. The obtained re-

sults indicate significant effect of fabrication way on combustion parameters. The rea-

son of differences appears to be following: in constant pressure bomb one can fix using 

thermocouples the rate of propagation of convective combustion front that is higher as 

gas permeability of porous material higher. In the case of sample fabricated by method 

“A” from rather big granules of cylindrical shape (diameter 1 mm, height 2.5 mm) the 

gas permeability appears to be highest. It is confirmed by highest rate of propagation of 
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hot gases front inflaming the sample as a whole quickly. At the same time, the total time 

of combustion of block is maximal. The explanation may be that the material is being 

dispersed and burning down after the front of convective combustion reached the 

boundary of sample. In our opinion, the obtained differences in convective combustion 

parameters for two other methods of block forming should be explained from the same 

viewpoint. For these methods one can point out practically full absence of induction pe-

riod on P — t curves obtained in manometric bomb. It is likely to be connected with 

higher dispersity of burning elements and more uniform distribution of polymer among 

particles of fillers. 

Table 4. The combustion parameters of blocks obtained by various ways. The compo-
sition is AN — 89.8 mass %, PMVT — 8.2 mass %, carbon  — 2 mass %. 

Constant pressure 
bomb, Р=100 atm Manometric bomb 

N 
Method of 

formation of 
blocks 

Density, 
g/cm3 Combustion rate, U, 

mm/sec 
Combustion 
time, msec 

Pressure range, atm 

1 А 1.0 210 70 70-350 

2 В 0.9 53 40 70–360 

3 С 0.9 112 50 70–370 

 

Also we studied porous blocks based on stoichiometric compositions obtained by 

method “C” from PMVT and AN with granules of smaller size or with porous granules 

of oxidizer (Fig. 2). 

The obtained data allow us to establish, that in comparison with composition based 

on dense AN with granules of 50–63 µm size and obtained by analogous way, the de-

crease of size of granules at constant density and decrease of density at constant size 

does not result in cardinal changes of combustion parameters. They also burn in convec-

tive mode. At the same time one can observe the tendency to increase of combustion 

rate and reduction of total combustion time in both cases. 
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Fig 2. P — t curves of combustion of block based on AN and PMVT with density  0.9 
g/cm3. 1 — AN granules of 10–20 µm size, 2 — porous AN granules of 50–63 
µm size. 

The clear notion about the structure of porous composite obtained by method “C” 

one can find from electron microscope view of its surface chip (Fig 3). 

Also we studied the regularities of combustion of porous blocks made from 

stoichiometric AN-based compositions of reactive epoxy derivatives of oligooxyethyle-

neglycoles. The blocks were fabricated by blending of components, vibration compact-

ing, followed by curing.  The results are given in Table 5. 
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The effect of cyclic change of temperature (5 cycles) was examined. The cycles in-

cluded heating from 20 to 60 °C, thermostating at 60 °C during 30 min, reverse cooling 

down to 20 °C, and analogous cycles with upper temperature 90 °C. The temperature 

ranges were selected so that first incorporates phase transition VI–III (at 32 °С) in AN 

crystalline lattice and the second incorporates two phase transitions: VI–III at 32 °С and 

III–II at 84 °C. The obtained results indicate that the samples exposed to thermal cycles 

slightly alter their properties compared to initial composition. In particular total time of 

combustion is reduced and also induction period of inflammation is shortened.  

 

Fig 3. Electron microscope view of surface chip of AN and PMVT based composite 
with size of AN-particles 10–20µm (density 0.9 g/cm3). 

 
Table 5. The combustion parameters of porous AN-based compositions with 

diepoxyde oligooxyethyleneglycole (Composition No. 1) obtained in ma-
nometric bomb. 

N Composition, % mass. 
Den-
sity, 

g/cm3 

τind, 
msec 

τtot, 
msec 

Pressure range, 
atm 

1*) 

AN 87.7 
Diepoxyde oli-
gooxyethyleneglycole 9.3 
Technical carbon 2.5 
Curing agent 0.5 

0.8 40 270 80–360 

2 Composition No.1 after cyclic 0.8 32 208 80–360 
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N Composition, % mass. 
Den-
sity, 

g/cm3 

τind, 
msec 

τtot, 
msec 

Pressure range, 
atm 

thermostating (5 cycles from 20 
to 60 °C) 

3 
Composition No.1 after cyclic 
thermostating (5 cycles from 20 
to 90 °C) 

0.8 22 200 80–360 

*) Linear combustion rate of sample at 100 atm measured in constant pressure bomb is 80 
mm/sec. 

In conclusion one can establish the common fact for combustion of porous blocks 

based on stoichiometric compositions containing AN as oxidizer. It is that during transi-

tion of combustion to convective mode after front propagating at velocity of some hun-

dreds mm/sec the dispersing and burning out of granules forming initial porous block 

take place. In the upshot, this factor should be taken into account when estimating total 

time of combustion. As a whole, the prospects of practical use of such materials in 

manufacturing GG charges for AAB will be defined taking into account other operating 

characteristics including their mechanical strength. 
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Abstract. In this work a series of investigations devoted to the synthesis and theoretical 

estimation of some characteristics of trinitroethyl esters of aryl and hetaryl carboxylic acids as 

potential components for the construction of pyrotechnic gas-generating formulations have been 

presented. Aromatic and heteroaromatic (pyridine, pyrazine, s-tetrazine, 1,2,4-oxadiazole, furan, 

furazan) carboxylic acids and their trinitroethyl esters have been synthesized and thermodynamic 

estimation of their formation enthalpy and combustion temperature of binary (fuel+oxidizer) 

stoichiometric mixtures has been performed. 

 

Key words: gas-generating ingredients for automobile airbag inflators, trinitroethyl esters of aryl 

and hetaryl (pyridine, pyrazine, s-tetrazine, 1,2,4-oxadiazole, furan, furazan) carboxylic acids, 

synthesis, thermochemical estimation, combustion temperature. 

 

Introduction 

Creation of a new generation of gas-generating formulations for automobile airbag 

inflators (AAB), which are free of toxic components and do not yield toxic combustion products, 

is the subject of considerable scientific and practical interest. Such formulations let avoid gas 

purification system and ensure low cost and mass production of automobile airbag inflators. Last 

year1 we synthesized a number of N- and O-trinitroethyl derivatives as potential gas-generating 

ingredients for airbag inflators. Guanidine, nitroguanidine, amides, carbamide, amino derivatives 



of nitrogen heterocycles (4-amino-1,2,4-triazole, 3,6-diamino-1,2,4,5-tetrazine, 2,4,6-triamino-

1,3,5-triazine, aminofurazan) as well as aliphatic dicarboxylic acids, polyhalogenmethanes and 

polyatomic alcohols have been used as basic molecules for constructing of N- and O-trinitroethyl 

derivatives. The synthetic methodology has been developed and thermodynamic estimation of 

combustion temperature of binary stoichiometric mixtures has been performed. The obtained 

results evidenced to the benefit of new trinitroethyl derivatives as perspective ingredients for 

gas-generating formulations.  

 A combination of trinitroethyl and carboxyl groups (trinitroethyl esters) in one molecule 

can be especially useful for the construction of ingredients for gas-generating formulations. The 

trinitroethyl group provides the carbon combustion completeness and the COO group contributes 

to the combustion temperature drop. Both aromatic and heteroaromatic rings can be bonded with 

more than two carboxylic groups (e.g. six for an aromatic ring). So the synthesis of trinitroethyl 

esters of aromatic and heteroaromatic polycarboxylic acids allows insertion of several O-

trinitroethyl fragments into the molecule and thereby attaining more active oxygen. Besides it 

was of special interested to synthesize trinitroethyl esters of aromatic and heteroaromatic 

polycarboxylic acids with nitro or nitroamine groups in the basic ring. Therefore the main target 

of this paper is to develop synthetic approaches to the preparation of trinitroethyl esters of 

aromatic and heteroaromatic mono- and polycarboxylic carboxylic acids derivatives and to carry 

out thermodynamic estimation of their formation enthalpy and combustion temperature of binary 

(fuel+oxidizer) stoichiometric mixtures. 

 

Synthesis of trinitroethyl esters of aromatic carboxylic acids 

 

Earlier1 aliphatic dicarboxylic acids (oxalic, malonic, succinic and glutaric acids) were 

applied as basic compounds for the synthesis of trinitroethyl esters. For the preparation of bis-

trinitroethyl ester of these dicarboxylic acids the condensation of corresponding 

bis(chloroanhydride) with trinitroethanol was used (Scheme 1). 

 

Scheme 1 
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n = 0 - 3  
For the synthesis of trinitroethyl esters of aromatic and carboxylic acids two main 

pathways can be used 1) condensation of carboxylic acids with trinitroethyl sulfuric acid and 2) 



interaction of chloroanhydrides of corresponding acids with trinitroethanol in the presence of 

Lewis acids. The interaction of trinitroethyl sulfuric acid 1 with corresponding aromatic 

polycarboxylic acids 2 served as the basis for the preparation of trinitroethyl esters 3 by analogy 

with the work2, in particular, 1,2,4-tris- and 1,2,4,5-tetra(2,2,2-trinitroethyl ester) 3a,b of 1,2,4-

tris-and 1,2,4,5-tetracarboxylic acids 2a,b have been prepared by this method (Scheme 2). 

 

Scheme 2 
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Trinitroethyl esters of nitroaromatic carboxylic acids were prepared according to the 

following approach: at first, corresponding methylbenzenes 4 were nitrated at free positions of 

the aromatic ring and then methyl groups of the obtained nitro derivatives 5 were oxidized to 

carboxylic groups with KMnO4 in the presence of oleum resulting in polynitro polycarboxylic 

acids 6. The latter were transformed into trinitroethyl esters 7 by the interaction with trinitroethyl 

sulfuric acid. The synthesis of 2,4,6-tris(2,2,2-trinitroethyl ester) 7a of 1,3,5-trinitro-2,4,6-

tris(benzoic acid) 6a is shown on Scheme 3 as an example. 

 

Scheme 3 
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The same approach was applied to prepare trinitroethyl esters of other nitroaromatic acids 

(Scheme 4). 



Scheme 4 
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Nitroamine groups were introduced into the molecule of nitroaromatic carboxylic acids 

after the preparation of trinitroethyl ester. The synthesis of 3,5-dinitro-4-methylnitramino-2,2,2-

trinitroethylbenzoate 8 is shown on Scheme 5 as an example. 

Scheme 5 
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Synthesis of trinitroethyl esters of hetaryl carboxylic acids  

The replacement of few carbon atoms in the aromatic ring molecule by nitrogen or 

oxygen atoms allows increasing the oxygen coefficient that characterizes the oxygen balance of 



compounds. From that point of view the synthesis of trinitroethyl esters of suitable hetaryl 

carboxylic acids as potential components of gas-generating ingredients for airbag inflators is of 

high promise. To prepare trinitroethyl esters 9 of mono carboxylic acids of furane (a), 5-

nitrofurane (b), pyrazine (c) and methylfurazan (d) the interaction of corresponding 

chloroanhydrides of these acids with trinitroethanole in the presence of Lewis acids was applied. 

The reaction was carried out in the presence of AlCl3 in dry solvent (Scheme 6). Ionic liquid 

(dialkylimidazolium tetrachloroaluminate) was used instead of AlCl3 leading to the same 

products. In this case the ionic liquid plays the role of both solvent and Lewis acid. 

Scheme 6 

HOCH2C(NO2)3

O NO2O N
O

N

Me

N

N

, , ,

RCOCl +
AlCl3  

(ionic liquid)
RCOCH2C(NO2)3

O

9a-d

R = 

a b c d  
Trinitroethyl esters 9 are model compounds. For increasing the amount of trinitroethyl 

esters fragments in one molecule it is necessary to synthesize hetaryl polycarboxylic acids, e.g. 

10a-f and their trinitroethyl esters 11a-f. The initial acids are described in literature3,4. Both 

approaches proved effective for the synthesis of their trinitroethyl esters (Scheme 7).  

Scheme 7 
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Thermodinamic estimation of polytrinirtoethyl esters of aryl- and hetaryl polycarboxylic 

acids in binary mixture: fuel + oxidant. 

 Thermochemical estimation was carried out for 20 synthesized and hypothetic 

trinitroethyl esters of aryl and hetarylpolycarboxylic acids (Table 1). As could be expected the 

oxygen coefficients for the majority of synthesized compounds were rather high (ko ~ 0.75-0.83). 

Stoichiometric formulations of these compounds and the inorganic oxidants were investigated. 

Preferred oxidants were ammonium nitrate (AN) and strontium nitrate (SN). The advantage of 

AN as oxidant in formulations is that these formulations are smokeless. The advantage of SN is 

in smaller percentage of water in the combustion gas. Both AN and SN were combined with each 

of the fuels represented in Table 2 to create a stoichiometric binary compositions, that is of the 

formulation CaHbNpO2a+b/2, where the amount of oxidant is quite  necessary for complete 

oxidation of all carbon to CO2 and all hydrogen to water.  

 The results of thermochemical estimation for the combustion of binary stoichiometric 

mixtures contained compounds are presented in Table 2. Thermochemical estimations were 

performed using initial temperature of 298K, chambler pressure 200 atm (2940 psi) and exhaust 

pressure of 1 atm (14.7 psi). For studied compounds the decrease of combustion temperature Tc 

(due to the increase of AN fraction, 11 K in average per each 1% of AN) results in the essential 

growth of water fraction in the combustion products (0.6% in average per each 1% of AN). The 

obtained results supported the benefit of trinitroethyl ester of aromatic and heteroaromatic 

carboxylic acids as perspective ingredients for gas-generating formulations. 
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Table 1.The compounds being estimated 

NN Structure formula Name NN Structure formula Name 

1 

COOCH2C(NO2)3

COOCH2C(NO2)3(O2N)3CCH2OOC

(O2N)3CCH2OOC

NO2

 
 

3-Nitro-1,2,4,5-benzene-
tetracarboxylic acid 
tetrakis(trinitroethyl ester) 

6 COOCH2C(NO2)3

(O2N)3CCH2OOC

(O2N)3CCH2OOC

(O2N)3CCH2OOCCH2N(NO2)

N(NO2)CH2COOCH2C(NO2)3

N(NO2)CH2COOCH2C(NO2)3 

2,4,6-Tris[N-nitro-N-(trinitro-
ethoxycarbonylmethyl) 
amino]-1,3,5-benzene-
tricarboxylic acid 
tris(trinitroethyl ester) 

2 
COOCH2C(NO2)3

COOCH2C(NO2)3(O2N)3CCH2OOC

(O2N)3CCH2OOC

NO2

NO2  

3,6-Dinitro-1,2,4,5-benzene-
tetracarboxylic acid  
tetrakis(trinitroethyl ester) 

7 

 

COOCH2C(NO2)3

(O2N)3CCH2OOC COOCH2C(NO2)3

O2N NO2

NO2

2,4,6-Trinitro-1,3,5-benzene-
tricarboxylic acid 
tris(trinitroethyl ester) 

3 

 

COOCH2C(NO2)3

COOCH2C(NO2)3(O2N)3CCH2OOC

(O2N)3CCH2OOC

 

1,2,4,5-Benzene-
tetracarboxylic acid 
tetrakis(trinitroethyl ester) 

8 
NO2

COOCH2C(NO2)3(O2N)3CCH2OOC

(O2N)3CCH2OOC

 

5-Nitro-1,2,4-benzene-
tricarboxylic acid 
tris(trinitroethyl ester) 

4 

 

COOCH2C(NO2)3(O2N)3CCH2OOC

COOCH2C(NO2)3

COOCH2C(NO2)3

NO2O2N

 

4,6-Dinitro-1,2,3,5-benzene-
tetracarboxylic acid  
tetrakis(trinitroethyl ester) 

9 
N

COOCH2C(NO2)3

COOCH2C(NO2)3(O2N)3CCH2OOC

(O2N)3CCH2OOC

 

2,4,5,6-Pyridine-
tetracarboxylic acid 
tetrakis(trinitroethyl ester) 

5 

 

COOCH2C(NO2)3(O2N)3CCH2OOC

COOCH2C(NO2)3

COOCH2C(NO2)3

COOCH2C(NO2)3(O2N)3CCH2OOC

 

Benzenehexacarboxylic acid  
hexakis(trinitroethyl ester) 

10 
N

COOCH2C(NO2)3

COOCH2C(NO2)3(O2N)3CCH2OOC

(O2N)3CCH2OOC

O

2,4,5,6-Pyridine-
tetracarboxylic acid 
tetrakis(trinitroethyl ester)  
N-oxide 



11 

 

N

COOCH2C(NO2)3

COOCH2C(NO2)3(O2N)3CCH2OOC

(O2N)3CCH2OOC

NO2

 

4-Nitro-2,4,5,6-pyridine-
tetracarboxylic acid 
tetrakis(trinitroethyl ester) 

16 

 

O

O O

O

(O2N)3CCH2OOC

(O2N)3CCH2OOC

COOCH2C(NO2)3

COOCH2C(NO2)3

1,4,5,8-Tetraoxadecaline-
2,3,6,7- tetracarboxylic acid  
tetrakis(trinitroethyl ester) 

12 

 

N

COOCH2C(NO2)3

COOCH2C(NO2)3(O2N)3CCH2OOC

(O2N)3CCH2OOC

NO2

O  

4-Nitro-2,4,5,6-pyridine-
tetracarboxylic acid 
tetrakis(trinitroethyl ester) 
N-oxide 

17 

O

(O2N)3CCH2OOC

(O2N)3CCH2OOC

COOCH2C(NO2)3

COOCH2C(NO2)3 

2,3,4-Furantetracarboxylic 
acid  
tetrakis(trinitroethyl ester) 

13 

 

N

N

COOCH2C(NO2)3(O2N)3CCH2OOC

(O2N)3CCH2OOC COOCH2C(NO2)3 2,3,5,6-Pyrazine-
tetracarboxylic acid 
tetrakis(trinitroethyl ester) 

18 

 

NN

O(O2N)3CCH2OOC COOCH2C(NO2)3  

1,3,4-Oxadiazole-2,5-
dicarboxylic acid 
bis(trinitroethyl ester) 

14 
N

N COOCH2C(NO2)3

COOCH2C(NO2)3(O2N)3CCH2OOC

(O2N)3CCH2OOC
O

O

2,3,5,6-Pyrazine-
tetracarboxylic acid 
tetrakis(trinitroethyl ester)  
N,N’-dioxide 

19 

 

OCH2C(NO2)3(O2N)3CCH2O

(O2N)3CCH2O OCH2C(NO2)3
 

3,3,6,6-Tetra(trinitroethoxy)-
1,4-cyclohexadiene 

15 
NN

N N
COOCH2C(NO2)3(O2N)3CCH2OOC

1,2,4,5-Tetrazine- 
3,6-dicarboxylic acid  
bis(trinitroethyl ester) 

20 

 

O

O(O2N)3CCH2OOC COOCH2C(NO2)3

COOCH2C(NO2)3(O2N)3CCH2OOC
 

1,4-Dioxane-2,3,5,6-
tetracarboxylic acid 
tetrakis(trinitroethyl ester) 

 



 

Table 2. The results of thermochemical estimation for the combustion of binary mixtures 

Fuel Oxidant, Tc Combustion products 

NN Empirical 
Formula MW kO N% 

∆Hf 
kcal/mol 
(kcal/kg) 

wt % K CO2 
mol/kg 

H2O 
mol/kg 

N2 
mol/kg 

Sum of 
gases 

mol/kg 
SrO, % 

1 2 3 4 5 6 7 8 9 10 11 12 13 

1 C18H9N13O34 951.3 0.84 19.1 
-350 

(-368) 

AN     35.4 

SN     22.4 

3063 

3273 

12.2 

14.7 

11.9 

3.7 

8.8 

6.3 

32.9 

24.7 

0 

11.0 

2 C18H8N14O36 996.3 0.90 19.7 
-351 

(-352) 

AN      24.3 

SN    14.5 

3193 

3273 

13.7 

15.4 

9.1 

3.4 

8.4 

6.7 

31.2 

25.5 

0 

7.1 

3 C18H10N12O32 906.3 0,78 17.2 
-367 

(-405) 

AN      44.3 

SN    29.6 

2940 

3186 

11.1 

14.0 

14.1 

3.9 

9.2 

6.1 

34.4 

24.0 

0 

14.5 

4 C18H8N14O36 996.3 0.90 19.7 
-349 

(-350) 

AN      24.3 

SN    14.5 

3195 

3345 

13.7 

15.4 

9.1 

3.4 

8.4 

6.7 

31.2 

25.5 

0 

7.1 

5 C24H12N18O48 1320.5 0.89 19.1 
-510 

(-386) 

AN     26.7 

SN    16.3 

3148 

3306 

13.5 

15.2 

10.0 

3.8 

8.3 

6.5 

31.6 

25.5 

0 

7.9 

6 C27H18N24O54 1542.6 0.86 21.8 
-472 

(-306) 

AN      31.8 

SN    19.8 

3155 

3297 

11.9 

14.0 

11.9 

4.7 

9.3 

7.2 

33.1 

25.9 

0 

9.7 

7 C15H6N12O30 834.3 0.91 
 20.1 -270 

(-324) 

AN      22.4 

SN    13.2 

3231 

3375 

13.9 

15.6 

8.4 

3.1 

8.4 

6.9 

30.7 

25.6 

0 

6.5 

8 C15H8N10O26 744.3 0.76 18.8 
-272 

(-365) 

AN      46.2 

SN    31.3 

2970 

3202 

10.8 

13.9 

14.4 

3.7 

9.4 

6.1 

34.7 

23.7 

0 

15.3 

9 C17H9N13O32 907.3 0.83 20.1 
-286 

(-315) 

AN      36.4 

SN    23.3 

3078 

3297 

11.9 

14.4 

12.3 

3.8 

9.1 

6.6 

33.3 

24.8 

0 

11.4 



10 C17H9N13O33 923.3 0.86 19.7 
-297 

(-322) 

AN      32.3 

SN    20.1 

3127 

3323 

12.5 

14.7 

11.4 

3.9 

8.8 

5.6 

32.7 

25.2 

0 

9.9 

11 C17H8N14O34 952.3 0.89 20.6 
-287 

(-301) 

AN      25.2 

SN    15.1 

3211 

3370 

13.4 

15.2 

9.4 

3.6 

8.6 

6.9 

31.4 

25.7 

0 

7.4 

12 C17H8N14O35 968.3 0.92 20.2 
-298 

(-308) 

AN      19.9 

SN    11.6 

3272 

3401 

14.0 

15.5 

8.3 

3.7 

8.3 

6.9 

30.6 

26.1 

0 

5.7 

13 C16H8N14O32 908.3 0.89 21.6 
-275 

(-303) 

AN      26.1 

SN    15.7 

3185 

3344 

13.0 

14.9 

9.8 

3.7 

9.0 

7.2 

31.8 

25.8 

0 

7.7 

14 C16H8N14O34 940.3 0.94 20.8 
-291 

(-309) 

AN      14.5 

SN    8.26 

3321 

3417 

14.5 

15.6 

7.3 

3.9 

8.2 

7.2 

30.0 

26.7 

0 

4.0 

15 C8H4N10O16 496.2 0.89 28.2 
-120 

(-242) 

AN      24.4 

SN    14.6 

3143 

3289 

12.2 

13.8 

9.1 

3.4 

10.7 

3.9 

32.0 

26.5 

0 

7.1 

16 C18H14N12O36 972.4 0.84 17.3 
-500 

(-513) 

AN      36.5 

SN    23.3 

2972 

3152 

11.7 

14.2 

13.7 

5.5 

8.5 

5.8 

33.9 

25.5 

0 

11.4 

17 C16H8N12O33 896.3 0.92 18.7 
-324 

(-361) 

AN      21.1 

SN    12.4 

3227 

3368 

14.1 

15.6 

8.8 

3.9 

7.9 

6.5 

30.8 

26.0 

0 

6.1 

18 C8H4N8O17 484.2 0.94 23.1 
-180 

(-372) 

AN      14.2 

SN    8.04 

3225 

3310 

14.2 

15.2 

7.1 

3.8 

8.8 

8.0 

30.1 

27.0 

0 

3.9 

19 C14H12N12O28 796.3 0.82 21.1 
-166 

(-208) 

AN      37.6 

SN    24.2 

3132 

3352 

11.0 

13.3 

14.1 

5.7 

9.4 

6.9 

35.5 

25.9 

0 

11.8 

20 C16H12N12O34 916.3 0.89 18.3 
-418 

(-456) 

AN      25.9 

SN    15.6 

3114 

3251 

12.9 

14.7 

11.3 

5.5 

8.1 

6.3 

32.3 

26.5 

0 

7.6 
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Abstract 
 
Gel propellants are shear-thinning fluids, which have in many cases a distinct yield stress at low shear 

rates and/or a constant viscosity at high shear rates. Their viscosity behavior can be described by an 

extended formulation of the Herschel-Bulkley equation with an additional term containing the theoretical 

constant viscosity value of the high shear rate range. In this paper the general equations of the flow 

behavior of fluids with an exponential factor n=0.5 are analytically derived for steady, fully developed 

and laminar flows through constant area tubes. Velocity profiles and shear rate distributions are shown 

for different fluids and boundary conditions also in comparison to the common Herschel-Bulkley 

approach. The shape of this Extended Herschel-Bulkley velocity profile depends upon a derived 

dimensionless number HBEk  and the ratio of the yield stress to wall shear stress. 

 

 

1. Introduction 
 
Gel propellants offer the possibility to built rocket propulsion systems, which have both the ability of 

thrust variation up to thrust cutoff and re-ignition like rocket engines with liquid propellants and the 

simple handling and storage characteristics like engines with solid propellants; see e.g. Refs. [1-3]. Due 

to their non-Newtonian rheological properties a detailed knowledge of the flow behavior is necessary for 

a better design of the fuel injection and feeding system. The rheological behavior of gelled fuels has in 

many cases been expressed by the power-law equation (also called Ostwald-de Waele equation), but 

the use of this equation leads to difficulties at very low and very high shear rates. These high shear 

rates occur e.g. in injectors with values up to 105 s-1 and more and are significant for the atomization 

behavior. Detailed descriptions about the flow behavior of power-law fluids have been presented in the 

past e.g. by Böhme [4]. For shear-thinning fluids with a distinct yield stress, below which a gel does not 

flow and which many gel fuels have, the rheological behavior can be expressed by the Herschel-Bulkley 

equation. Ciezki et al. [5] derived an analytical solution for the flow of these fluids through tubes of 

constant cross section under laminar, fully developed and steady state conditions. Neither the Herschel-
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Bulkey law nor the power-law are able to deliver realistic viscosity values at very high shear rates, 

because infinitely small values are produced with increasing shear rates. At these very high shear rates 

a limited constant viscosity value seems to be possible as our rheological measurements indicate. The 

aim of our investigations is the description of the flow behavior of gels under consideration of the yield 

stress as well as of a constant viscosity limit at high shear rates. In this paper an extended formulation 

of the Herschel-Bulkley equation will be compared with rheological measurements of a paraffin gel. 

Furthermore an analytical solution for the velocity profile of fluids with an exponential factor n=0.5 for 

laminar, fully developed and steady state tube flows with constant diameter will be presented. 

 

2. Rheological characterization of a paraffin gel and theoretical description with 
the Extended Herschel-Bulkley equation 

 
For calculating velocity profiles of non-Newtonian fluids the first step is to determine a theoretical 

description for their rheological behavior, especially for their shear viscosity / shear rate dependence. 

Therefore viscosity measurements have been taken with a rotational rheometer Haake RheoStress1 

(ø=35mm, plate/plate) of a gel containing liquid paraffin as propellant (delivered by Merck KGaA, 

Germany) gelled with 7.5% Thixatrol ST (delivered by ELEMENTIS Specialties P.L.C, Great Britain) and 

7.5% Miak (5-Methyl-2-Hexanon, from Merck Schuckardt OHG, Germany). All measurements were 

taken under 25°C temperature and ambient 

pressure conditions. 

Fig. 1 shows a result of the viscosity 

measurements in dependence upon the 

applied shear rate. For shear rates between 

10-1 /s and 104 /s the curve shows the 

expected shear thinning behavior. Additionally 

the constant viscosity of the fluid mixture 

before gellation (liquid paraffin + 7.5% Miak, 

without Thixatrol) is represented in this 

diagram with  

Pasmixtureliquid 052.0  =η  

 
The shear thinning behavior of non-Newtonian fluids is often described in the medium range of shear 

rates with the Power Law equation [4] expressed as: 
1−⋅= nK γη &   (1)  

And since γητ &⋅=    nK γτ &⋅=   (1*) respectively. 

Whereas η  with [ ] sPa ⋅=η  is the fluid viscosity, γ&  with [ ] s/1=γ&  is the shear rate, τ  with 

[ ] Pa=τ  is the shear stress, K  with [ ] nsPaK ⋅=  is the pre-exponential factor of the power law 

equation and n  is the dimensionless power law exponent.  

Fig. 1: Viscosity behaviour of paraffin-gel 

liquid paraffin + MIAK 

paraffin-gel 
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Fig. 2 shows the approach of the Power Law 

equation to the experimental results presented 

in Fig. 1. By ascertaining the parameters to  

2.0)( =PLn  and 2.0
)( 47 sPaK PL ⋅= ,  

the power law describes the viscosity behavior 

fairly for shear rates between 1 /s and 1000 /s. 

For very low and very high shear rates however, 

a deviation appears between the Power Law 

approach and the experimental results.  

 
 
A better approach for low shear rates gives the Herschel-Bulkley Equation expressed as: 

10 −⋅+= nK γ
γ
τ

η &
&

 (2)  

And since γητ &⋅=   nK γττ &⋅+= 0  (2*) respectively. 

In contrary to the Power Law, the Herschel-Bulkley equation includes also the influence of the yield 

stress 0τ  as has been mentioned above. The yield stress is the amount of stress that the gel can resist 

without irreversible shear deformation. The gel does not flow as long as the applied shear stress is 

lower than the yield stress. A shear rate does not exists within that elastically deformation, however the 

rheometer software calculates shear rates from the variation of shear deformation so that highly 

scattered measuring points appear (see Fig. 1). Those scattered viscosity values are not relevant for the 

viscosity behavior, they only indicate that a yield stress exists. The yield stress of the paraffin gel in our 

example has been determined in a separate experiment. Fig. 3 shows the result for the determination of 

Pa330 =τ . With 2.0)( =HBn , 2.0
)( 36 sPaK HB ⋅=  and Pa330 =τ  the Herschel-Bulkley law 

describes the viscosity of the paraffin gel over a large range of shear rates as can be seen in Fig. 4. 

 

 
 

Fig. 3: Yield stress of paraffin-gel 
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Fig. 4: Herschel-Bulkley approach 

 

 

0τ

Fig. 2: Power Law approach 
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For very high shear rates, however, a deviation still appears between the theoretical approach and the 

experimental results. This is because both equations, the Power Law and the Herschel-Bulkley, tend to 

very small and unrealistic viscosity values, whereas the limit for the viscosity for infinite shear rates is 

zero. 

For getting a better approach also for high shear rates, Teipel et al. proposed in Ref. [8] an equation 

based on the Herschel-Bulkley law with a subtraction of a constant viscosity term ∞η . In the present 

publication, we add such a constant viscosity term to the Herschel-Bulkley equation, so that a physically 

correct approach is given if the viscosity value ∞η  is set to the viscosity value of the basic mixture of 

components before the gellation, mathematically written as ∞∞→
== ηηη

γ mixtureliquidGel    lim
&

. The value 

mixtureliquid   η   has been assumed as a first step, because viscosity measurements in the very high shear 

rate range are still missing. The new equation including the viscosity ∞η  is called the Extended 

Herschel-Bulkley Equation (or HBE-Equation) and can be expressed as: 
 

 

         (3) 
 
 

And since γητ &⋅=        (3*) respectively. 

 

 

Fig. 5 shows the approach of the Extended 

Herschel-Bulkley Equation to the 

experimental results of the paraffin gel, 

presented in Fig. 1. Over the entire 

measurement range the theoretical 

equation fits well with the experiment and 

for very high shear rates the curve 

converges to the value ∞η .  

 

 

The following parameters have been 

determined for the Extended Herschel-

Bulkley Equation: 

 

Pa 330 =τ     (Yield stress of paraffin-gel, see Fig. 3) 

sPa ⋅=∞  052.0η    (Viscosity of liquid paraffin+7.5%Miak at 25°C, see Fig. 1) 

2.0)( =HBEn     2.0
)(  36 sPaK HBE ⋅=   (Fit of theoretical curve to experiment, see Fig. 5) 

 

Fig. 5: Extended Herschel Bulkley approach 

1,E-02

1,E-01

1,E+00

1,E+01

1,E+02

1,E+03

1,E+04

1,E+05

1,E-02 1,E-01 1,E+00 1,E+01 1,E+02 1,E+03 1,E+04 1,E+05

Shear Rate [1/s]

Vi
sc

os
ity

 [P
as

]

Experiment

Extended Herschel Bulkley

Viscosity ∞η     

    10
∞

− +⋅+= ηγ
γ
τ

η nK &
&

  0 γηγττ && ⋅+⋅+= ∞
nK



 5

3. Analytical approach for the calculation of velocity profiles 
 

The calculations for the determination of the flow 

behavior of HBE-fluids in pipes have been done 

under the assumption of laminar, fully         

developed, steady, isothermal and incompressible 

pipe flows with constant diameter. Ciezki et al. 

published in Ref. [5] the analytical solution for the 

dimensionless velocity profile of a Herschel-Bulkley 

Fluid, whose sketch with two flow regions is shown 

in Fig. 6. Caused by the yield stress a plug flow 

with a constant velocity appears in the flow centre 

region of the pipe because in that region shear 

stresses are lower than the yield stress. Ref. [5] 

describes the velocity profile of a Herschel-Bulkley Fluid as follows: 

( )( )

12
0

2
0)(

0 1
1312

21
12

21          

−

⎥
⎥
⎦

⎤

⎢
⎢
⎣

⎡
⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
−⋅

++
+⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
−⋅

+
−==≤

WW

PLUG

HB

r

nn
n

n
n

u
u

u
u

rrfor
τ
τ

τ
τ

 (4) 

1
1          

1

0

0

)(
0

⎥
⎥
⎥
⎥
⎥
⎥

⎦

⎤

⎢
⎢
⎢
⎢
⎢
⎢

⎣

⎡

⎟⎟
⎟
⎟
⎟

⎠

⎞

⎜⎜
⎜
⎜
⎜

⎝

⎛

−

−
−⋅=>

+
n

n

W

WPLUG

HB

r R
r

u
u

u
u

rrfor

τ
τ
τ
τ

  (5) 

0r  is the radius of transition between plug flow and shear flow. 

wR
r

τ
τ 00 =    and since   

p
L

rp
L

R
w ∆

⋅⋅
=→∆⋅= 0

0
2

          
2

τ
τ  

 

In this present publication the velocity profile of a gel following the Extended Herschel-Bulkley law 

(HBE-law) shall be examined. The equation for the Extended Herschel-Bulkley law has been shown 

before in (3*) and can be written with 

wr R
r ττ =)(    as γηγττ && ⋅+⋅+= ∞

n
w K

R
r

0      (3**) 

 

It is not possible to solve the Extended Herschel-Bulkley equation (3**) for any γ&  analytically in 

dependence of the exponent n in general as it was possible for the Herschel-Bulkley law in Ref. [5]. 

E. Galois showed simultaneously with N. H. Abel that the general quintic equation (fifth order) and the 

polynomial equations of higher degree are not solveable in terms of a finite number of rational 

operations and root extractions; see Refs. [9-11]. In the present publication calculations are presented 

for the constant exponent n=0.5 in the following chapters. 

Fig. 6: Plug flow and shear flow regions caused 
by the yield stress 

Fig. 7: Tube geometry 
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3.1. Velocity profile for Extended Herschel-Bulkley fluids with exponent n=0.5 
 
Equation (3**) can be solved for n=0.5 and 0rr ≥  as a quadratic equation to: 
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Whereas: 

2

⎟
⎠
⎞

⎜
⎝
⎛= ∞

K
a

η
  sa =][  (Characteristic time constant including fluid properties only) 

2
0

K
kHBE

τη ⋅
= ∞  [ ] 1=HBEk  (Dimensionless HBE factor including fluid properties only) 

 

Integration of Eq. (6) yields to the absolute velocity distribution valid for 0rr ≥  in Equation (7): 
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The average velocity u  can be determined via calculation of the volumetric pipe flow 

( )∫∫ ⋅⋅⋅+⋅⋅⋅=⋅⋅=
R

r
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PL drurdruruRV
0

0

22
0

2 πππ&  

which finally leads to the velocity profile referred to the average velocity u  in Equation (8) ( 0rr ≥ ): 

 

 

 

 

 

 

 

 

 
 

The dimensionless plug flow velocity of a HBE-gel in Equation (9) is calculated from Eq.(7) for 0rr = : 
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Equation (8) shows that beside Rr /  the velocity profile is only depending on the dimensionless factor 

HBEk  and the ratio of the yield stress to the wall shear stress wττ /0 . 
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That means: two gels, following the Extended Herschel-Bulkley law with the power law exponent n=0.5, 

have the same flow behavior in a pipe, if HBEk  and wττ /0  of the two gels are equal.  
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Fig. 8: Velocity profiles of HBE-gels with n=0.5 and kHBE=0.15 

 

Fig. 8 shows the velocity profiles for a HBE-gel with a power law exponent n=0.5 and 15.0=HBEk  for 

different ratios of wττ /0 . The ratio wττ /0  can be varied only between 0/1 0 >> wττ . For 1/0 ≥wττ  

the yield stress is higher than the maximum shear stress, so the applied pressure is not high enough to 

push the gel through the pipe. Because of the denominator of Eq.(6) the yield stress and therewith 

wττ /0  cannot be set to zero ( 00 ≠τ ). For the presentation in Fig. 8 very low values of 0τ , or very high 

values for wτ  are used so that it is possible to reach approximately 0/0 ≈wττ . In that case the graph 

converges to the Newtonian parabolic profile. 

 

3.2. Comparison between the Extended Herschel-Bulkley velocity profile and 
the Herschel-Bulkley velocity profile for n=0.5 

 
Since the velocity profile of the Herschel-Bulkley fluid in Eq.(4) and Eq.(5) is only depending on the 

power law exponent n and the ratio of the stresses wττ /0 , the HB-profile can easily be compared to the 

HBE-profile. Fig. 9 shows the comparison between the calculated HBE-profile and the HB-profile with 

n=0.5 for three different stress ratios 0, 0.4 and 0.9.  

The velocity profiles of the Extended Herschel-Bulkley eq. differ from the profiles of the Herschel-

Bulkley eq. in two effects. First, the profiles of the HBE-profile show a less steep increase than the HB-

profiles near the wall, where high shear rates occur. This less steep increase occurs because the 

viscosity of the HBE-law is limited to the viscosity value ∞η  while the viscosity of the HB-law reaches 

significantly smaller values. The second effect is the increase of the plug flow velocity of the HBE-fluid 

compared to the HB-fluid. 
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Fig. 9: Comparison between a HB-gel and a HBE-gel with kHBE=0.15 and n=0.5 

 

The maximum velocities for the fluids in the pipe center occur for wττ /0   0 and are: 

66667.1
5.0    

max =
=nwithHBu

u  for the Herschel-Bulkley fluid, calculated with Eq.(4) 

2
5.0    

max =
=nwithHBEu

u   for the Extended Herschel-Bulkley fluid, calculated with Eq.(8) 

 

The graphs show for high values of wττ /0  no significant difference between the Herschel-Bulkley 

profile and the Extended Herschel-Bulkley profile. Also for 4.0/0 =wττ  the difference between the two 

graphs is still small and increases only going to 0/0 ≈wττ . The difference between HB and HBE is 

more pregnant, if  HBEk  increases. Fig. 10 shows the comparison for a HBE-gel with 15=HBEk , i.e. 100 

times higher than in Fig. 9.  
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Fig. 10: Comparison between a HB-gel and a HBE-gel with kHBE=15 and n=0.5 
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The influence of the extension ∞η  is very small for a slow fluid flow, as can be seen for 9.0/0 =wττ  if 

both profiles are compared. Going to 4.0/0 =wττ  a significant difference between both traces can be 

seen which increases with decreasing wττ /0 .The higher the value HBEk  and the lower the ratio wττ /0 , 

the larger is the difference between the results of the original Herschel-Bulkley equation and the new 

Extended Herschel-Bulkley equation and therewith the influence of the extension ∞η . 

 

3.3. Comparison of the plug flow region between the Extended Herschel-
Bulkley equation and the Herschel-Bulkley equation for n=0.5 

 

Fig. 11 shows the comparison of the plug flow region of both equations, whereas a gel with 5.0=n , 

15=HBEk  and a stress ratio of 23.0/0 =wττ  has been used for the presentation. The size of the plug 

flow region, i.e. the transition radius Rr /0  from plug flow to shear flow depends only upon the 

stress ratio wRr ττ // 00 =  both for the 

HBE and the HB-law so that the width 

of the calculated plug flow region of a 

gel is the same under equal boundary 

conditions. Only the height of the plug 

flow velocity is higher for the HBE-fluid 

due to the smaller shear rates near the 

tube walls. Fig. 12 and Fig. 13 show the 

comparison between the HBE-plug flow 

and the HB- plug flow, referred to the   

average velocity, for the two different 15.0=HBEk  and 15=HBEk .It can be seen that for higher HBEk  the 

difference between the plug flow level of the HBE-calculation and the HB-calculation is more 

pronounced especially for larger Rr /0 . The dashed line in Fig. 13 at 23.0// 00 == wRr ττ   marks the 

velocity of the plug flow presented in Fig. 11. 
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Fig. 12: Plug flow for n=0.5 and kHBE=0.15 
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Fig. 13: Plug flow for n=0.5 and kHBE=15 

 

Fig. 11: Plug flow comparison of HBE and HB 
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3.4. Shear rate distribution of the Extended-HB gel with n=0.5 
 

For the determination of a dimensionless shear rate distribution Wallγ&  has been chosen as the reference 

value. Wallγ&  can be calculated from Eq.(6) as: 
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So Eqs. (6) and (10) lead to the dimensionless shear rate distribution of a HBE-gel expressed as: 
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For comparing the dimensionless shear rate distribution of the HBE-gel to the HB-gel, Eq. (2*) can also 

be written as: 
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Together with wRr ττ // 00 =  the shear rate referred to the wall shear rate of a HB fluid is: 
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Fig. 14 shows the comparison for the dimensionless shear rate of a HBE-gel and a HB-gel for 5.0=n , 

15.0=HBEk  and different ratios of wττ /0 . It can be seen that for smaller wττ /0  the difference between 

HB and HBE is more pronounced. Also it becomes more pregnant if HBEk  increases. 

 

The limit of the Extended Herschel-Bulkley shear rate distribution for ∞→HBEk  can be calculated via 

the rule of L’Hospital. 
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This limit is equal to the shear rate distribution of the Bingham equation expressed as: 

γηττ &⋅+= ∞0)(Bingham      (14)            with 
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Fig. 14: Comparison: Shear rate of HBE-gel with n=0.5 and kHBE=0.15 to HB-gel 

 

The limit of the Extended Herschel-Bulkley shear rate distribution for 0→HBEk  can also be calculated 
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This limit is equal to the shear rate distribution of the Herschel-Bulkley equation expressed in Eq.(13) 

with 5.0=n . Summarized can be said that the shear rate distribution of the Extended Herschel-Bulkley 

law is limited by the Herschel-Bulkley law for 0→HBEk  and limited by the Bingham law for ∞→HBEk . 

Fig. 15 shows these limits for the HBE shear rate profile for the example of 1.0/0 =wττ  together with 

the graph for 25.0=HBEk  in between.  
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Fig. 15: Shear rate of HBE (kHBE=0.25), HB and Bingham for n=0.5 and wττ /0 =0.1 
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4. Summary and Conclusion 
 

Gelled fuels are shear-thinning fluids whose rheological behavior is commonly described by the power-

law equation. The use of this equation leads to significant differences with experimential results from 

shear viscosity measurements at very low and very high shear rates. A better approach is an extension 

of the Herschel-Bulkley equation, which takes into account a yield stress, below which the gel is not 

capable of flow, and a constant viscosity value for high shear rates, which has been related to the 

constant (Newtonian) viscosity of the fluid mixture before gellation. The comparison with the viscosity 

measurements of a paraffin-gel shows a good agreement.  

Velocity profiles of Extended Herschel-Bulkley fluids (HBE) in pipes of constant diameter could be 

determined analytically for the exponential factor n=0.5, whereas laminar, steady and fully developed 

flow conditions have been used as underlying conditions. The calculated velocity profiles have a less 

steep increase near the wall as the velocity distributions of the conventional Herschel-Bulkley equation 

(HB) due to the limited viscosity values of the HBE-equation at high shear rates. The width of plug flow 

region in the core of the tube is the same as for the conventional HB-equation under equal boundary 

conditions, but higher plug flow velocities occur due to the less steep velocity increase near the wall. 

The shape of the HBE velocity profile depends upon the dimensionless number 2
0 / KkHBE τη ⋅= ∞  and 

the ratio of the yield stress to the wall shear stress wττ /0 . With increasing values of HBEk  and 

decreasing values of wττ /0  differences between HB and HBE fluids are more pregnant, whereas for 

0/0 →wττ  the velocity profile converges to the Newtonian parabolic profile. 

 

 

Nomenclature 
2

⎟
⎠

⎞
⎜
⎝

⎛= ∞

K
a

η   [ ] sa =   Characteristic time constant of HBE-equation (n=0.5) 

2
0

K
k HBE

τη ⋅
= ∞  [ ] 1=HBEk  Dimensionless factor of HBE-equation (n=0.5) 

 

K   [ ] nsPaK ⋅=   Pre-exponential factor of power law (in literature often *η ) 
L   [ ] mL =   Tube length 
n   [ ] 1=n    Power law exponent 
r   [ ] mr =    Variable radius 

0r   [ ] mr =0   Radius of transition from plug flow to shear flow 

R   [ ] mR =   Tube radius 

)(ru   [ ] smu r /)( =   Fluid velocity at tube radius r 

u   [ ] smu /=   Average fluid velocity 

PLUGu   [ ] smu PLUG /=   Plug flow velocity 

p∆   [ ] 2/ mNp =∆   Pressure loss over tube length 
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Greek letters 

η   [ ] sPa ⋅=η   Viscosity 

∞η   [ ] sPa ⋅=∞η   Viscosity of gel-mixture before gelification 

γ   [ ] 1=γ    Shear deformation 

γ&   [ ] s/1=γ&   Shear rate 

Wallγ&   [ ] sWall /1=γ&   Wall shear rate 

τ   [ ] Pa=τ   Shear stress 

0τ   [ ] Pa=0τ   Yield stress 

Wτ   [ ] PaW =τ   Wall shear stress 
 

 

Subscripts and abbreviations 

PL  Power Law 
HB  Herschel-Bulkley  
HBE  Herschel-Bulkley Extended 
PLUG  Plug flow 
W  Wall 
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Abstract 
 
Performance and Sensitivity are the two most important parameters concerning high 
explosives (HEs). Often the performance of HEs has to be changed to meet specified 
requirements. But unfortunately in most cases this means that also the sensitivity will 
be changed. Therefore the knowledge of the significant parameters influencing this 
sensitivity is not only useful but in fact necessary. 
 
Many years ago, TDW has developed its own Gap Test which is in the meantime es-
tablished as a very valuable tool to study the shock sensitivity of HEs. In the present 
study the sensitivity trends were investigated while changing a broad field of the above 
mentioned significant parameters. In this first part, high explosive formulations and 
binders were studied and in a second part [1] voids and defects are of concern. 
 

1 Introduction 

In two preceding papers [2, 3] the motivation for these investigations were already indi-
cated. Due to the broad spectrum of shock loads, especially for penetrator applications, 
the knowledge of high explosive (HE) shock sensitivity is of enormous importance (Fig-
ure 1). As already in [2], the HEs used in the Mephisto penetrator: KS22a and in the 
pre-charge: KS33 serve as baseline. As shown later, their shock sensitivities differ by 
an amount of 48 %. The following questions came up: what are the reasons for this 
difference, how big are the influences by exchanging HMX with RDX, by using Alumin-
ium or putting in a different binder instead of HTPB? In a second part of this work [1], 
also the influences of voids and defects were studied. 
 
A typical tool for measuring the shock sensitivity is the Gap Test. A comprehensive 
overview on different Gap Tests and their applications can be found [4, 5]. Many years 
ago TDW has developed its own Gap Test which is in the meantime established as a 
very valuable tool to study the shock sensitivity. It was already described in [2]. The 
main features are: 
 
 Donor:  Tetryl  Ø 57.5 x 50 mm ρ0 = 1.56 g/cc 
 Gap: PMMA  Ø 70 mm ρ0 = 1.186 g/cc 
 Acceptor: HE sample  Ø 58 x 50 mm 
 
The measurement of the “run distance to detonation” as a function of the “gap pres-
sure” is carried out by a rotating mirror camera in streak technique. 



 
 

Figure 1: Multi spectral shock loading of a penetrator HE 
 
 

2 Baseline 

As mentioned above, the Mephisto HEs serve as the baseline. The formulations of 
these high explosives are: 
 
 KS22a: RDX / Al / HTPB 67/18/15 ρ0 = 1.64 g/cc 
 KS33: HMX / HTPB 90 / 10 ρ0 = 1.71 g/cc 
 
The Gap Test results for these two HEs were taken from [2] and are graphically shown 
in Figure 2. Both curves will be used as references in the following to detect deviations 
while changing significant parameters. More sensitive HEs would be shifted to the 
lower left corner and less sensitive HEs to the upper right corner of the diagram. Ar-
rows on the upper edge of the diagram mark trials where no detonation occurred within 
the length of the acceptor charge of 50 mm. To quantitatively measure deviations, the 
Gap pressure at a run distance to detonation of 20 mm is evaluated in Figure 2. For 
KS33, a value of 3.23 GPa and for KS22a one of 4.78 GPa can be ascertained. This is 
a difference of 1.55 GPa which means an increase in insensitivity of 48 % by changing 
the formulation from KS33 to KS22a. The question is now, what are the reasons for this 
change in insensitivity? 
 

 
 

Figure 2: Gap Test results for KS22a and KS33 serve as baseline 



3 Influence of Formulation 

In this section, the formulation was changed step by step starting with KS33 to finally 
reach the formulation of KS22a. After each step, Gap Tests were carried out to investi-
gate the corresponding change in shock sensitivity. Again, the gap pressure at a run 
distance of 20 mm to detonation was used as the measuring value for the sensitivity. 

The performed stepwise changes in the formulation were as follows: 

� Contents in Al powder (Figure 3): 

 HMX / Al / HTPB 90 / 0 / 10 (KS33, reference) 
 HMX / Al / HTPB 80 / 10 / 10  ( / ) 
 HMX / Al / HTPB 70 / 10 / 10 ( / ) 

� Contents in HMX / RDX / HTPB (Figure 4): 

 HMX / HTPB 90 / 10 (KS 33, reference) 
 HMX / HTPB 85 / 15 (KS32) 
 RDX / HTPB 88 / 12 (KS13) 
 RDX / HTPB 85 / 15 (KS11) 
 RDX / Al / HTPB 67 / 18 / 15 (KS22a, reference) 

 
Figure 3: Changes in sensitivity due to Al Powder 

 

Figure 4: Changes in sensitivity due to HMX / RDX / HTPB content 



 

The evaluation of the 20 mm run distance for all of these different formulations is 
shown in Figure 5. Qualitatively it can be said that all three parameters: Al powder, 
HMX / RDX exchange and HTPB content respectively influence the sensitivity roughly 
likewise. But quantitatively, differences between these three parameters can be ascer-
tained. Comparing KS32 (85 % HMX) and KS11 (85 % RDX) especially the exchange 
of HMX by RDX delivers a big step in insensitivity. This advantage was taken in KS22a 
as a very insensitive HE for penetrator applications [2]. The additional 18 % Al powder 
further decrease the sensitivity and increase the blast effect which is useful in hard tar-
get defeat requirements.  
 

 
 

Figure 5: Gap pressure at 20 mm run distance to detonation  
for the different HE formulations.  

 

4 Influence of Binder 

In section 3 only HTPB was used as binder. Now also the influence of the binder should 
be investigated. As an alternative binder for HTPB, silicon was used. Two HE formula-
tions were chosen from section 3, with a relatively large amount of binder (15 %) and 
with RDX and HMX respectively: KS22a and KS32. 

By exchanging HTPB by silicon also the mechanical properties were changed. As these 
parameters might also influence the shock sensitivity, they are summarized in Table 1. 
HEs with silicon binder are indicated with the letter “s”.  
 

KS22a KS32 Parameter 
HTPB Silicon HTPB Silicon 

Density [g/cc] 1.64 1.67 1.65 1.66 

Young’s Modulus [MPa] 3.5 3.5 14 6 

Tensile Strength [MPa] 0.3 0.2 0.6 0.2 

Strain 12 5 4.5 3 

Shore Hardness 60 65 70 62 

 
Table 1: Mechanical properties of investigated HEs with silicon binder 

 



Concerning KS22s, the silicon binder increases the hardness a little bit and reduces the 
tensile strength and the strain. Contrary to that, KS32s gets softer due to the silicon 
reducing also the tensile strength, strain and Young’s Modulus. 
 
The Gap Test results for KS22s and KS32s are shown in Figures 6 and 7 respectively. 
The already very insensitive KS22a is influenced only a little bit. The “no go range” is 
becoming even more insensitive whereas the “go range” is shifted to higher sensitivi-
ties. Contrary to these results, the KS32s is affected much more by the silicon binder. 
The whole curve is shifted to the higher sensitivity range. This even resulted in a higher 
sensitivity than KS33 (HMX / HTPB 90 / 10).  
 

 
 

Figure 6: Gap Test results for KS22s with silicon binder  
 
 

 
 

Figure 7: Gap Test results for KS32s with silicon binder. 



 

5 Conclusion 

Especially in hard target defeat (HTD) applications it is necessary to know the signifi-
cant parameters influencing the shock sensitivity of HEs. The TDW Gap Test was used 
to measure this sensitivity behaviour while varying different parameters. In part I of this 
paper, HE formulations and binders were investigated. The stepwise increase of insen-
sitivity was studied by adding Al powder, exchanging HMX by RDX and increasing the 
amount of binder. Exchanging HTPB binder by a silicon binder demonstrated a partial 
change in the mechanical behaviour. This influenced KS32s in its sensitivity to a certain 
amount but showed only a small shift of the sensitivity curve for KS22s. In part II of this 
paper [1] the influence of a second range of parameters were studied: voids and de-
fects.  
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Abstract 
 
Performance and Sensitivity are the two most important parameters concerning high 
explosives (HEs). Often the performance of HEs has to be changed to meet specified 
requirements. But unfortunately in most cases this means that also the sensitivity will 
be changed. Therefore the knowledge of the significant parameters influencing this 
sensitivity is not only useful but in fact necessary.  
 
Many years ago, TDW has developed its own Gap Test which is in the meantime es-
tablished as a very valuable tool to study the shock sensitivity of HEs. In the present 
study the sensitivity trends were investigated while changing a broad field of the above 
mentioned significant parameters. Whereas in the first part of this work [1], HE formula-
tions and binders were studied, in this second part the influence of voids and defects 
will be investigated.  
 

1 Introduction 

As already mentioned in part I of this paper [1], the motivation for this comprehensive 
study on shock sensitivity was given by two preceding papers [2, 3]. Especially high 
shock loads in a penetrator for hard target defeat (HTD) applications are of concern. 
The questions were: how do voids or defects influence the shock sensitivity? Is there a 
risk of premature initiation of the high explosive (HE) due to voids while the penetrator 
perforates the target (Figure 1)? Are there even additional voids or defects provoked 
when perforating the first layer of the target which again could cause a premature initia-
tion in the following layer(s)? And finally, is I-RDX really reducing the shock sensitivity 
and could this be helpful in applications like that? All these questions will be taken up in 
the following sections.  
 

 
 

Figure 1: Risk of premature initiation due to voids in the HE 



 

2 Baseline 

As described in [1], the high explosives of the Mephisto penetrator and pre-charge 
serve as reference HEs: 

 KS22a: RDX / Al / HTPB 67/18/15 ρ0 = 1.64 g/cc 
 KS33: HMX / HTPB 90 / 10 ρ0 = 1.71 g/cc 
 
Also the TDW Gap Test as explained in part I of this paper was used here. The sensi-
tivity curves of the baseline HEs measured with this Gap Test are demonstrated in Fig-
ure 2 of [1]. Although both HEs represent insensitive plastic bonded high explosives, 
KS22a is 48 % more insensitive than KS33 and is therefore used in the penetrator. 
 

3 Influence of Voids 

The influence of voids on the sensitivity should be investigated. In [4], the collapse of a 
macroscopic void with 6 mm diameter was numerically simulated. The graphs shown in 
Figure 2 are taken from this paper. A PMMA projectile was shot with 2 mm/µs against 
an Ammonium Nitrate cylinder and caused a shock pressure of 43 kbar at the interface. 
The history of the collapse can be seen on the right side. Due to the impact of the 
marked point # 1 on point # 2, a much higher pressure of 85 kbar is caused for a short 
time. The temperature rises to values up to 1900 K (“hot spot”). Due to the short dura-
tion it is not clear if a premature initiation at this hot spot would take place.  
 

 
 

Figure 2: Numerical simulation of the collapse of a macroscopic 
void with 6 mm diameter (from [4]) 

 
Concluding from scaling laws, we know that macroscopic voids are the worst case 
situation compared to small pores. Both baseline HEs should be therefore tested in the 
Gap Test with macroscopic voids. The dimensions of the acceptor charge sample are 
shown in Figure 3. Christmas tree balls with 15 and 20 mm diameters each were used 
to get an exactly specified void in the test samples. The acceptor charges were pre-
pared in two steps. In the first step, the balls were glued on a 10 mm thick HE disk, 



closing the opening of the ball with a tape. In a second step, the sample was cast with 
the HE under vacuum. Each sample was checked by X-ray to detect any additional un-
intended pores. Figure 4 shows typical X-ray pictures of the acceptor charge with a 
15 mm diameter void under different orientations.  
 

 
 

Figure 3: Voids of 15 and 20 mm diameter (Christmas tree balls) 
in the Gap Test acceptor 

 

 
 

Figure 4: X-ray pictures of a 15 mm diameter void in the acceptor sample 
 

The Gap Test results in form of the run distance to detonation as a function of the gap 
pressure are shown in Figures 5 and 6 for KS22a and KS33 respectively. The arrows 
on the upper edge of the diagrams mark trials where no detonation occurred within the 
length of the acceptor charge of 50 mm. 
 
As already shown in [2], KS22a is a very robust and insensitive HE ideal for hard target 
defeat applications. Even the exchange of HTPB by a silicon binder [1] has changed 
the sensitivity values only to a small degree. The same is the case for both void diame-



ters, 15 and 20 mm, which are inserted in the two figures for illustration reasons. 
KS22a (Figure 5) shows no change in its sensitivity within scattering level, indicated 
with dashed lines. Because the gap pressures correspond to very high supersonic im-
pact velocities, there is no risk for a premature initiation with KS22a.  
 
Different results are obtained with the more sensitive KS33 (Figure 6). Here, a distinct 
shift of the run distance curve can be identified depending on the void diameter. The 
larger the void is, the more sensitive is the charge to shock waves, as expected from 
scaling laws. Pores and some kind of defects never can be completely excluded in 
HEs, therefore only very insensitive HEs should be used for HTD applications.  
 
 

 
 

Figure 5: Gap Test results for KS22a with 15 mm and 20 mm diameter voids 
 
 

 
 

Figure 6: Gap Test results for KS33 with 15 mm and 20 mm diameter voids 



4 Influence of Defects 

As already mentioned above, defects in a HE could be caused by the penetration / per-
foration process itself (Figure 1). Quasi-static pressure loadings up to about 2 kbar led 
to an increasing number of cracks in HMX grains with increasing pressure values [5]. In 
[6], scaled penetrators were shot against concrete targets up to velocities of 1100 m/s 
causing dynamic pressures up to about 4 kbar in the HE specimens. These loadings 
caused defects like mechanical debonding and/or localized reactions. A micrograph of 
a loaded RDX / AP / Al / HTPB sample with debonded grains was taken from this paper 
and is demonstrated in Figure 7.  
 

 
 

Figure 7: Micrograph of a dynamically loaded RDX / AP / Al / HTPB sample  
with mechanical debonding defects (from [6]) 

 
KS22a samples were loaded under quasi-static and dynamic conditions by the author 
[2, 3]. For the first time, the change in shock sensitivity due to the defects caused in this 
way was measured with the help of the TDW Gap Test. The results taken from [3] are 
summarized in Figure 8. Despite the fact that KS22a is a very robust and insensitive 
HE, defects produced during the perforation of hard targets at high velocities (≥ 
300 m/s) caused a shift of the curves to higher sensitivities. This demonstrates the ne-
cessity for further investigations if deeper target penetrations shall be achieved by in-
creasing the velocities into supersonic ranges. 
 

 
 

Figure 8: Gap Test results for KS22a samples quasi-statically and dynamically loaded 
with pressures up to 4 kbar (from [3]). 



 

5 Influence of I-RDX 

 
The RDX of the baseline KS22a was already taken from a batch of insensitive RDX (I-
RDX) by the company EURENCO. The question came up if the difference between 
regular RDX and I-RDX could be measured with the Gap Test. To answer this question, 
KS22a acceptor samples with two different RDX qualities were tested:  
the I-RDX and a so-called medium insensitive MI-RDX from EURENCO. In addition, 
different KS22a samples with the I-RDX quality were prepared: samples with different 
times of preparation (03/2001 and 02/2004 respectively), producing the fine part of 
grains by grinding the coarse grains at TDW or manufacturing it at EURENCO. Alto-
gether four different kinds of acceptor charges were prepared, summarized in Table 1. 
 
 

Sample RDX quality Part of Fine Grains Preparation 
Time 

Baseline I-RDX Grinding by TDW 03 / 2001 
1 I-RDX Grinding by TDW 02 / 2004 
2 I-RDX EURENCO 02 / 2004 
3 MI-RDX EURENCO 06 / 2004 

 
Table 1: Parameters of Gap Test KS22a samples 

 
The only difference between the baseline KS22a and the sample #1 is just the date of 
preparation (test of reproducibility of I-RDX and casting process of KS22a). The differ-
ence between sample #1 and sample #2 is the grinding of coarse grains to fine grains 
by TDW. The Gap Test results of these three charges are presented in Figure 9. No 
distinct trend in the sensitivity behaviour of these samples can be observed. The devia-
tions from the baseline are within the statistical scatter indicated by dashed lines. That 
means, the reproducibility of both the I-RDX and the casting process of KS22a is quite 
well. 

 
 

Figure 9: Gap Test results for the KS22a samples with I-RDX  



 
Now the results for the MI-RDX quality are presented. The sensitivity curve in Figure 10 
is clearly shifted to a higher sensitivity behaviour. If we use the 20 mm run distance to 
detonation as a quantitative measure we get a value of 4.78 GPa for the baseline 
KS22a and one of 4.22 GPa for the sample with MI-RDX that means an insensitivity 
increase of 0.56 GPa or 13 %. Especially for penetrator applications, the highest possi-
ble insensitivity should be strived for and therefore the I-RDX quality is recommended.  
 

 
 

Figure 10: Comparison of Gap Test results for KS22a  
samples with I-RDX and MI-RDX 

 

6 Conclusion 

The influence of voids and defects on the shock sensitivity of the HE samples was in-
vestigated. In addition, two different RDX qualities: MI-RDX and I-RDX were studied.  
 
Macroscopic voids with diameters of 15 mm and 20 mm caused no shift in the sensitiv-
ity of the robust KS22a formulation. A different behaviour was observed with the more 
sensitive KS33 samples. Macroscopic voids tended to an increasing sensitivity with 
increasing void diameters – according to scaling laws. Despite the fact that KS22a is a 
very robust and insensitive HE for penetrator applications, defects like debonding, grain 
cracks and local reactions caused by quasi-static or dynamic shock loads led to a dis-
tinct shift to higher sensitivities. This shift increases the risk of premature initiation in 
hard target defeat penetrators (layered targets) with high velocities.  
 
Finally, the lower shock sensitivity of I-RDX compared to MI-RDX could be shown. No 
influence of the time of preparation and of the grinding of coarse grains by TDW was 
observed.  
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Abstract 
 
A promising way to reduce the sensitivity and improve the performance parameters of 

conventional nitramine high explosives (HE) including RDX, HMX and CL-20 is by 

reducing the crystal size. Recent studies on micron and submicron HE crystals have 

revealed improvements including reduced shock and impact sensitivity, greater 

detonation velocity, and improved shock wave spreading[1-3]. These trends indicate that 

HE crystals at the nano scale may show further improvements[4].  

 
In this effort, production of nanocrystalline RDX by recrystallization using supercritical 

carbon dioxide as a solvent was investigated. Solutions of RDX in supercritical carbon 

dioxide were prepared at pressures between 140 and 300 bar and temperatures in the 

range 50-90 oC. The supercritical solution was expanded to atmospheric pressure through 

a nozzle with a 100 micron internal diameter. The precipitated RDX was collected and 

analyzed. SEM analysis revealed that crystals having a mean size in the range of 100-300 

nm with a narrow size distribution were produced. The crystallinity was confirmed by 

powder X-ray diffraction. The melting point was comparable with that of conventional 

size RDX. The dependence of crystal size on the pre-expansion temperature and pressure 

was quantified. Impact sensitivity tests were conducted. 

 

 



1. Background 
 
 
Bulk production of organic crystals at the nano-scale (< 100 nm) is unattainable by most 

conventional methods including milling and antisolvent precipitation from liquids. 

Milling is limited by the high shear forces required as the size is reduced. Spray drying 

techniques are inefficient at producing nano crystals as the ratio of solvent to solute is 

very large. In addition, issues with crystal morphology often arise for crystals produced 

by droplet evaporation[5].  

 
The applicability of supercritical carbon dioxide was explored in this work for the 

production of nanocrystalline RDX. Rapid expansion of supercritical solutions (RESS) is 

a process known to produce organic crystals with submicron and nano sizes[6,7].  

 
The solubility in supercritical solvents is highly dependent on pressure as well 

temperature of the fluid. The temperature and pressure dependence of RDX solubility in 

supercritical carbon dioxide has been reported by Morris[8] and is shown in Figure 1.  
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Figure1.  Solubility of RDX in supercritical carbon dioxide[8].  
 

Extremely high supersaturation (>106) can be achieved by rapid expansion of a 

supercritical solution to atmospheric pressure. Rapid expansion is accompanied by a 



drastic temperature drop and leads to homogeneous nucleation, with very small critical 

nuclei. The resulting products are typically fine with a narrow size distribution.   

 
 
2. Experimental  
 
 
The RESS set-up is illustrated in Figure 2. CO2 is continuously pumped with a high 

pressure dual piston pump (P-200, Thar) from a liquid CO2 cylinder equipped with an 

eductor tube. The pre-heated solvent enters a 1 L high pressure extraction vessel. The 

pressure is controlled by the mass flow rate of the carbon dioxide. The vessel is packed 

with 3 mm glass beads coated with RDX. The saturated solution exits the saturator and is 

expanded across a 100 µm nozzle into a collection chamber. The product is collected at 

the bottom of the collector.    

 
 

 
Figure 2. The RESS set-up.  
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3. Results  
 
 
3.1 Particle Size Characterization 

Experiments were performed to determine the particle size dependence on the pre-

expansion pressure at temperatures 50 and 70 oC. The pre-expansion pressure was varied 

in the range 100 – 300 bar. Samples were collected and analyzed by SEM (FE-SEM LEO 

1530VP). The SEM images were analyzed with Image-Pro Plus software to determine the 

particle size distribution. A sample SEM image of recrystallized RDX from an 

experiment at 70 oC and 295 bar is shown in Figure 3.   

 
 

 
 
 
Figure 3. SEM image of recrystallized RDX with the particle size of 110 ± 30 nm. Pre-
expansion conditions: 70 oC, 295 bar. 
 
 

The experiments revealed that at a given temperature the particle size decreases with 

pressure. In addition, the particles produced at 70 oC were smaller than those produced at 

50 oC. The data from these experiments is plotted in Figure 4.  
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Figure 4. Effect of the pre-expansion temperature and pressure on the particle size 
 
 
Multi-gram quantities have been produced with the RESS process for characterization. 

The process was continuously operated at the pre-expansion temperature 75 oC and 

pressure 280 bar. Figure 5 shows an SEM image of a sample taken from the collected 

powder. The mean particle size is 125 ± 40 nm.  

 
 

 
 
Figure 5. SEM image of recrystallized RDX with the mean particle size of 125 ± 40 nm. 
Pre-expansion conditions: 75 oC, 280 bar.  



Due to the small particle size and large specific surface area, the inter-particle forces are 

large. As a result the crystals are heavily agglomerated. As can be seen in Figure 6, the 

bulk density of the collected powder is significantly lower as compared to Holston class 5 

RDX.  

 
 

1 g Holston Class-5 RDX 1 g Nanocrystalline RDX1 g Holston Class-5 RDX 1 g Nanocrystalline RDX

 
 
Figure 6. Comparison of bulk volume of 1 g of Nanocrystalline RDX with 1 g of class -5 

Holston RDX.  

 
 
3.2 Physical Properties 

Powder X-ray diffraction analysis was performed to determine whether the precipitated 

RDX is crystalline. A Scintag 2000 diffractometer was used. The spectrum revealed 

narrow peaks, indicating that the material is crystalline. The melting point was 

determined with a Perkin Elmer Pyris 1 Differential Scanning Calorimeter. The melting 

point of the nanocrystalline RDX was 204.5 oC. As a reference the melting point of pure 

class 5 RDX was 204.3 oC.    

 



3.3 Impact Sensitivity 

Drop weight impact sensitivity tests were performed on the nanocrystalline RDX. Impact 

sensitivity tests were performed with the ERL, Type 12 impact tester, utilizing a 2.5 kg 

drop weight[9]. The drop height corresponding to the 50 % probability of initiation (H50) 

is used to determine the impact sensitivity. Tests were performed on the nanocrystalline 

RDX in loose powder form as well as on pellets made from 27-30 mg of the pure 

material (no binder). The pellets were used in order to achieve comparable powder 

density with conventional RDX. The nanocrystalline RDX in loose form showed the 

lowest sensitivity. Ten drops were made from 100 cm height. Only 1 initiation was 

recorded. Thus the H50 is above 100 cm. Test on the pellets made from nanocrystalline 

RDX resulted in an H50 of 42 cm. As a reference, a test was also performed on 

conventional Holston class 5 RDX. The H50 for this sample was 23 cm.  

 
 
4. Summary 
 
RDX was recrystallized by the RESS process using supercritical carbon dioxide as a 

solvent. The effects of the pre-expansion temperature and pressure on the particle size 

were investigated. Powders with crystal mean size in the range of 100-300 nm were 

produced, having a narrow size distribution. The recrystallized material was tested for 

crystallinity, melting point, and impact sensitivity.  
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ABSTRACT 
 

The effects of the composition of metallized fuel-rich propellants on the mechanical 

properties and also on the burning rate have been investigated via preparation and 

testing of a number of samples (five samples for investigating the effects of oxidizer 

loading, five for the effects of magnesium loading and two for investigating the effects 

of MAT4 percentage). The Mechanical properties were obtained using a universal 

mechanical testing machine and the burning rate was measured using the common 

Crawford bomb at three selected pressures and three initial temperatures. The maximum 

stress, Young’s modulus, strain at maximum stress, burning rate and also the pressure 

exponent were all found sensitive towards the total solid loading. Magnesium content 

and also bonding agent By increasing the oxidizer loading, the stress, Young’s modulus, 

burning rate and also the pressure exponent were found monotonically increasing 

whereas the strain at maximum stress decreased. By increasing the magnesium loading, 

the stress passed by a maximum peak while the strain was found monotonically 

decreasing. The burning rate, pressure exponent and Young’s modulus were found 

monotonically increasing. The mechanical properties affected by changing the ratio of 

MAT4.  

 
 
 



INTRODUCTION 
 

Fuel-rich metallized propellants are well known in ramjet solid motors and gas 

generators applications by means of ability to ignite at low temperature and can burn 

well at low pressures [1].  

Presence of metallic fuels greatly affects the burning behavior of the composite 

propellant. The effect of these fuels on the burning rate depends on the rate-controlling 

step, but generally they can increase this rate. The mechanism through which metallic 

fuels influence the burning rate may be related to the changes in thermophysical 

properties, conductive heat feed back and radiative heat feed back as well as the 

condensed phase heat of reaction. [2].   

In ramjet applications magnesium increases the specific impulse and is known to be 

ignited at low temperature and to burn well even at low pressure and low air/propellant 

ratio. Therefore it might be interesting as an additive to the propellant for different 

missions [3]. 

In this work the effects of the changing oxidizer loading, magnesium loading and 

bonding agent MAT4 percentage on the mechanical properties and also on the burning 

rate have been investigated. The Mechanical properties were obtained using a universal 

mechanical testing machine and the burning rate was measured using the common 

Crawford bomb at three selected pressures and three initial temperatures. 

 
EXPERIMENTAL 
Materials 
All the chemicals used in the work, hydroxyl terminated polybutadiene (HTPB),  

isophoron diisocyanate (IPDI), dioctylazelate (DOZ), tris [1-2 (methyl) aziridinyl] 

phosphine oxide (MAPO), ammonium perchlorate (AP), Lecithin, magnesium powder 

were of high purity. 

Procedure 
All samples were prepared (listed in Table (1)) using a heavy duty-mixing unit. The 

propellant samples were prepared through premixing of the binder ingredients, addition 

of oxidizer, addition of the curing agent, final mixing, casting, curing at 65 0 C and 

finally preparing of the sample for testing. 
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Mechanical properties were obtained using a (Zwich universal mechanical testing 

machine model 1487) crosshead speed was 50, 10 kg Maximum load and 15 mm/min 

Paper speed. A Crawford Strand Burner was employed for measuring the burning rate at 

a selected pressure. Before testing, the test strips were isolated carefully with a flexible 

heat retardant coat. This coat must then be cured in an oven for at least 2 hours. The 

selected pressures were 10,50 and 100 bar, and the initial temperatures are +20, +40 and 

–20 oC. Three lead wires were used, the second is 7cm far from the first and the third is 

14cm from the first.  

 
RESULTS AND DISCUSSION 
 
1-Effect of changing oxidizer loading on the mechanical properties. 
 

Five different formulations (F1: F5) were prepared to study the effect of changing the 

oxidizer loading. The oxidizer content increased from 70-80% while the binder system 

content ratios hadn’t any change. The results for mechanical testing are expressed in 

Table (2). and Fig. (1). 

 
Table (2). Mechanical test results for different oxidizer loading formulations. 

Formulation Max stress σm (MPa) Strain at max stress εm 
(%) 

Young’s modules Eo    
(MPa) 

F1 0.264 38.68 1.263 
F2 0.266 32.53 1.425 
F3 0.279 28.14 1.940 
F4 0.324 25.76 2.852 
F5 0.422 24.61 4.646 

 
The values of maximum stress and the young’s modulus increased by increasing the 

oxidizer percentage. Especially between 75 and 80% oxidizer. The strain at maximum 

stress decreased as the oxidizer loading increased, especially between 70 and 75% 

oxidizer. These results are quite logic from the point of view of composite behavior. 

 
 
 
 
 
 



2-Effect of changing magnesium content on the mechanical properties. 
 

Five different formulations (F6: F10) were prepared to study the effect of changing the 

magnesium content. The magnesium content increased from 7.5-37.5%%. The results 

for mechanical testing are expressed in Table (3). and Fig. (2). 

 
Table (3). Mechanical test results for different magnesium content formulations. 

Formulation Max stress σm (MPa) Strain at max stress εm 
(%) 

Young’s modules Eo    
(MPa) 

F6 0.333 24.91 3.046 
F7 0.545 23.72 5.408 
F8 0.627 22.51 6.323 
F9 0.581 17.76 7.0687 
F10 0.392 14.61 6.749 

 
 
From these results its clear that the max stress passes by a maximum as the magnesium 

content increases. This means that their exist an upper limit for the metallic fuel 

addition. Beyond this limit the value of the maximum stress decreases as the fuel 

content increases. These results can be referred to the particle size distribution of the 

fuel-oxidizer mixture. The strain at maximum stress decreases by increasing the 

magnesium loading. While the young’s modulus contrarily increases by increasing it 

and this is a traditional behavior of such composites.  

Its clearly understood that increasing of solid loading increases the stress since it will be 

bonded inside the matrix by the bonding agent and the particle size distribution is 

suitable to fill the spaces inside the matrix until optimum situation. Beyond this optimal 

condition increasing of solid loading is not useful for the mechanical properties. 

Addition of an extra amount of magnesium powder will be over load in the matrix, and 

it will decrease the bonding inside the matrix because the presence of unbonded 

powders inside it. Another reason for the presence of this phenomenon is the non-

suitable particle size distribution because fine powder ratio will be very high since Mg 

is considered as fine powder.  

 



On the other hand, the strain decreases from the beginning by a slow rate and this is 

normal, and after the critical ratio (30% Mg) the strain begins to decrease very fast, may 

be due to the above-mentioned reasons. 

 
3-Effect of changing bonding agent concentration on the mechanical 

properties. 

 
two different formulations (F11: F12) were prepared similar to formulation (F8)  to 

study the effect of changing the bonding agent MAT4 concentration. The MAT4 

concentrations were 0.3and 0.4. The results for mechanical testing are expressed in 

Table (4). and Fig. (3). 

 
Table (4). Mechanical test results for different MAT4 concentration formulations. 

Formulation Max stress σm (MPa) Strain at max stress εm 
(%) 

Young’s modules Eo    
(MPa) 

F11 0.632 19.99 5.888 
F12 0.574 18.87 5.023 

 
From the results we can conclude that increasing the concentration of MAT4 for this 

formulation decreases the strain, while the stress and young’s modulus have a very 

small effect. 

 

4-Effect of changing oxidizer loading on burning rate and pressure 

exponent. 

It was clear from the results that increasing oxidizer loading would lead to increase in 

burning rate and also increase of the pressure exponent. Fig. (4) and (5) show the effect 

on increasing the oxidizer loading on the burning rate and pressure exponent.  

 

5-Effect of changing magnesium content on burning rate and pressure 

exponent. 

From the results obtained from the Crawford tests shown in Fig. (6) and (7). It was clear 

that the burning rate increased by increasing the magnesium content. The mechanism 

through which magnesium influence the burning rate could be related to the changes in 

thermo physical properties, conductive heat feed back and radiative heat feed back as 



well as the condensed phase heat of reaction. Where as the pressure exponent is 

dependant only on the magnesium content. It increased with a slow rate by increasing 

the magnesium load. 

 

CONCLUSION 
 

We can conclude from this study that: 

-Increasing the content of oxidizer leads to increase in burning rate, pressure exponent, 

stress and young’s modulus, while it decreases the strain. 

-Addition of magnesium powder as a metallic fuel and increasing its concentration for 

these formulations increases the burning rate and pressure exponent. The stress passes 

by a maximum at the ratio of 22.5%, while strain decreases. 

-The formulation F (8) supposes to give the best mechanical properties. 

-These formulations that contains a large amount of magnesium fuel expressed good 

ignitability and burning stability during testing.   
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Fig. (1) Maximum stress and Strain at maximum stress versus oxidizer loading. 

 

 

 
Fig. (2) Maximum stress and strain at maximum stress versus Mg loading. 

 



 
Fig. (3) Maximum stress and strain at maximum stress versus the MAT4 concentration. 

 

 

 
Fig. (4) Log burning rate versus log pressure at +20 oC for different oxidizer loadings. 
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Fig. (5) Pressure exponent versus oxidizer loading. 

 

 

 
Fig. (6) Log burning rate versus log pressure at +20 oC for different Mg loading. 
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Fig. (7) Pressure exponent versus Mg loading. 
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Energy compositions in the form of solid rocket fuels (homogeneous and 
heterogeneous) are widely used in different fields of technique [1, 2]. Considerable 
opportunities  of formula, energy and ballistic parameters variation, successful 
solution of technological problems of different in mass items production lead to 
application of the mentioned fuels not only  in rocket technique, but also in many 
civil fields:  petroleum production;  fire fighting equipment; individual and team 
rescue facilities; technologies of the influence on meteors (hail control); living 
systems; agricultural sector - additional fertilizing of plants and medicine - 
emergency oxygen generation for people from individual portable source and so on 
[2].  
The use of solid fuels for jet engines of rockets and missiles was determining on 
the initial stage. It was this class of technique, that made the highest and the most 
complex demands of the fuels, solution of this problem being based on 
fundamental-applied research. Among these demands are: 
- high energy characteristics, defined by the value of specific propulsive burn. The 
increase of propulsive burn provides the rise of the rocket range ability or of the 
size of delivered to the aim useful load; 
- high density of the fuel; 
- negligible temperature and pressure dependence of fuel charge burning rate or its 
absence; 
- high level of physical mechanical characteristics of the fuel, enabling to 
implement required fuel filling coefficient of the rocket  in practice and, thus, to 
increase its thrust-to-weight ratio. 
- temporal stability of output parametres of the engine at proper use due to 
regulating or excluding of phase transformations and chemical processes in the 
fuel. 
Mentioned main requirements, as a rule, mutually contradict. Therefore, the 
designing process of the fuel and the charge is an iterative procedure, connected 
with ascertaining approximations for fulfillment of complex requirements, being 
determining for considered class of engines or gas generators [3, 4].  
There was a prevalent division in classes while studying of the solid fuels: ballistite 
(homogeneous - based on cellulose nitrate plasticized by nitroglycerine) and mixed 
(heterogeneous - based on polymer combustive-bonding and perchlorate oxidizing 
agent with powdered metals). However, at present there are no distinctions of kind 
between these two classes as a result of improvement of fuel compositions. For 
example, high energy ballistite fuels (modified double-base) contain conventional 



mixed fuel components: inorganic solid oxidizing agents, metallic combustibles, 
high-power explosives and others. Thus, these fuels, as mixed ones, are typical 
heterogeneous systems and represent mixed fuels, based on active combustive-
bonding (cellulose nitrates with nitroester). Besides, conventional components of 
ballistite compositions are used in modern mixed fuels: cellulose nitrates, 
nitroesters, nitroamines etc.. 
Fuel designing begins with a set of thermodynamic estimations of specific impulse, 
composition density and other characteristics.  Therefore models, methods and 
programs for computer designing, research, optimization and working-off planning  
of fuel compositions for different purposes have been perfected [1, 3, 4] .  
Mathematical model of the first step of composition designing represents a 
nonlinear programming problem [4], solutions of the latter giving convenient in 
application  and pictorial Gibbs diagrams "content-properties" (Fig.1). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
It is very important to get a necessary level of limit mechanical characteristics of 
the material for providing strength of solid fuel charge constructions. A predicting 
model for such characteristics of heterogeneous fuels, as filled by solid particles 
elastomers, has been suggested: 
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The model predicts the trend of extension curve in coordinates "stress (σ) - 
strain(ε)".Here the initial modulus of viscous elasticity is expressed as follows: 

Fig.1 Gibbs diagram of basic polymer composition: contours of calculated specific 
impulse (____- I1 at pk /pa = 40/1 kgf s/kg, density (------ - ρ, g/sm3 ) and temperature of 
combustion products (____- I1 at Tk , K). 
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Where σ(ε) - conditional (relative to initial cross section of the sample) stress 

in composition at its elongation degree ε; 
νcx - concentration of chemical cross links in the polymer base of the 
binding agent; 
ϕp - polymer volume fraction in the binding agent, containing 
plasticizer; 
R -  absolute gas constant; 
T ∞- equilibrium temperature; 
T - test temperature; 
Tc

g - temperature of binding agent structural vitrification; 
Kε - high speed shift coefficient; 

   ϕ - volume fraction of solid component; 
   ϕmax - maximal volume fraction of solid component; 
   n - number of solid component fractions; 

ti - parameter of normal distribution function of the particles, detached 
from i th fraction of solid component; 

   ϕI - volume fraction of the i-th fraction of solid component.  
Calculated values of conditional stress and viscous elasticity modulus (σp, Ep) for 
different elongation ε degrees as applied to heterogeneous compositions, based on 
plasticized by dibutylphthalate polydienepoxyurethane binding agent, filled by the 
mix of ammonium perchlorate and aluminium of  different breakup particles, are 
presented in Table 1.1. Three-dimensional cross-linking took place owing to 
interaction of aniline and polybutadiene rubber with end COOH-groups. Mixing of 
the compositions was carried out in "Verner-Pfleiderer" type mixer; curing was 
carried out at the temperature of 70° C. Mechanical characteristics of the material 
are calculated for the temperature 20° C and sample loading speed ε =1,4×10-3s-1. 
Calculated and experimental data are given in Table 1. 

 
 
 
 
 
 
 
 
 
 
 



Table 1. 
 

Comparison of calculated and experimental values  
of the polymer mechanical characteristics. 

 
Conditional stress,  

MPa 
Viscous elasticity model 

MPa 
Degree of elongation ε 

σр σэ Ер Еэ 

1,02 0,09 0,08 4,50 4,25 
1,08 0,33 0,35 4,12 4,37 
1,16 0,56 0,59 3,50 3,69 
1,24 0,68 0,69 2,83 2,87 
1,28 0,72 0,74 2,57 2,64 
1,32 0,68 0,66 2,12 2,06 
1,37 0,63 0,62 1,70 1,68 
1,40 0,55 0,54 1,37 1,35 

e - experiment 
c - calculation. 
 

Coincidence of the results can be considered to be quite satisfactory for practice; so 
developed model corresponds to real processes. 
Progress in the field of solid fuel propulsion engineering in the XXth century 
allowed to solve a number of vital for the world civilization issues, the most 
important ones being connected with open space development [5]. New results 
interesting from the point of view of civil application of scientific and technical 
potential have been obtained as a result of researches, carried out within the 
bounds of conversion of military-industrial establishment. A list of tasks, solvable 
owing to solid fuels (including  obsolescent, out of production ones) application, is 
shown on fig.2. It is first of all the use of obsolescent intercontinental ballistic 
rockets for the launching of satellites of different purposes. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 
 
 
 
 
 
 

 
 
 

 
 
 
 
 
 
 
 
 
 

 
 
 

 
 
 
 
 
 
 
 

 
 
 
 
 

 
 
 
 
 
 
 
 
 

 
 
 

 
 
 
 
 
 
 
 
 
 

 
 
 
 
 

Commercial space 
launchings on the base of  

obsolescent rockets 

 

New generation systems for 
combating of accidents and 

natural disasters control 

 

Charges of the earth's crust 
probing devices, petroleum 

production increase 
technologies 

 

Aerosol technologies in the 
agricultural sector; seed 

treatment. extraroot 
additional fertilizing 

 

Explosion technologies: 
flood control; creation of 

extra-hard materials; 
dismounting of constructions 

and installations 

Fig.2 Main directions of application of the solid fuel charges 



Besides, new generation systems for combating of accidents and natural disasters 
control have been developed. Effectiveness of such systems is a result of a number 
of solid fuel engines and gas generators advantages in comparison with the other 
sources of heat, potential and kinetic energy. Charges of  the earth's crust probing 
devices for magnetohydrodynamic generator, as well as solid fuel accumulators for 
spacing and thermogaschemical treatment of oil-and-gas bearing reservoir aimed at 
the increase of fluid loss properties at the borehole area are developed. Aerosol 
technologies turned to be very effective in various application fields: fire 
extinguishing; hail growth control; extraroot additional fertilizing, seed treatment, 
pest control in the agricultural sector. Self-contained compact-size solid fuel 
oxygen generators are used in medicine for emergency aid to patients etc. Finally, 
according to Fig.1, application of obsolescent fuels and powders in widely used 
explosive technologies is quite appropriate. 
 Solid fuel both for military and civil items is designed in a way, providing its 
combustion efficiency, for maximum energy characteristics to be achieved [6]. 
This basic condition is not required in the case of aerosol technologies, where solid 
phase of definite content is necessary for solution of the task and plays an 
important role in the process. Besides, as a rule there were no ecological 
requirements to combustion products of the military engines. Such requirements 
are determining in the case of civil engines. Therefore designing methodology of 
aerosol generating solid fuels has been revised according to missing data analysis.  
 For instance, an important characteristics of generator, used for aerosol fire 
extinguishing, is toxicity of combustion products [7, 8]. It is determined first of all 
by chemical content of the fuel and, hence, combustion products, particles 
dispersion and exposure time. Aerosols can have a toxic effect on human organism 
at the ingress on the skin or inhaling. Penetration in the organism through 
respiratory tract is the most hazardous to health. The main characteristics of 
toxicity of aerosol combustion products are: duration of the safe stay  of the human 
without security facilities in fire extinguishing medium tadd, no irreversible changes 
in the organism appearing at that period, and toxicity index HCl 50  - relation of 
composition quantity to closed space volume unit (g/m3), where aerosol 
combustion products cause the death of 50% laboratory animals. Hazard class of 
the aerosols is determined according to HCl50  value at different exposure time 
(Table 2). 

Table 2. 
Classification of compounds according to the value of combustion  

products toxicity index in the air 
 

HCl 50 , g/m3, at exposition time, min Hazard class 5 15 30 60 
Extremely Hazardous to 25 to 17 to 13 to 10 

High Hazardous 25…70 17…50 13…40 10…30 
Moderately Hazardous 70…210 50…150 40…120 30…90 

Low-hazard over 210 over 150 over 120 over 90 
 



Comparative data about toxicity of fire extinguishing aerosols of typical Russian 
compositions, empirically obtained at operation of the charges with definite mass 
in model and serial generators of fire extinguishing aerosol (without gas dynamic 
tip)  are given in Table 3. 

Table 3. 
Toxicity of fire extinguishing aerosols (charge combustion on the air with 

afterburning of incomplete burning products) 
 

Aerosol 
Composition 

name 
сm, 

g/m3 

HCl 50, gm/cm3 
(exposition 
time, min) 

Hazard class of 
the compound 

Tadd, 
(at cm), 

min 

Main 
toxic components 

СТК-5-1 55…65 240 (60) Low-hazard ≥ 15,0 CO, NxOy 
СТК-268 
(МГИФ) 35…45 195…205 (60) Low-hazard ≥ 15,0 CO, NxOy, HCN 

СТК-2МД 35…45 80 (5) Moderately 
Hazardous < 1,0 CO, NxOy, KCH, 

HCN 
СТК-24МФ 150 165 (5) Low-hazard < 3,0 CO, NxOy, HCN 

СБК-2(3)М 35…45 220 (60) Low-hazard < 15,0 CO, NxOy, HCN, 
Cl- 

ПАС 40…50 165 (60) Low-hazard < 15,0 CO, NxOy, HCN, 
Cl- 

ПТ-50 35…45 103 (60) Low-hazard < 15,0 CO, NxOy 
ПТ-4 35…45 130 (60) Low-hazard < 15,0 CO, NxOy 

Е-1 40…50 - Low-hazard < 15,0 CO, NxOy, HCN, 
Cl- 

СЭПТ 100 160 (15) Low-hazard ≤ 15,0 CO, NxOy 
 
It should be noted, that use of generators with various tips, cooling combustion 
products, leads to increasing of harmful compounds  - CO,  NH3, Cl- , NxOy  - 
content in fire extinguishing aerosol in 1,5 - 5,0 times.  Toxicity of the mixtures 
also increases when using of coarse dispersion  (over 160 mkm) components. As a 
result of investigations fire extinguishing aerosols were  shown to have no  ozone 
destructive effect [7].  
A range of self-contained aerosol generators of "second" generation, containing 
"cold" aerosol products at the output, are  produced in lots at present [8]. 
Temperature range of the gases is 300 - 500°C. It is achieved owing to both aerosol 
composition formula and design actions - application of different  gas dynamic tips 
with chemical reagents, lowering the temperature of the outflowing aerosol.  Pulse 
fire extinguishing  systems have been developed; fire extinguishing powder in the 
latter is thrown on the seat of fire by means of aerosol generating solid fuel charge. 
Short operation time of such systems justified high efficiency of the letter for 
extinguishing of different fire classes, including open of high complexity. 
Cyclogram of open fire extinguishing by powder module OPAN-100 [2] is 
presented on Fig.3. Fire extinguishing powder is thrown out of the module for      
5-6 s by means of the charge, generating additional aerosol and thus increasing 
extinguishing efficiency, especially in enclosed space. 



  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Hail hitting rockets and helicopter ditching systems are solid fuel systems of new 
generation for  combating of accidents and natural disasters control (Fig.4). In the 
case of new hail hitting rockets, efficiency of aerosol technologies for fire 
extinguishing allowed to make the  assumption, that silver iodide introduction into 
the mid-flight engine fuel composition  will lead to some new positive effects. 
Tests of such a fuel (2% of silver iodide and 20% of copper iodate have been 
introduced into composition) in the engine proved  taken decision to be advisable. 
The yield of active crystallizing nuclei  amounted to: 
-at the temperature 10°C below zero - 2,5 1013 1/g;  
-at the temperature 6°C below zero - 1,4 1013 1/g. 
As a result a new hail hitting rocket of 69 mm calibre "ALAN" has been developed 
and successfully tested. A launcher for multiple launching of 36 rockets and the 
rocket itself is shown on Fig.4. 
 
 
 
 
 
 
 
 
 
 
 

Fig.3. Pulse extinguishing  technology of the open fire (OPAN-100) 



 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Development of solid fuel systems for  combating of accidents as sources of 
required pressure started among the first and they are widely presented by various 
catapulting means until now: in aviation - pilot chair and landing on water devices;  
in cosmonautics - shoot of emergency module with cosmonauts; in the sea 
shipbuilding - shoot-out of rockets, torpedoes and rescue modules of the 
submarine's crew. For example, flotation system for MI helicopters in the case of 
helicopter ditching is shown on Fig.4. The system consists of six devices, inflating 
balloon during response, and provides flotation ability of broken-down helicopter 
within three hours. Besides, such systems occupy a considerable position in 
various repair and life-saving appliances and tools as a reliable pressure source. 
They are applied in superpower hydraulic jacks with load-bearing elements in the 
form of elastic jacket for separation and raising of crushed building fragments, in 
tank jacks - quantizers and so on [2]. Besides, various braking and unbraking 
systems, as well as systems of emergency flow of traffic with solid fuel gas 

Fig.4 Antihail complex "ALAN" and system 



generators as pressure sources  have been developed. Gas generators of displacing 
fire extinguishing installations occupy a special position among emergency 
systems - pressure sources. It is a large subclass, including both stationary fire 
extinguishing means, where large volume of water, foam or powder is pressed out 
and sprayed by means of gas generators (Fig.4), and mobile ones -  portable units 
for 10, 20, 50 kg of fire extinguishing compound [2].  
 Application of aerosols, generated by solid fuels, in "living systems", for 
example for  increase of effectiveness of different plants growing technologies on 
covered soil, for seed treatment, for pest control etc. seems to be very attractive. 
Supply of the plant by macro- and  microelements through stalk and leaf is based 
on fundamental research of carbon dioxide use for acceleration of the plant growth. 
Solid fuel compositions, evolving required products in the form of an aerosol -i.e. 
gaseous and solid phases - when burning in the air, have been synthesized  using 
mineral components - potassium nitrate and some carbonates. Application 
technology of such a fertilizer lies in  burning of unpackaged fuel block in  
hothouse or hotbed. Optimal for the plants growth amount of aerosol fertilizer - 1,5 
- 2,0 g/m2 - and its application frequency has been determined as a result of 
exploratory development of created complex "Parnik". At the period 1999-2004 
complex tests in large hothouses have been carried out in order to make sure of the 
new technology efficiency; the tests showed that: 
-   the increase of crop yield  (up to 20-25%) takes place; the increase of ovaries 
quantity is observed; 
-  the increase of disease resistance of the plants takes place; 
- earlier fruiting and the increase of vegetation period are observed; 
- new technology is  environmentally appropriate. 
 Thus, application of solid fuels and allied compositions in civil fields is quite 
profitable and effective. 
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Abstract 
The joint research project ERG114.009 Particle Processing and Characterization between 

Belgium, Germany, The Netherlands and Portugal has been started in March 2003 under the 

EUROPA ERG1 Arrangement with the objective to study the influence of crystallisation and 

processing techniques on particle quality and its implication for the formulation of plastic 

bonded explosives (PBX) with IM behaviour. The contribution describes the work package 

particle processing and provides a first raw characterization of obtained particles. 

  

Introduction 
Plastic bonded explosive (PBX) are discussed in the last years as a function of the quality of 

embedded energetic particles. Particularly, actual research is focussed on a sensitivity 

reduction of PBX by incorporating suited particle qualities. As a conclusive correlation 

hitherto is difficult to achieve an approach is made by Germany, Portugal, the Netherlands 



and Belgium starting a joint research project entitled ERG114.009 Particle Processing and 

Characterisation under the EUROPA ERG Arrangement No 1 concerning Co-operative 

Defence Research and Technology Projects. 

 

Objective and Military Relevance 
The objective of the research project is to study the influence of crystallisation and processing 

techniques on particle quality and its implication for the formulation of plastic bonded 

explosives (PBX) with IM behaviour. The results of the proposed investigations are expected 

to lead to refined process techniques and improved qualities of particles and formulations. 

Besides, formulation, accelerated ageing and testing of mini and micro PBX-samples will 

stimulate an improvement of service life. 

 

The most obvious advantage for military application is expected for the development of new 

Insensitive Munitions (IM) in accordance with STANAG 4439 and AOP-39, with the aim to 

reduce the probability of inadvertent initiation and severity of subsequent collateral damage to 

weapon platforms, logistic systems and personnel. Especially, benefits are expected for the 

development and testing of new ammunition, new high explosives and initiators, where 

appropriate crystal qualities (size, shape, defects) and processing techniques shall lead to low 

sensitivity products. 

 

Cost reductions are expected by the improvement and quality control of energetic particles 

and formulations during the development of processing techniques and plants. Costs will also 

be reduced with higher shelter capacities and smaller safety distances for insensitive energetic 

materials and systems and with an increased service life of high explosive warheads 

stimulated by accelerated ageing tests of existing formulations. Besides, the development of 

mini- and micro-scale characterisation techniques shall increase the research and development 

effectiveness. The protection of resources, personnel and population combined with cost 

reduction shall increase the survivability of troops and platforms. 

 

State of the Art and Modelling 
As a basis for the investigations an extensive literature review has been carried out, including 

energetic materials, processing and crystallisation techniques, formulation techniques, binders 



and additives, small scale mixer, micro scale tests for shock sensitivity and detonation 

performance, conditions for sample consignments and modelling of energetic materials and 

processing techniques. Results of the reviews are reported elsewhere (ERG-114-009 Report 

WP 1000: State of the art, modelling); they would exceed the frame of this contribution. 

Subsequently to the reviews the energetic materials HMX and RDX / RS-RDX were chosen 

and processing, formulation and characterization techniques have been established for the 

investigations. 

 

Energetic Materials 
HMX, RDX and reduced sensitivity RDX were procured from Dyno Nobel ASA, N-3476 

Sætre, Norway. The specifications of the materials are summarized in Tab. 1.  

HMX, delivered to ICT and TNO from the same lot, consisted of Grade B, Class 6 material. 

Typical particle size values for an HMX Grade B, Class 6 are: 90% point, 250 µm, 50% point, 

115 µm; 10% point, 35 µm. RDX, delivered to TNO, consisted of RDX, Type II “Standard”, 

Class 1 and reduced sensitivity RDX Class 1 (RS-RDX). Typical particle size values for an 

(RS-)RDX Class 1 are: 90% point, 325 µm; 50% point, 130 µm; 10% point, 50 µm. 

 

Tab. 1: Specification of procured energetic materials 

 HMX 
HPLC 

[%] 

RDX 
HPLC 

[%] 

Melting 
point 
[°C] 

Acetone 
insoluble 

[%] 

Inorganic 
insoluble

[%] 

Insoluble particles on 
USSS No. 

40            60 

Acidity 
 

[%] 
HMX, Grade B, Class 6 
Specification ≥ 98.0 ≤ 2.0 ≥ 277 ≤ 0.05 ≤ 0.03 0 ≤ 5 ≤ 0.02 

measured 100.0 0.0 280 0.00 < 0.03 0 0 0.02 
RDX, Type II “Standard”, Class 1 
Specification ≤ 12  ≥ 190 ≤ 0.05 ≤ 0.03  ≤ 5 ≤ 0.02 

measured 5.9  195.6 0.00 < 0.03  0 0.00 
RS-RDX, Class 1 
Specification ≤ 3  ≥ 200 ≤ 0.05 ≤ 0.03  ≤ 5 ≤ 0.02 

measured 0.3  203.2 0.00 < 0.03  0 0.00 
Granulation, passing USSS No., [%]   

Crystal modification IR 12 20 50 100 200 325 
HMX, Grade B, Class 6 
Specification α-HMX not traceable ≥ 99 -- ≥ 90 65 ± 15 30 ± 15 15 ± 10 

measured not traceable   100 73 21 6 
RDX, Type II “Standard”, Class 1 
Specification -- -- 98 ± 2 90 ± 10 60 ± 30 25 ± 20 -- 

measured   100 85 46 12  
RS-RDX, Class 1 
Specification -- -- 98 ± 2 90 ± 10 60 ± 30 25 ± 20 -- 

measured   100 88 41 8  



Crystallization and Processing of Energetic Particles 

Crystallization from Polypropylene Carbonate (ICT) 

HMX was recrystallized by cooling crystallization from propylene carbonate (PC). To obtain 

enough material for the characterisation and further processing to formulations, several 

batches were crystallized. Each batch consisted of 360 g HMX and 3000 g PC, which 

corresponds to a supersaturation of 1 at 75 °C. Fig. 1 shows the solubility of HMX in 

propylene carbonate and Fig. 2 monitors the temperature on cooling as function of time 

during the experiment. The nucleation was found to take place between 58 and 62 °C. After 

the crystallization the crystals were washed with acetone.  
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Fig. 1: Solubility of HMX in propylene carbonate PC 
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Fig. 2: run of temperature during crystallization 

Nucleation 



A first characterisation of the recrystallized sample is given in Fig. 3. It shows smooth 

surfaces with a lower content of defects and secondary crystals, compared to the original 

HMX. 

 

  
original material; light microscopy recrystallized from PC; light microscopy 

  
original material; SEM recrystallized from PC; SEM 

Fig. 3: Recrystallized and original HMX 

 

Crystallization from γ-butyrolactone and acetone/γ-butyrolactone mixtures (TNO) 

The crystallization of RS-RDX and HMX from γ-butyrolactone and acetone/γ-butyrolactone 

mixtures was performed in a 2 liter, jacketed crystallization vessel equipped with a draft tube 

and 4 baffles (made of glass) in order to improve the hydrodynamics in the solution during the 

crystallization process. A marine-type stirrer was used, made of steel. A computer programme 

is used to control a thermostatic bath with which the temperature of the solution in the 

crystallizer can be controlled. The temperature in the solution is measured using a 

thermocouple. 



HMX was recrystallized from an acetone/γ-butyrolactone mixture (1:1 molar based) on 

cooling. The acetone/γ-butyrolactone mixture was used, in order to prevent the crystallization 

of 1:1 complexes of HMX/γ-butyrolactone, reported in literature [1]. The crystallization 

process was started by using a seeding method rather than by homogeneous nucleation of 

crystals by slowly building up the supersaturation by cooling. After seeding, the linear cooling 

profile is started. When the final temperature of the crystallization process (~ 20-25 °C) has 

been reached, the crystallizer is emptied and the solids are separated from the solution by 

filtration over a glass filter and washed two times with demi-water. In total five 

recrystallization batches were performed, resulting in a total yield of ~ 1.35 kg (see Tab. 2). 

Fig. 4 and 5 show pictures of the HMX recrystallization process. 

 

(a) (b) 

Fig. 4: (a) Crystallization vessel, showing draft tube, baffles and stirrer. (b) Top of crystallizer, 

showing stirrer shaft (in the middle), thermocouple (left) and reflux unit (right). 

(a) 

 

 
(b)  

 

 
(c)  

Fig. 5: (a) Crystallizer set-up after dissolution of the HMX. (b) Close-up of crystallization vessel 

immediately after seeding. The bright spots point at the formation of small HMX crystals. (c) Close-up 

of crystallization vessel after reaching the final temperature of the cooling profile. 



In order to compare similar size ranges, the recrystallized as well as the original HMX were 

sieved (sieve fraction 75 – 180 µm, USSS No. 200 and No. 80, respectively), yielding ~525 g 

of HMX to be used for the characterization of particles and the PBX-formulation. 

 

Tab. 2: Information on the crystallization of HMX 

Solution  

HMX [g] 498 
Acetone [g] 331 

γ-Butyrolactone [g] 1,469 

Process conditions  
Cooling profile From 80 °C to ~20-25 °C in 240 min (linear) 

Stirrer rotation rate [rpm] 450 
Seeding [yes/no] Yes (see text) 

Yield after crystallization [g] 1,351 (~ 54%) 
Sieving 75 – 180 µm, USSS No. 200 and 80 
Yield after sieving [g]  

< 75 µm 59.0 

> 75 µm and < 180 µm 525.2 

> 180 µm 765.9 

 
Tab. 3: Information on the crystallization of the RDX batches. 

Solution  

RS-RDX [g] 585 

γ-Butyrolactone [g] 1,456 

Process conditions  
Cooling profile From 80 °C to ~20-25 °C in 240 min (linear) 

Stirrer rotation rate [rpm] 450 
Seeding [yes/no] Yes (see text) 

Yield after crystallization [g] 1,917 (~65.5%) 
Sieving 75 – 355 µm, USSS No. 200 and 45 
Yield after sieving [g] a  

< 75 µm ~ 6.5 

> 75 µm and < 355 µm 851.6 

> 355 µm 962.4 
                  a  Due to the fact that several sieving trials were applied, some of the material was lost. 
 

The RS-RDX grade was recrystallized for testing whether a new RDX grade with improved 

properties (particularly regarding its shock initiation properties when incorporated in a PBX) 

compared to the RS-RDX grade could be produced. Details on the crystallization batches are 

summarized in Tab. 3. The procedures applied were the same as with the HMX batches. In 



total five recrystallization batches were performed, resulting in a total yield of ~ 1.9 kg (see 

Tab. 3). 

In order to avoid differences in particle size distribution, which might affect the shock 

initiation properties on the level of PBXs, also the recrystallized RS-RDX and the original 

RDX and RS-RDX batches were sieved.  

 

Milling by rotor-stator-system (ICT) 

HMX was comminuted in a rotor-stator-system (fig. 6) in an aqueous system with 10 w% 

HMX four hours. Fig. 7 shows SEM pictures of the rotor-stator milled and the original HMX. 

The obtained particle size is about 10 µm with a comparatively wide size distribution. Due to 

mechanical attrition the comminuted particles have a spherical like shape. 

 

 
Fig. 6: Rotor-stator system 

 

Original HMX Comminuted HMX 

Fig. 7: Comparison of original and rotor-stator milled HMX 



Milling by annular gap mill (ICT) 

HMX was comminuted in a quasi-continuous annular gap mill shown in fig. 8. The aqueous 

suspension with 10 w% HMX is pumped through the system. The gap is filled with milling 

balls which consist of ZrO2, SiO2 and other oxides as Al2O3. The product passed the mill 20 

times; the frequency of the mill was 8000 rpm.  

Fig. 9 compares original and by annular gap milled HMX. The comminuted particles are 

spherical like and narrowly distributed with a mean particle size is about 1 µm. We found 

some contamination of the particles after milling, being abraded from the milling balls. The 

product contained 0.07 w% zirconium, 0.05 w% silicon and 0.02 w% aluminium.  

 

 
Fig. 8: Annular gap mill 

 

Original material Comminuted HMX 

Fig. 9: Comparison of original and annular gap mill comminuted material 



Storage in isopropanol (ICT) 

A sample of the rotor-stator milled HMX was stored for 7 days at 20 °C in isopropanol in 

order to improve the crystal quality of the rotor-stator-milled HMX. It was expected that 

storage in a nearly anti-solvent would have some healing effect on the crystals by diffusive 

material transport. Fig. 10 shows SEM pictures of the rotor-stator milled and the afterwards in 

isopropanol stored material. A significantly higher amount of small particles in the micro or 

sub micro range were found in the stored samples agglomerating with the larger particles.   

 

          
Rotor-stator milled HMX after storage in isopropanol 

Fig. 10: Comparison of rotor-stator milled and afterwards in isopropanol stored HMX 

 

 

Preparation of highly homogeneous samples (LEDAP) 

For the investigation of particles and bi-modal PBX formulations with a mass ratio up to 

90/10 “filler/binder” particularly by micro scale detonation tests, highly homogenous samples 

are required. Therefore a technological preparation procedure has been developed. 

The procedure implies formation of a “slurry” by adding of a liquid, vaporizing agent that is 

non-solvent for HMX but solvent for binders. Applications, for instance, of ethyl acetate 

alcohol revealed positive results in “slurry” preparation from dry fine or ultra-fine HMX 

particles. Ethyl acetate is a perfect vaporizing (intermediate) agent, and at the same time 

represents a solvent for binders (HTPB, epoxy resin and GAP). Mixing of HMX particles 

with the ethyl acetate, in mass ratio 1/1, allows obtaining of highly homogeneous “slurry” and 

avoiding the hazardous effects of static electrifying. 



Fig. 11: HMX/Epoxy (85/15), incl. original 
HMX 

Fig. 12: HMX/Epoxy (85/15), incl. recryst. HMX 
from acetone/γ-butyrolactone 

  

Fig. 13: HMX/Epoxy (85/15), incl. annular gap 
milled HMX 

Fig. 14: HMX/Epoxy (85/15), incl. recryst. HMX 
from propylene carbonate 

 

 
Fig. 15: HMX/Epoxy (85/15), incl. rotor-stator milled HMX 

stored in isopropanol 
 



The “slurry” technology was applied to the fine and ultra-fine HMX particles provided by the 

crystallization and comminution techniques described above. The HMX particles were 

bonded by Epoxy resin Araldit in mass ratio 85/15. Low-pressure pressing technique 

combined with a vacuum facility has allowed performing low-porous solid samples of 0.99 

TMD. SEM photos of samples are presented in Fig. 11 to 15. 

 

Conclusions and Outlook 

On the basis of an extensive literature review energetic materials and crystallization, 

formulation and characterization techniques have been chosen, that are in the scope of actual 

scientific research. Moreover, the energetic materials HMX, RDX and reduced sensitivity 

RDX are commercially available and used in industrial applications. 

Within the work package Particle Processing these energetic materials were procured and a 

variety of particle processing techniques was applied including cooling crystallization from 

different solvents, comminution techniques, particle treatment in an anti solvent and a 

“slurry” technique. Thus, a sample portfolio was produced including different qualities of fine 

and coarse lots of HMX and RDX suited for mixing of defined bimodal PBX formulations 

and homogeneously in resin distributed particles suited for micro scale investigations. 

The samples have been distributed for the subsequent work packages Particle 

Characterization, Formulation of PBX and Characterization of PBX. It is expected that 

correlating results of these work packages with the reported particle processing parameters 

endorses advanced particle production for PBX with IM behaviour.  
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Abstract 

Material properties of many polymers show an intense dependency on strain 
velocity. But often characterization by classic force recordings is insufficient 
because the dynamic effects were not taken into account. This article 
presents an improved method for evaluation of fast tensile tests based on 
image processing of high speed video recordings.  

By using cross correlation algorithms this method enables to determine the 
local shift vectors and the strain field on the sample surface. Based on these 
results further simulation will be done to receive an improved description of 
dynamic material behaviour. 

 

 

1. Introduction 

Material properties of most polymeric materials at high speed loadings are poorly known 
and difficult to obtain. Especially for weak elastic polymers the evaluation of fast tensile 
tests by classic stress-strain recordings is seriously complicated by viscosity and mass 
momentum effects. A promising way to achieve reliable results of the material 
behaviour is the acquisition of the complete strain field during the test by 
cinematography. Although there are no forces recorded these data contain important 
information concerning the dependence of material properties against strain and also 
strain rate. So high speed video recording was chosen to characterize material behaviour 
at given high dynamic loads. 

 



2. Experimental 

The experimental setup consists mainly of a hydraulic fast tensile tester. The apparatus 
employs a double piston principle so oscillations of the drag bar are minimized. The 
tensile apparatus works with a maximum hydraulic pressure of 21 MPa to provide a drag 
force of at most 10 kN. Depending on the strength of the tested material velocities of 
up to 50 m/s can be achieved. In consideration of the dynamic effects a force 
measurement has not been applied. 

A Phantom 5.0 high-speed-imaging-system has been taken to record the sample 
deformation. For these investigations a frame rate of 14000 frames per second was 
selected. Therefore the frame size was reduced to 1024 x 64 pixels with an effective 
sample shape size of about 435 x 62 pixels. (6.2 Pixel/mm)  

The sample material was a particulate composite with a filler fraction of 83% embedded 
in a Polybutadien binder matrix. Sugar in bimodal particle size distribution was taken as 
particulate filler. To increase surface contrast the sample was covered by thin sprays of 
black and white paint. For reasons of evaluation a square sample shape with constant 
cross section was chosen. A transversal move of the sample was restricted by an upper 
and lower Teflon slide bar. 

Figure 1 shows a photograph of the experimental setup. The drag piston housing is 
arranged on the right. The adjustable fixed mount of the sample is located on the left. 
The sample itself is placed in the centre. 

 
 

Figure 1:  Experimental setup of fast tensile tester 



 

3. Evaluation 

The evaluation has been done by image processing based on a cross-correlation-
method known from PIV (Particle Image Velocimetry). Instead of particles in a light 
sheet we look at irregular surface structures. In many cases the contrast of natural 
sample structures can be increased by spraying them with a dotted structure. 

The evaluation gives the local shift of the sample surface. Therefore at first single 
frames have to be extracted from the high-speed-sequence and divided in multiple 
interrogation spots. Then all interrogation spots were correlated with those of the next 
frame to receive the corresponding cross correlation functions of each position. By 
locating the peak of each cross correlation function each local displacement vector can 
be determined. After validation and interpolation of the shift vectors the total 
displacement field of a single time step can be assembled. A new algorithm enables to 
track the displacement of fixed sample positions by evaluation of the local displacement 
fields. 

Further on the local derivation of the displacement field leads to the longitudinal and 
transversal strain fields. The devolution in time of the strain field contains the multiple 
characteristics of mechanical properties under fast dynamic load. 

 

 

4. Results 

Figure 2 shows single frames of a high speed image sequence that plays back a fast 
tensile test on a particulate composite material at a drag velocity of 25 m/s. The 
calculated displacement vectors are superimposed on each sample shape. The inserted 
grey blocks on each side demonstrate the locations of the sample mounts. 

Two additional lines with vertical vectors are shown in each frame. The one above the 
sample describes the medial local longitudinal strain. The line below the sample gives 
the medial local transversal contraction. The sequence starts when breakage begins 
typically nearby the moving mount. There after the left part of the broken sample 
shortens again. In doing so the succeeding contraction moves like a wave from the 
breakage zone to the fixed mount at the left side.  

The move of the contraction wave can also be traced by the strain indicating vectors on 
the additional lines. 



 
Frame 1: t = 3,51 ms   breakage starts 

 
Frame 2: t = 3,59 ms   almost completely broken 

 
Frame 3: t = 3,66 ms   right end of the fixed part starts contraction 

 
Frame 4: t = 3,74 ms   contraction goes on 

Figure 2:  Sequence of high speed images of a fast tensile test 



Further on a displacement course of a permanent surface position can be calculated 
from the shift vector field. Figure 3. shows a plot of 5 courses at different positions 
versus time. The sample breakage occurs at 3.5 ms. After breakage the displayed curves 
clarify the on going oscillation of the remaining part of the sample.  

 

 
Figure 3:  Plot of local longitudinal shift of sample surface versus time  
      (breakage at 3.5 ms) 

The degree of local dispersion of the displacement curves at the end of test is significant 
for measurement quality. The dispersion of figure 3 at 9 ms is about 0.1 mm. In contrast 
to former measurements with dispersions of about 0.5 mm the accuracy has been 
increased by advancements in spatial resolution and evaluation algorithms. 

 

 

5. Summary 

The presented measurement technique is a useful tool for the characterization of 
material properties at high strain rates. Recording the local deformations of the whole 
sample shape can give results of a wide range of strain velocity in a single experiment. 
Current increase of spatial resolution in combination with improved evaluation 
algorithms led to a significant better accuracy. 

A further step will be the additional use of simulation to predict the mechanical 
behaviour of polymers as a function of load velocity. 
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Abstract 
 
The increasing implementation of hydrogen as an energy carrier in technical applications delivers 

due to the special physical and chemical properties several specific demands concerning safety, 

availability and environment. As an example the release of gaseous hydrogen requires the 

determination of the local and temporal expansion of the predominating flow to identify the 

critical regions but also the pressure behaviour in case of ignition. This paper deals with   

experimental evaluations regarding the visualization of different H2 free jet flows, H2 mixing 

processes in piping as well as the visualization of pressure pulses caused by hydrogen explosions 

by means of the non-intrusive optical BOS technique. On the basis of the high difference in 

density of hydrogen and air this method allows to describe hydrogen flows resp. pressure pulses 

with a high time resolution. 

 

1. Introduction 

 

In the area of experimental safety technology research and development concerning hydrogen 

as an energy carrier several activities of Fraunhofer ICT are addressing the development and use 

of measurement systems. Basic studies are performed on the physical and chemical properties of 

hydrogen under different conditions and extensive risk assessment studies on vehicles but also 

on facilities and systems where hydrogen is used. 

 

Under certain conditions hydrogen reacts very severe because of its physical and chemical 

properties and therefore different types of safety problems occur in technical use. Either 

constructive as well as unintentional release of hydrogen in accidental or malfunction cases of 

technical facilities, vehicles and system components raise questions concerning spatial and 

temporal expansion, explosion capability and mixing behaviour of hydrogen with ambient air. 



Traditional gas measurement techniques to measure and characterize hydrogen distributions 

and mixing processes work on the base of sampling sensors but there are specific disadvantages 

like the limitation of the number of single sensors, disturbance of the flow field and small time 

resolution. 

 

Goal of the presented experimental work is the application of the non intrusive optical BOS 

measurement principle ( UB Uackground UOUriented USUchlieren Technique) for the visualisation of 

hydrogen free jet flows and mixing processes of hydrogen injection flows inside a piping. Further 

applications of the system allow the visualisation of pressure pulses of a well defined hydrogen 

air explosion. 

 

2. Theory 

 

The BOS method is based on the measurement principle that light beams are deviated while 

passing through transparent objects with density gradients. The BOS System only needs one 

digital camera focussed on a background pattern of statistical distributed dots and records this 

pattern through the area of interest. Density gradients within the observed area between 

camera and background pattern produce virtual local displacements of the background pattern 

recorded by the camera. The magnitudes of these local displacements (∆y) are proportional to 

the integral density gradient along the specific line of sight (Fig. 1). In order to evaluate the 

displacements for the whole visual field of the camera and for each single picture, computerized 

PIV algorithms ( UPUarticle UI Umage UV Uelocimetry) are used [1,2]. 
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Fig.1: Ray tracing for density gradient measurement by the BOS Method 

 
For an optimized set-up the background pattern is adapted to the specific viewing area and the 

optical resolution of the camera. To perform a BOS measurement initially a reference picture is 



recorded with absence of flow and PIV-processed with all pictures recorded later with flow. 

Caused by the 14.4 times lower density of gaseous hydrogen related to air, high density 

gradients occur at the border- and mixing zones between the two media. For this reason, the 

BOS Method is very well suited to visualize these otherwise invisible hydrogen flows. Highly 

dynamic processes can be recorded and characterized this way with very high time resolution 

using modern high speed cameras.  

 

3. Experimental Setup 

 

3.1. Test Facility 

 

The presented measurements were obtained using a digital high speed camera Phantom V5 of 

Vision Research whose CCD-Chip has an optical resolution of 1024x1024 pixels. This camera is 

usable for picture frequencies up to 1000 frames/s at full resolution. The necessary randomly 

distributed background patters with different grey steps were digitally produced and adapted to 

the specific viewing area of the camera. Best resolution can be obtained if each dot of the 

 randomly distributed background structure is imaged by 2-3 pixels [3]. 

 

3.2. Free Jet Flows 

 

In order to visualize hydrogen free jet flows a vertical and a horizontal scenario was built-up with 

a 1“ steel tube (Fig.2/3). 

 

    
 

Fig.2/3: Vertical and horizontal setup (1“- steel tube)  
 
The needed hydrogen mass flows were delivered by a gas supply system, based on a remote 

controlled multi channel gas mixing system with integrated mass flow controllers and 

transmitted by a tube to the free jet pipe. For the vertical pipe, the hydrogen mass flow was 

2.1 g/s (1400 l/min) and for the horizontal arrangement 0.375 g/s (250 l/min). The selected time 



resolution was for both set-ups 1000 fps at full optical resolution of 1024x1024 pixels. The 

internal camera memory has a capacity of 1019 frames at full resolution, wherefrom a 

measurement duration of 1.019 s arises and a frame rate of 1 ms respectively. 

 

Figure 4 shows the resulting BOS pictures after PIV processing for the vertical free jet flow. Two 

single pictures from different point of views, which had a vertical distance of 60 cm above the 

tube mouth, were put together. 

 

 
 

Fig.4: BOS visualisation of the density gradients in the case of vertical release 
 
Figure 5 shows, as result of the BOS density gradient visualisation of a horizontal free jet flow, a 

sequence of 3 single images with time step of 15 ms between each other.   

 

         
 

Fig.5: BOS visualisation of the density gradients in the case of horizontal release 



 

3.3  Injection flow 

 

In order to visualise the mixing process of a hydrogen flow into a pipe with a defined air flow a 

setup consisting of a rectangular steel tube (20x20x2 mm) was constructed including inspection 

windows. These windows were applied with a background pattern and illuminated by a halogen 

light source (Fig.6). On the topside of the tube a borehole (Ø 8 mm) allowed the injection of 

hydrogen gas 0.6 g/s (404,5 l/min) into the airflow of the same velocity  of 0.6 g/s (27,8 l/min). 
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Fig.6: Experimental setup for the visualisation of injection flows 
 
Again a time resolution for both set-ups of 1000 fps at full optical resolution of 

1024x1024 pixels was selected. The result of the BOS-Visualisation of the mixing process 

regarding the density gradients is depicted in Fig. 7 in a sequence of 5 single shots with an  

interval of 20 ms. 

 

 

 

 

 
 

Fig.7: BOS-visualisation of the mixing process of H2 in a pipe flow 
 
 



 
3.4. Pressure pulse 

 

 

An other advantage of the BOS-method is the possibility to visualise the expansion of the 

pressure pulse resulting from a gas explosion. Therefore a plastic container of 1000 l volume has 

been filled with a stoichiometric hydrogen-air mixture (29.6 vol.%). To guarantee a 

homogeneous distribution the mixture was stirred by means of a ventilator inside the container. 

The ignition of the mixture took place in the centre of the containement.. 

 

Fig. 8 shows the pictures of the high-speed-camera with a frame rate of 1000 fps. Only the first 

two pictures are divided by 15 ms, the following difference is 1 ms. 

 

 
 

Fig.8: High-speed pictures of a H2-explosion 
 

As a background pattern for the BOS-evaluation of the single pictures the natural background of 

the viewing area was taken. Due to the dimension of the interesting area this irregular structure 

of the background is sufficient to detect the virtual displacement. The pressure impulse of the 

hydrogen explosion leads to density gradients at the transition of compressed to ambient air 

which allow the evaluation with the PIV-Algorithm. The results are depicted in Fig. 9 relating to  

the original pictures of Fig. 8. 

 

 

 
 

Fig.9: BOS-Visualisation of pressure pulses of a H2-explosion (ref. fig. 8) 
 
 
The selected time resolution was for both set-ups 1000 fps at full optical resolution of 

1024x1024 pixels.  



 

 

4.  Conclusions 

 

We have performed several investigations concerning the non-intrusive optical BOS-measuring 

system to visualize free jet flows, the mixing phenomena of hydrogen-air-mixtures in piping but 

also to determine the expansion of pressure waves resulting from gas explosions.   

It was shown that this method delivers a good tool due to the great differences in density 

between hydrogen and air to depict hydrogen flows with a high time resolution. This could also 

be stated for different H2  free jets and mixing configurations in flow tubes. Especially the 

visualisation of the pressure waves of explosions in combination with pressure measurements 

permits a better risk evaluation in respect of the hazard impact to environment. 

The time resolution of the system is limited by the maximal time resolution of the digital camera 

used. As a result of these measurements one obtains single frames resp. video sequences which 

show the density gradients of different compressed gaseous media and derived the lateral and 

temporal expansion. 

 

Caused by the integral measuring principle of the BOS-method in direction of recording 

quantitative statements on the predominant hydrogen concentration are limited. Further 

experiments showed that the differences in density below the lower explosion limit (4 vol %) are 

too small to be detected by the BOS-system. Due to the results of the BOS-system regarding the 

spatial and temporal expansion of the hydrogen flow it is possible to discover the regions of 

ignition. A main advantage despite the high time resolution compared to standard sampling 

sensors is that the hydrogen flow to be observed is not disturbed in its development and local 

expansion and that the measured values are not falsified through the extraction of gas. 

 

These results deliver a wide range of applications of the BOS-system in the investigation of 

safety aspects concerning hydrogen as an energy carrier as well as in the basic determination 

and characterisation of hydrogen flows, -mixing processes and distribution. The visualisation of 

the spatial and temporal distribution of hydrogen flows in vehicles, facilities and components 

caused by releases allows the detection of ignitable regions and thereby safety margins or 

counter measures can be defined. Furthermore this visualisation technique provides insight in to 

H2  mixing to optimize the mixing process, to adjust the geometries and to detect and correct 

insufficient mixing. 
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1- Introduction 
Conventional solid Composite Propellants binders utilize cross-linked elastomers in which 

prepolymers are cross-linked by chemical curing agents. However there are some 

disadvantages of using these prepolymers as cross-linked elastomers as it must be cast within 

a short period of time after addition of the curative, which time period is known as the “pot 

life”. Additionally the use of nonenergetic binders also gives lower performance (1,2). 

In view of the inherent disadvantages associated with the use of cross-linked elastomeric 

polymers as binder materials, there has been considerable interest in developing energetic 

thermoplastic elastomers (E-TPE) suitable as binders for solid, high energy compositions. 

Thermoplastic elastomers are block copolymers that exhibit rubber-like elasticity without 

requiring chemical cross-linking. Block copolymers that behave as thermoplastic elastomers 

are copolymers of ABA, AB, or (AB)n structure, where A and B are the hard and the soft 

segments respectively. The hard segment (glassy or semi crystalline at room temperature) 

gives its thermoplastic behaviour, whereas the soft segment (rubbery at room temperature) 

gives the elastomeric behaviour (3,4,5,6).  

Therefore as an advantage of thermoplastic elastomers over the conventional binders is that 

they do not need to be cured, so there is no possibility of missed batches. 

In Solid Rocket Propellant the E-TPE’s and their synthesis should present the following 

properties (7): 

 

 

 

 

 

• Molecular weight control   

• Reproducible molecular weight 

• Low dispersity 

• Low glassy transition temperature 

• Good and easy handle processibility  

• Energetic characteristics 

• Low sensitivity against mechanical 

stimulus and shock wave impact 

• Good thermal stability 

• Good compatibility with other 
propellant ingredients 
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It has being desirable that a thermoplastic elastomer polymer for use as binder in high energy 

system have a melting point temperature of between about 60°C to 120°C. The 120°C is 

determined by the instability of many components which ordinarily used in propellant 

compositions, particularly oxidizers, explosives and energetic plasticizers (8).  

An attractive approach to high energy and low sensitivity propellants involves the use of 

energetic oxetane prepolymers with N3 groups . Therefore polymers like GAP, Poly-AMMO, 

Poly-BAMO has been the target compounds of our studies. 

 

2- Results and Discussion 
This paper presents the synthesis the monomer precursors of Poly-AMMO and Poly-BAMO. 

GAP has also been synthesised. Although GAP is commercially available, it has also been 

synthesized due to the fact that for the synthesis of TPE´s it is necessary to have access to 

GAP with adjustable molecular weights and the commercial ones are available only in a few 

different molecular weights. 

 

2.1- Synthesis of GAP 
GAP was prepared following the literature procedure (9a,b,c), as it is shown in Scheme 1:  

 

O
CH2Cl

CH2OHHOH2C +
SnCl4/ CF3COOH
ClC2H4Cl CH2OOH2C CH2CHO

CH2Cl
*

n

OHCH2C
ClH2C

*

n

NaN3/DMSO
Reflux CH2OOH2C CH2CHO

CH2N3

*

n

OHCH2C
N3H2C

*

n  
     Scheme 1- Synthesis of GAP 

 

Initially epichlorohydrin is polymerized to poly-epichlorohydrine (PECH) in the presence of 

1,4-bis(hydroxymethyl)cyclohexane (BHMC) as initiator  and SnCl4 as catalyst. Then the 

reaction followed with the azidation in aprotic polar solvents which gave the product in 87 - 

96% yield. The solvents used for the azidation were dimethylsulfoxide (DMSO), 

dimethylformamide (DMF) or dimethylacetamide (DMA). 

 

2.1.1- Reproducibility of PECH synthesis: 

In order to check the reproducibility of the polymerisation reaction of PECH, the synthesis 

was performed in 03 different runs and the molecular weights were measured by gel-
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permeation chromatography (GPC). The GPC analysis was done in comparison to the 

calibration samples (polystyrene (PS) and polypropyleneglycol (PPG)). The table 1 and 2 

shows the results: 

 

Table 1 – Molecular weights of PECH by GPC relative to Polypropyleneglycol (PPG): 

Sample 
Mw (D) D Mn (D) Mp (D) 

PECH 1 2243 1,272 1764 2560 

PECH 2 2067 1,171 1766 2245 

PECH 3 2366 1,189 1991 2560 
 

Table 2 – Molecular weights of PECH by GPC relative to Polystyrene (PS): 

Probe Mw (D) D Mn (D) Mp (D) 

PECH 1 3363 1,345 2483 3746 

PECH 2 3010 1,221 2466 3193 

PECH 3 3565 1,260 2829 3746 
 

Mw Molecular weight (average weight)  
Mn  Molecular weight (average number)  
D Polydispersity (dispersion broadness): Mw/Mn 
MP Molecular weight at peak maximum 
 

The molecular weights of PECH 1 and PECH 2 are nearly identical and only PECH 3 showed 

a different value. If it is taken into account that all 03 synthesis runs were performed on small 

scale of about 100g the reproducibility of PECH synthesis is considered as very good.   

The 03 PECH lots were combined into one common lot for further azidation reaction. 

 

2.1.2- Reproducibility of GAP synthesis: 

According to the literature (9a,b,c), the best solvents that are recommended for the azidation 

process are dimethylsulfoxide (DMSO), dimethylformamide (DMF) or dimethylacetamide 

(DMA). Therefore an azidation reaction was run for each solvent in order to establish the best 

one. For the reactions an amount of 50 g of the unified PECH were used with the necessary 

amount of NaN3 at the different solvents, but using identical reaction conditions and work up 

procedure. The yields and analysis of GAP synthesis are shown at tables 3, 4 and 5: 
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Table 3 – Analysis of GAP 

Synthesis 

Run No. 

Solvent 
for 

Azidation 

Beilstein 

Test 

Yield 

[%] 

GAP 1  DMSO negative 96.4 

GAP 2  DMF negative 87.4 

GAP 3  DMA trace of Cl 90.0 

 

All the solvents gave good yields but in the case of DMA the chlorine substitution was not 

complete and some traces were left in the GAP even after 36 h reaction time. The best result, 

from point of yield and azide replacement, was given by DMSO, which will be the solvent to 

be used at the synthesis of GAP in our studies. 

 

Table 4 – Molecular weights of GAP by GPC relative to polystyrene (PS): 

Sample 
Mw (D) D Mn (D) Mp (D) 

GAP 1 (DMSO) 4106 1,31 3133 4160 

GAP 2 (DMF)  3857 1,28 3004 4126 

GAP 3 (DMA)  3540 1,23 2890 3992 

 

Table 5 – Molecular weights of GAP by GPC relative to polypropyleneglycol (PPG): 

Sample 
Mw (D) D Mn (D) Mp (D) 

GAP 1 (DMSO) 2402 1,19 2,015 2474 

GAP 2 (DMF)  2298 1,18 1946 2474 

GAP 3 (DMA)  2161 1,15 1882 2426 

 

Mw Molecular weight (average weight)  
Mn  Molecular weight (average number)  
D Polydispersity (dispersion broadness): Mw/Mn 
MP Molecular weight at peak maximum 
 

The GPC analysis shows clearly the good reproducibility of the GAP synthesis. The 

molecular weights did not change very much between the 03 runs. The different calibration 

standards deliver different molecular weights whereas the PS standard always gives higher 
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values. From chemical nature the PPG ones is more comparable to GAP because both are 

polyether. So the data delivered from PPG is considered more precise. The measuring curves 

from GPC analysis are shown in figure 1. 

 

 

 

 

 

 

 

 

 

 

  

 

 

 

Figure 1 – GPC measuring curves of GAP 1, GAP 2, GAP 3 

 

2.1.3- Spectra and thermal analysis of PECH and GAP 

IR spectra 

 

 
Figure 2.1- IR spectrum of PECH 
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The formation of glycidyl azide polymers was confirmed from the characteristic peaks 

obtained in IR spectra (Figure 2.1 for PECH and Figure 2.2 for GAP). The IR spectra 

presented in Fig.2.2 for GAP shows the main characteristic peaks at 1280 and 2080 cm-1, 

corresponding to formation of the azide group in the polymer chain and with the total 

disappearance of the CH2Cl peak at 746 cm-1 (10). The presence of the strong prominent peaks 

corresponding to CH2N3 groups and complete disappearance of the CH2Cl and also the 

absence of green flame at Beilstein Test indicates that all the chlorine atoms in the PECH 

were replaced by the azide groups in the azidation reactions.  

 

 
Figure 2.2- IR spectrum of GAP 

NMR spectra 
1H-NMR for PECH and GAP are presented at Fig 3.1 and 3.2 respectively. 1H-NMR at Fig 

3.2, for GAP, the peaks observed around 3.8 ppm refers to CH2 and CH protons of the main 

polyether and at 3.4 ppm it refers to the CH2N3 protons of the azide pendant group. 

Comparison of the protons signal intensities of the protons in GAP and BHMC segments at 
1H-NMR on the polymer reveals the presence of 19 repeated units of GAP. The ratio of the 

signal protons intensity of BHMC at approximately 4.0 ppm that belongs to one of the CH2O-

groups (2H) related to protons of repeated units of GAP polymer (5H) is 2mm:94mm. Since 

the ratio of protons is 2:5 this means that the repeated unit of GAP is contributing with 

approximately 19mm per H. Therefore the ratio of molecules of repeated unit to monomer is 

19:1, or for every initiator there are attached 19 repeated units. This will then give a polymer 
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with a molecular weight of approximately 1881 which is in accordance with the one that has 

been measured by GPC. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 3.2- 1H-NMR for GAP 

 

 
Figure 3.1- 1H-NMR for PECH 
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The DSC thermogram of GAP shows a main single exothermic peak between 240°C and 

250°C which is attributed to the elimination of nitrogen by the scission of the azide bonds 

from the azide pendent groups (10,11). 

 

2.2- Synthesis of AMMO 

 

 

Scheme 2- Synthetic route for AMMO 

 

The retro-synthesis has gone as far as the ready and commercial available non expensive 

starting compound 1,1,1-tris(hydroxymethyl) ethane (Scheme 2). Therefore the first step for 

the synthesis of AMMO is the reaction of 1,1,1-tris(hydroxymethyl) ethane with acetic acid, 

sulphuric acid and sodium bromide under reflux affording 3-bromo-2-bromomethyl-2-methyl 

propylacetate in 80.5% yield (12). Then it was followed by a ring closure reaction with NaOH 

in THF to give the 3-bromomethyl-3-methyloxetane (BrMMO) in 92% yield. AMMO was 

then obtained in 83% yield by the reaction of BrMMO with NaN3 in water at 95°C (13). The 

ring closure reaction of BrMMO described in this report is improved in comparison to the 

method recommended in the literature (12) where the ring closure reaction is performed by use 

of phase transfer catalyst in CCl4 as solvent. The improvement achieved concerns to the 

changing the solvent from CCl4 to the halogen free and less hazardous THF. 

The product has been characterized by IR, NMR, CHN analysis, DSC, TGA and sensitivity 

tests (drop hammer and friction). Also Beilstein Test with the absence of green flame 

indicated that all the bromine has been successfully replaced by azide group. 

O
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BF3-Et2O
CH2Cl2, 0°C

NaN3, H2O, 95°C
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CH3C CH2OH
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CH2Br

CH2Br
NaBr/ H2SO4

Reflux

O

N3

3-Bromo-2-bromomethyl-2-methyl
propylacetate (80.5% yield)

THF/NaOH/PTC

BrMMO
3-Bromomethyl-3-methyloxetane

 (92% yield)

AMMO
3-Azidomethyl-3-methyloxetane

(83% yield) Poly-AMMO



 9

AMMO as monomer is a yellowish viscous liquid with quite high sensitivity comparable to 

nitroglycerin. The sensitivity data of AMMO and nitroglycerin, which is not yet published in 

the open literature, is shown in Table 8.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

The infrared spectrum shows the specific absorption of the oxetane ring at 981 cm-1 and the 

absorption of the azide group at 2102 cm-1 (Fig. 5). 

 
Figure 5- IR spectrum of AMMO 

Table 8 – Sensitivity data for AMMO and Nitroglycerine 

Date:  Department: Climate Data: Room 
Temperature: 

Air Humidity: 

19.01.2005  EM    20°C  51% 

Sample Sample 
Cond. 

Drop 
Hammer 
Weight   

[Kg] 

Falling 
Height  

[m] 

Impact 
Sensi- 
tivity    
[Nm] 

Reaction Results  
Pos / 
Neg 

Friction 
Sensi- 
tivity    
[N] 

Reaction Results 
Pos / 
Neg 

AMMO 
(Monomer) 

Liquid 1 0,10 1,0 
Very 
Weak 
Bang 

1 of 6 
POS 

40 
Tiny 

Flames 
2 of 6 
POS 

Nitro 
Glycerine 

Liquid 1 0,10 < 1,0* 
Strong 
Bang 

6 of 6 
POS 

112 
Tiny 

Flames 
1 of 6 
POS 

* Impact Sensitivity for Nitro Glycerine at Literature is 0,2 Nm,  but the lowest detectable value at 
ICT apparatus is 1,0 Nm 
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1H-NMR (Fig. 6) of AMMO exhibited two singlet peaks at 1.29 and 3.50 ppm corresponding 

to methyl and methlylene protons belonging to azidomethyl group respectively and one AB 

system at 4.33-4.41 ppm corresponding to the protons of  OCH2C oxetane ring.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

2.3- Synthesis of BAMO 

The synthetic route for BAMO is shown below in Scheme 3: 

Scheme 3- Synthetic route for BAMO 

CHOH2C CH2Br

CH2Br

CH2Br

Toluene
NaOH/PTC

O

Br
Br

O

N3
N3

NaN3, H2O, 95°C
 04 days

HO OH

BF3-Et2O
CH2Cl2, 0°C

N3

O*
O

n

N3

O
*

n
N3 N3

(85% yield)BAMOBBrMO (90% yield)

Poly-BAMO

 
Figure 6- 1H-NMR for AMMO 
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The synthetic process started from the available tribromo-neopentyl alcohol supplied as free 

sample from the American Brom, Inc. of New York Company. Tribromo-neopentyl alcohol 

was then converted into the corresponding bisbromomethyl oxetane (BBrMO) in a reaction 

with toluene and sodium hydroxide described in the literature (13) which uses tetrabutyl-

ammonium bromide as phase transfer catalyst for the synthesis.  

Then BBrMO was converted into BAMO. Initially the reaction was carried out following the 

method described by Sanderson et al at the patent WO 00/343450 A3 (13) which used a 

mixture of water and Toluene as solvent and phase transfer catalyst. However it was possible 

to convert BBrMO into BAMO following the same method described for AMMO at the same 

literature (13). Therefore the method for AMMO has been successfully adopted for BAMO 

synthesis.  

So the use of water as solvent has turned the method much more competitive by reducing 

costs with higher yield and better environmental conditions.  

The BAMO has been characterized by IR, NMR, CHN analysis, DSC, TGA and sensitivity 

tests (drop hammer and friction). Also Beilstein test with the absence of green flame indicated 

that all the bromine has been successfully replaced by azide group. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Table 9 – Sensitivity data for BAMO and Nitroglycerine 

Date:  Department: Climate Data: Room 
Temperature: 

Air Humidity: 

19.01.2005  EM    20°C  51% 

Sample Sample 
Cond. 

Drop 
Hammer 
Weight   

[Kg] 

Falling 
Height  

[m] 

Impact 
Sensi- 
tivity    
[Nm] 

Reaction Results  
Pos / 
Neg 

Friction 
Sensi- 
tivity    
[N] 

Reaction Results 
Pos / 
Neg 

BAMO 
(Monomer) 

Liquid 1 0,10 1,0 
Very 
Weak 
Bang 

2 of 6 
POS 

60 
Tiny 

Flames 
1 of 6 
POS 

Nitro 
Glycerine 

Liquid 1 0,10 < 1,0* 
Strong 
Bang 

6 of 6 
POS 

112 
Tiny 

Flames 
1 of 6 
POS 

* Impact Sensitivity for Nitro Glycerine at Literature is 0,2 Nm,  but the lowest detectable value at 
ICT apparatus is 1,0 Nm 



 12

BAMO is a liquid monomer having a high degree of explosive character. It behaves similarly 

to nitroglycerin with slightly lower sensitivity against impact but higher sensitivity for friction 

(Tab. 9).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

1H-NMR (Fig. 7) of BAMO exhibited two peaks corresponding to methylene protons which 

belongs to azidomethyl group (δ = 3.7) and to oxetane ring ((δ = 4.4). The infrared spectrum 

shows the specific absorption of the oxetane ring at 983 cm-1 and the absorption of the azide 

group at 2100 cm-1 (Fig. 8). DSC analysis shows an exothermic peak at 239.62oC which is 

result of the decomposition of the azide groups. This high temperature of decomposition 

indicates that the compound has rather sufficient thermal stability. 

 

 
Figure 7- 1H-NMR for BAMO 
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Figure 8- IR spectrum of BAMO 
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Abstract 

OBSERVING DROPLET COMBUSTION USING LEIDENFROST PHENOMENA OF LIQUID AND GELLED 
MONO- AND BI-PROPELLANTS 
Inside the burning chamber of a rocket motor liquid and gelled propellants burn as droplets. The 
development of new propellants requires simple methods to investigate the burning behaviour 
of mono- and bi-propellants in a comparable manner. An approach uses plain and drain-shaped 
steel slabs heated with a Bunsen flame up to 1000 K. Driven by the Leidenfrost phenomena 
most propellants form droplets that hover on these hot surfaces. The combustion of different 
propellants was observed using fast scanning cameras and spectrometers to determine burning 
rates, flame geometry, temperatures, species and emissivity. Examples are presented using 
liquids and gelles of hydrocarbons like kerosene, nitro methane, ADN/water, AN/water. 

 
1 Einleitung 
Flüssige und gelförmige Treibstoffe werden in einer Brennkammer als dispergierte Tropfen bei 
hohen Temperaturen verbrannt. Bei der Entwicklung und Optimierung neuer Treibstoffe ist es 
notwendig, kurzfristig einfache aber trotzdem praxisnahe Tests durchführen zu können, um die 
Anzünd- und Abbrandeigenschaften wie Umsatzrate und Reaktionstemperatur oder bei 
Diergolen die prinzipielle gegenseitige Reaktionsfähigkeit zu bestimmen. Solche Untersuchungen 
sollen ähnlich wie z. B. die Abbrandratenbestimmung nach Crawford kostengünstig, Material 
sparend und schnell auch größere Probenzahlen charakterisieren können. Bei flüssigen und 
gelförmigen Treibstoffen gibt es keine Standardtest, wie sie bei Festtreibstoffen eingeführt sind. 
Einen Ansatz dazu bieten Tropfenuntersuchungen auf einer heißen Fläche unter Ausnutzung des 
Leidenfrostphänomens. Beim Kontakt eines Tropfens mit einer heißen Oberfläche entsteht ein 
Dampfpolster auf dem der Tropfen schwebt. Dabei werden die Adhäsionskräfte mit der Wand 
aufgehoben und der Tropfen bekommt eine runde Form, ähnlich wie beim Flug durch die heiße 
Brennkammer. 
 
2 Experimentelles 
Um für optische Messungen die Bewegungsfreiheit des Tropfens einzuschränken, wurden die 
Experimente in einer Stahlrinne mit 20 mm Breite durchgeführt. Die Rinne wird von unten mit 
einem Bunsenbrenner erhitzt (Abbildung 1). Pyrometrische Messungen mit einem NIR-
Spektrometer ermöglichen eine berührungslose Temperaturkontrolle. Typische 
Wandtemperaturen lagen bei 1000 K. Mit Pipetten konnten einzelne Tropfen aufgebracht 
werden. Schon nach wenigen Millisekunden stellt sich auch bei Gelen die runde Tropfenform 
ein. Der Tropfen tanzt in der heißen Rinne im Wesentlichen entlang des Grabens. Hier kann man 
die optische Achse eines Messsystems setzen. Mit einer schnellen Videokamera und z.B. einem 
NIR-Emissionsspektrometer ist der Abbrand des Tropfens vom Aufbringen, über die Anzündung 
bis zum Ausbrand zu beobachten. Es ergibt sich der zeitliche Verlauf der Tropfen- und 
Flammengeometrie, der spektroskopischen Emission, der Temperatur und der wichtigsten 
Verbrennungsspezies. Damit können direkte Rückschlüsse auf Umsatzrate, Reaktions- und 
Leistungsfähigkeit gezogen werden. Die Methode eignet sich sowohl für die Untersuchung von 



Monergoltropfen als auch von diergolen Treibstoffkomponenten in Luft. Werden zwei Tropfen 
unterschiedlicher Treibstoffkomponenten auf die heiße Rinne gegeben, kann auch deren 
Reaktion miteinander studiert werden. Verfolgt man die Flammengeometrie durch Analyse der 
Videofilme mit einer Bildauswertesoftware, so kann z. B. die Tropfen- und Flammengröße als 
Funktion der Zeit wiedergeben werden. 
Je nach Einstellung der Bunsenbrennerflamme wird die Luft in der Rinne weitgehend durch 
Verbrennungsgase verdrängt. Die Verbrennung der flüssigen oder gelförmigen Treibstoffe findet 
unter einer ähnlichen Atmosphäre statt wie in der Brennkammer. 
Zur Untersuchung der Reaktion von Tropfenklastern diergoler Systeme wurde die Stahlrinne 
durch eine Metallschale mit zentrischer Mulde ersetzt, die ebenfalls von unten mit einem 
Bunsenbrenner befeuert wurde. 
 

 

 

 
Abbildung 1 Versuchs
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3 Reine Brennstoffe in Luft 
Reine Brennstoffe verbrennen mit einer oxidierenden Gasatmosphäre wie Luft unter Ausbildung 
einer umschließenden Diffusionsflamme [1]. Die Flammenfront stabilisiert sich in einem 
bestimmten Abstand von dem Tropfen, der durch das Gleichgewicht von abströmenden Dampf-
schwaden und eindiffundierender Umgebungsluft bestimmt wird. Im Gegensatz zu der in 
einfachen Modellen oft getroffenen Annahme [1][2] ist dieser Abstand und die sich 
ausbildenden Profile von Temperatur und Konzentrationen nicht stationär, sondern variieren mit 
dem Fortschritt des Ausbrands und der damit einhergehenden Volumen- und Oberflächen-
abnahme des Tropfens. Die beschriebene Untersuchungsmethode ermöglicht es die Radius-
abnahme des Tropfens, sowie den Abstand und die Breite der Flammenfront zumindest 
näherungsweise zu beobachten und die einzelnen Phasen des Abbrands zu charakterisieren. 
Abbildung 2 zeigt ein Beispiel von der Verbrennung eines Isooktantropfens in Luft. Kurz nach 
dem Auftreffen des Tropfens auf die heiße Rinne entzündet er sich in der Gasphase etwa 3-5 
Tropfendurchmesser entfernt vom Zentrum des Tropfens mit blauer, russarmer Flamme (a). Die 
Flamme stabilisiert sich in zwei Zonen: eine oberflächennahe, blaubrennende Zone mit 
vornehmlich Radikalreaktionen und etwa 5 Tropfendurchmesser entfernt stabilisiert sich eine 
gelbbrennende Russflamme (b). Der Tropfen bläht sich durch den Beginn des Blasensiedens auf 
(c). Dabei verbreitert sich die gelbbrennende Zone. Sie rückt näher an die Tropfenoberfläche und 
überdeckt die blaue Zone. Mit zunehmendem Ausbrand verringert der Tropfen seinen Durch-
messer.  Die Flamme wird kleiner, stabilisiert sich aber während der ganzen Zeit etwa einen 
Tropfendurchmesser entfernt (d)+(e). Gegen Ende des Ausbrands zeigt eine zunehmende 
Dunkelfärbung des Tropfens Pyrolyse und Verkokungsvorgänge im Tropfen an (e). Kurz 
nachdem der Tropfen verschwunden ist, erlischt auch die Flamme (f). 
 

 
 
Abbildung 2 Verbrennung eines Isooktantropfens in Luft 
 
Mit Hilfe eines für die Untersuchung von Flammenfilmen entwickelten Softwareverfahrens  kann 
der Abbrand in einem Bild sichtbar gemacht werde [3]. Abbildung 3a zeigt ein Beispiel für die 
Auswertung eines Videofilms mit 50 Bildern pro Sekunde vom Abbrand eines 2-Propanol-
Tropfens in Luft. Im Diagramm entspricht jede vertikale Linie dem mittleren Helligkeitsverlauf 
über der Bildhöhe der aufeinander folgenden Videobilder. Es ist gut zu erkennen, wie anfänglich 
der Tropfendurchmesser eher anwächst und dann wieder dem bekannten Quadratgesetz 
folgend parabolisch abnimmt [1]. Unebenheiten rühren von der seitlichen Bewegung des 
Tropfens in der Rinne her. Weiterhin ist sehr gut die vertikale Lage und Breite der flackernden 
Flamme zu erkennen. 
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Abbildung 3 a) Entwicklung von Flamme und Tropfengröße (Isooktan in Luft) ermittelt aus 

AVICOR-Auswertung eines DV-Films mit 50 Bilder/s und  b) Vergleich mit einer 
Modellierung [4] 

 
Der Verlauf der Flammenfront korreliert sehr gut mit dem theoretisch berechneten einer „Hot-
Spot-Modellierung“ [4] in Abbildung 3b. Zum Zeitpunkt 0 entspricht der Flammenabstand in 
etwas dem Tropenradius. Im weiteren Verlauf erhöht sich diese „Stand-Off-Distance“, 
durchläuft ein Maximum und bewegt sich nach dem Ausbrand des Tropfens zu dessen 
ursprünglichen Zentrum. Die Modellierung beschreibt den Verlauf korrekt, nur der Zeitpunkt, in 
dem das Maximum durchschritten wird, wird etwas später vorhergesagt. 
Die relativ stationäre Lage des Tropfens in der heißen Rinne erlaubt eine Untersuchung des 
Abbrands mit Emissionsspektroskopie. Abbildung 4 zeigt NIR-Spektrenserien beim Abbrand 
eines einzelnen Tropfens von flüssigem und mit Aerosil vergeltem Kerosin in Luft. Im nahen 
Infrarot emittieren die Tropfen im wesentlichen Russ. Nur bei flüssigem Kerosin kann man bei 
1.4 µm eine schwache Wasserbande erkennen. Die schwachen Kontinuumsspektren, die nur vor 
und nach dem Tropfenabbrand erkennbar sind resultieren von der thermischen Strahlung der 
heißen Rinne. Eine BAM-Analyse jedes Spektrums der Serien ermöglicht die gleichzeitige 
Bestimmung des Verlaufs der emittierten Strahlungsintensität, der Flammentemperatur, des 
Wassers und des Russgehalts in der Flamme. Aus der thermischen Strahlung der Rinne lässt sich 
gleichzeitig die Anzündtemperatur des Tropfens ermitteln. Bei der BAM-Methode werden 
mittels eines geeigneten Least-Squares-Fit-Verfahrens theoretisch berechnete Spektren an die 
gemessenen Spektren angepasst. Als Anpassungsparameter werden die Temperatur, optische 
Dichte von Wasser und Russ für den Tropfen bzw. der Emissionsgrad eines grauen Strahlers für 
die thermische Strahlung der Rinne benutzt. Das Verfahren ist z. B. in [4] ausführlich 
beschrieben. 
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Abbildung 4 NIR-Spektrenserien verbrennender Tropfen 
 
In Abbildung 5 sind die so ermittelten Parameter als Funktion über der Zeit aufgetragen. Es ist zu 
erkennent, dass die Gesamtstrahlung (oberstes Diagramm) etwa mit der nach der AVICOR-
Methode ermittelten Flammenlänge korreliert (vgl. Abbildung 3). Dies kann dazu genutzt 
werden, um die Spektren qualitativ den einzelnen Bildern eines zeitgleich aufgenommenen 
Videofilms zuzuordnen [6][7]. Die Temperatur der Rinne beträgt etwa 1000 K (dünne Linie im 2. 
Diagramm von oben). Sowohl die flüssigen, als auch die gelförmigen Kerosintropfen verbrennen 
mit etwa 1500 K. Nur gegen Ende des Ausbrands sinkt die Temeratur leicht ab (dicke Linie). 
Wasserbanden sind nur in der ersten Phase des Abbrands auswertbar. Der Emissionsgrad 
(charakterisiert im untersten Diagramm als Russkonzentration) während des Tropfenabbrands ist 
wesentlich geringer als der Emissionsgrad der Rinne. Dies ermöglicht recht gut zu unterscheiden, 
ob ein Spektrum vom brennenden Tropfen oder der Rinne emittiert wurde. 
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Abbildung 5 BAM-Auswertung der NIR-Spektren bei der Verbrennung einzelner Tropfen 



4 Verbrennung monergoler Treibstoffe 
Monergole Treibstoffe enthalten einen Großteil des zur Verbrennung notwendigen Oxidators. 
Der Abbrand des Tropfens unterscheidet sich in wesentlichen Punkten von dem eines 
Brennstoffs in Luft. Abbildung 6 zeigt ein Beispiel für die Verbrennung von Nitromethan, das mit 
Guarkernmehl vergelt wurde. Wieder entzündet sich der Tropfen kurz nach dem Auftreffen auf 
den heißen Stahl. Es bildet sich eine weiß leuchtende, nur wenig flackernde Flammenfront sehr 
nahe der Tropfenoberfläche aus. Nach kurzer Zeit zeigen sich Siedebläschen im Tropfen. Im 
Gegensatz zu flüssigen Tropfen, die manchmal dadurch zerplatzen, blähen sich Geltropfen dabei 
nur etwas auf. Die Flammen der Monergoltropfen bleiben mit zunehmendem Ausbrand des 
Tropfens etwa gleich groß und werden, erst wenn der Tropfen schon etwa 80% seines 
Durchmessers verloren hat, etwas kleiner. Bei mit Guarkernmehl vergelten Tropfen findet sich 
eine ebenfalls in Abbildung 6 zu erkennende Besonderheit. Der Tropfen reagiert zuerst nicht 
vollständig ab, sondern es bleibt ein kleiner, gelbglühender Partikel ohne Flamme zurück, der 
sich nach Abfließen der Verbrennungsgase in der Luft entzündet, aufbläht und ähnlich der in 
Kap. 3 Isooktanflamme rußig abbrennt. Dies und die gesamte Entwicklung der 
Flammengeometrie lässt sich in der AVICOR-Auswertung des Abbrands in Abbildung 7 gut 
beobachten. 
Einen fotographischen Eindruck vom Abbrand eines Clusters von Nitromethangeltropfen gibt 
Abbildung 8. Dabei wurden mit einer Injektionsspritze etwa 2 ml Nitromethangel auf eine heiße 
Platte gespritzt. Der Strahl zerplatzte beim Auftreffen auf die Platte und die Tropfen 
entzündeten sich und sprangen teilweise in die Luft. Dabei sind kugelförmigen Flammen um die 
Tropfen herum zu erkennen. Die Flammenfront im oberen Bildteil rührt von der Verbrennung 
vollständig verdampfter Tropfen her. 
 

 
 
Abbildung 6 Phasen der Verbrennung von Nitromethan-Geltropfen 
 

  
 
Abbildung 7 AVICOR-Auswertung eines DV-Films mit 50 Bildern/s (Nitromethan vergelt mit 

Guarkernmehl) 



 

 
 
Abbildung 8 Cluster von brennenden Nitromethangeltropfen auf einer heißen Platte 

 

 

5 Diergole Treibstoffpaare 
Bei diergolen Treibstoffpaaren verbrennen die Tropfen der einzelnen Komponenten ähnlich 
denen reiner Brennstoffe in der Dampfatmosphäre der anderen Tropfen. Eine Untersuchung des 
Abbrands nach der oben beschriebenen Methode in der Rinne ist möglich, meist aber auf 
wenige Tropfen beschränkt. Die Tropfen bewegen sich längs und quer zur Rinne. Eine Analyse 
des Videofilms ist allerdings schwierig, da sich die Tropfen undefiniert hintereinander befinden. 
Aus dem gleichen Grund kann die oben beschriebene, spektroskopische Untersuchung zwar 
durchgeführt werden; sie liefert aber keine sinnvollen zeitaufgelösten Ergebnisse, sondern kann 
nur statistisch ausgewertet werden. Als Beispiel werden in Abbildung 9 Temperaturhistogramme 
aufgeführt, die bei der Verbrennung von Nitromethangel mit einem AN/Wasser- und einem 
ADN/Wasser-Gel in der heißen Rinne ermittelt wurden. Im Vergleich dazu sind mit dem ICT-
Code ermittelten Verbrennungstemperaturen für verschiedene Brennstoff-Oxidator-Mischungen 
aufgeführt. Die gemessenen Werte liegen deutlich unter den maximal möglichen theoretischen 
Verbrennungstemperaturen. Unter gleichen Bedingungen verbrennt das Nitromethangel mit 
etwa 1700 K (bestimmt durch BAM-Analyse der NIR-Spektren), d.h. dass zumindest die 
Oxidation mit einem gesättigten AN/Wasser-Gel die Verbrennungstemperatur absenkt. Die 
Treibstoffkombination scheint für Antriebszwecke als nicht geeignet. 
 



1000 1200 1400 1600 1800 2000
0.00

0.05

0.10

0.15

0.20

0.25

re
la

tiv
e 

H
äu

fig
ke

it

T  in  K

d iergole T ropfenreaktion 
AN /NM vergelt m it 
G uarkernm ehl

0 10 20 30 40 50 60 70 80 90 100

400

600

800

1000

1200

1400

1600

1800

2000

2200

2400

2600

2800

AN/H2O + NM

ADN/H
2
O + NM

T 
in

 K

Nitromethan in Gew.-%

ICT-Code
ADN/H2O + NM

 0% Guar
 1% Guar
 2% Guar

AN/H2O + NM
 0% Guar
 2% Guar

1000 1200 1400 1600 1800 2000
0.00

0 .05

0 .10

0 .15

0 .20

0 .25

d ie rgo le  T rop fenreak tion
A D N /N M  verg e lt 
m it G uarkernm eh l

re
la

tiv
e 

H
äu

fig
ke

it

T  in  K

 
Abbildung 9 Gemessene Temperaturen und ICT-Code-Rechnungen (mitte) beim Abbrand von 

Nitromethangeltropfen mit AN/Wasser- (links) und ADN/Wasser-Geltropfen 
(rechts) 

 
Einen anschaulichen Eindruck vom Abbrand verschiedener Geltropfen von Nitromethan mit 
ADN/Wasser in der Mulde einer heißen Platte geben Abbildung 10a+b. In Abbildung 10a sind 
links zwei monergol abbrennende Nitromethangeltropfen zu erkennen. Im Vordergrund 
brennen zwei ADN/Wasser-Geltropfen mit einem ehemals großen, schon fast vollständig 
verdampften Nitromethangeltropfen. In Abbildung 10b sieht man den „Pool-Fire“ ähnlichen 
Abbrand von sich teilweise vermischten Nitromethan und ADN/Wasser-Geltropfen. Dieses 
Mischungsverhalten war nur dann zu beobachten, wenn sich die Tropfen schon einige Zeit auf 
der Platte aufgehalten haben und deshalb stark aufgeheizt waren. 
 

a)  b)  
 
Abbildung 10 Abbrand von Nitromethan mit ADN/Wasser- Geltropfen auf einer glühendern 

Stahlplatte (960 K) 
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ABSTRACT 

There is a further increasing demand on improvements of performance and 
safety of explosives. Regarding the latter, in particular the fields of "safety of 
manufacture and handling", "chemical and ballistic stability / functionality", 
"toxicity", and "reduced vulnerability / sensitiveness" have to be respected. 

With propellants, performance is increased by different measures, including new 
formulations, burning rate moderation and increased loading density. Attention 
has to be paid to the improvement of stability and the replacement of toxic 
components. New formulations and production processes allow to markedly 
reduce the sensitiveness also for nitrocellulose-based propellants. 

Primary explosives suffer from their extreme sensitiveness – new developments 
go towards primary explosive-free initiators, detonators or other initiation tech-
niques (e.g. exploding bridgewire, exploding foil igniter, laser beam ignition). 

In case of main charge explosives, "new" substances with either improved 
performance or reduced sensitiveness become popular. Organic substances 
with high density, as many energetic groups as possible and additional internal 
energy by strongly strained molecular structure should offer a further 
performance gain.  

For pyrotechnics, only marginal improvements appear to be possible with 
conventional micro particles, whereas nanotechnology seems to be able to 
double the performance of certain pyrotechnics and, at the same time, to 
increase the safety level by a factor of ten. 
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1. INTRODUCTION 

Improved performance and safety is an ongoing requirement on explosives. As 
military explosives are mainly used in ammunition and other systems, 
performance and safety should not be discussed for the isolated explosives but 
in the context of the entire ammunition or system (see Fig. 1). 

Igniter, Tracer:
Pyrotechnics

Propelling Charge:
Gun or Rocket 

Propellant

Projectile, Grenade, Warhead:
- Inert (Kinetic Energy)

- Explosive Load: Secondary Explosive
- Pyrotechnic Load: Pyrotechnics

Additionally: Pyrotechnic Fuse, Tracer, 
Initiator, Booster, ...
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- Inert (Kinetic Energy)

- Explosive Load: Secondary Explosive
- Pyrotechnic Load: Pyrotechnics

Additionally: Pyrotechnic Fuse, Tracer, 
Initiator, Booster, ...

Igniter, Tracer:
Pyrotechnics

Propelling Charge:
Gun or Rocket 

Propellant

Projectile, Grenade, Warhead:
- Inert (Kinetic Energy)

- Explosive Load: Secondary Explosive
- Pyrotechnic Load: Pyrotechnics

Additionally: Pyrotechnic Fuse, Tracer, 
Initiator, Booster, ...

 

Figure 1:  Typical ammunition systems: 30 mm x 173 Air-Burst ABM and 12 cm 
anti-tank missile. The different explosive components such as 
igniters, propelling charges, tracers, fuses, initiators and main 
charges have to work perfectly together in order to obtain optimum 
safety, functionality and performance. 

 

2. PERFORMANCE OF EXPLOSIVES 

It is straightforward that the optimal interaction of all explosives within the 
ammunition or system is essential in order to utilize the performance potential of 
the system. Thereby, the performance of the system is mainly determined by 
the performance of the propelling charge (determines range, flight time to 
target and kinetic energy of the projectile on impact) and of the "projectile 
payload" (determines "effect on target"), whereas the other explosive 
components (such as igniter, booster, fuse, detonator, tracer) ensure the 
correct functioning of the system.  
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2.1 Performance of Gun Propellants 

The interior ballistic properties of a propellant are mainly determined by the 
following factors (see Fig. 2) [1, 2]:  
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Figure 2: Factors to improve the performance of a propellant. 

The formulation  ("chemistry") of the propellant determines the amount and 
temperature of the burning gases and therewith the available energy content. 
From the performance viewpoint, large amounts of gas output and high tem-
peratures are desirable. Some new formulation also reduce the temperature 
dependency of the propellant burning rate thus allowing to achieve a 
performance gain in particular at lower temperatures. 

Optimisation of geometry and size of the propellant grains is required in order 
to exploit the performance potential given by the formulation. Progressive 
burning geometries, such as 7- or 19-perforated grains, ensure that the 
maximum gas production takes place sufficiently late in the interior ballistic 
cycle thus delivering higher performance than degressive (spherical or 
cylindrical) or neutral (tubular, flakes) burning geometries. Optimum grain size is 
required in order to ensure complete burning of the propellant.   

The progressivity of the burning can be further increased by surface coating of 
the propellant grains. This tailoring of the propellant burning facilitates 
performance gains of more than 10%. Other measures to modify the burning 



4  

rate are possible, such as layer-structured charges (sandwiches made from 
propellant discs with different burning rates) or electro-thermal ignition of 
suitable propellant configurations.  

It is self-evident that also the amount of propellant which can be loaded into 
the cartridge or into the burning chamber determines the performance. As 
cartridge or chamber volumes are usually limited, each increase in loading 
density increases the total propellant mass. In case of bulk propellants which 
are filled into the cartridge by pouring only, gravimetric density should be as 
high as possibly. Alternatively, the loading density can be increased by consoli-
dation of the propellant bed – this, however, can result in problems such as 
reduced ballistic stability as mechanically stressed propellant grains tend to age 
faster. Larger propellant grains can be piled grain by grain into the cartridge 
which also increases the loading density. The highest gain in loading density, 
however, can be achieved by the use of propellant bodies (e.g. combustible 
charges in telescoped ammunition).  

 

2.2 Performance of Main Charge Explosives 

In order to increase the performance of main charge explosives, as much 
energy as possible has to be put into a minimum amount of space [3]. In 
organic chemistry, high densities can be achieved if the molecular structure 
contains fused ring systems. Energy can be brought into the system by strained 
ring systems, and nitro or nitramine groups are responsible for an appropriate 
oxygen balance.  

Thus, organic substances with high density (> 2 g/cm3), as many energetic 
groups as possible and additional internal energy by strongly strained molecular 
structure have to be sought. In fact, the explosive CL-20 which became quite 
trendy during the last few years allowed a significant performance gain if 
compared to the classic high explosives RDX and HMX. A much higher 
performance was even predicted by computer calculation for molecules such as 
octaazacubane [3], see Fig. 3.  
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Figure 3:  Increase in density and performance, here expressed as detonation 
velocity, obtainable from energy-richer and more strained molecules. 

Nowadays, however, reduced vulnerability is regarded as being more important 
than highest possible performance, so that the tendency goes more towards 
insensitive, less powerful molecules such as TATB, NTO, FOX-7 and LLM-105.  

 

2.2 Performance and  Reliability of Pyrotechnics 

As pyrotechnics mostly have to guarantee the functioning of the ammunition 
system, their reliability is regarded as at least as important as their 
performance.    

The reliability of pyrotechnics can be increased by reducing the number of 
components (from up to 7 in older formulations to 2 or 3 components), or by the 
use of well specified and characterised components. 

New requirements (e.g. initiation of less sensitive propellants and explosives) 
ask for a tremendous performance gain in the field of pyrotechnics – this, 
however, cannot be achieved with conventional compositions (containing micro-
particles). Nano-particles, however, might offer a solution in the future, e.g. the 
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use of nano-particles as fuels or the use of nano-structured oxidisers. One 
example for such "nano-pyrotechnics" produced in sol-gel technology are 
aluminium nano-fuel particles embedded in an iron oxide nano-structured 
oxidizer, the latter having a specific surface of 300 m2/g which is about 100 
times larger than the specific surface of micro-grade iron oxide.  

Despite of first promising results with pyrotechnics made from nano-particles, 
numerous problems remain unsolved (e.g. production, processing, handling, 
safety and toxicology of the nano-particles, increased rate of oxidation, and so 
on) [4]. 

 

3. SAFETY OF EXPLOSIVES 
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The following safety-relevant issues 
are regarded by the authors as 
being the most important ones: 

• Safety of manufacture and 
handling. 

• Chemical and ballistic stability, 
including functionality. 

• Toxicity ("green explosives"). 

• Survivability (insensitive / low vul-
nerable ammunition)   

    Figure 4: Safety-relevant issues 

 

3.1 Safety of Manufacture and Handling 

The most important safety-related task is to make sure that no accidents appear 
during production and ordinary handling of an explosive. Thus, the 
sensitiveness of a new explosive towards different stimuli has to be tested  
already in the first stage of its development. According to STANAG 4170, 
investigation of sensitiveness also has to be performed during explosive  
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qualification. Sensitiveness towards the following stimuli should be as low as 
possible:  

– Mechanical impact (STANAG 4489). 
– Friction (STANAG 4487). 
– Ignition (ease of ignition; explosive response when ignited; STANAG 

4491). 
– Electrostatic discharge (STANAG 4490). 
– Thermal stress:     

 Short time at high temperatures → ignition temperature 
(STANAG 4491). 

 Long time at intermediate temperatures → chemical stability 
(different standards, STANAGs 4515, 4527, 4556, 4582, AOP-7). 

 Large amount of explosive →  heat accumulation. 

Propellants are only moderately sensitive towards mechanical loads such as 
impact or friction. They are, however, easy to ignite by flames or hot (glowing) 
objects. Propellants consisting of fine and/or porous granules are also sensitive 
towards electric sparks. Therefore, precautions mainly focus on the avoidance 
of contact with flames, sparks and hot objects. Fine granular propellants are 
additionally graphitised on their surface in order to reduce the sensitivity 
towards electric sparks. 

Primary explosives usually are very sensitive (e.g. lead azide towards sparks 
and friction, lead trinitroresoncinate towards electric sparks, tetracene towards 
impact) [5].  Precautions to avoid any shock, mechanical load, heat or electric 
spark have therefore to be taken whilst handling primary explosives. 

In most primer compositions (such as SINOXID, SINTOX®), sensitivity and 
performance are balanced by mixing different primary explosives (e.g. lead 
styphnate, tetracene, 2-diazo-4,6-dinitrophenol DDNP) with other substances 
(e.g. inorganic nitrates, zinc peroxide, titanium, and so on). 

There is also a trend to develop primary-explosive-free initiators / detonators 
(e.g. special pyrotechnic mixtures of insensitive fuels and oxidisers such as 
NOTOX) or to use new initiation techniques (e.g. direct initiation of the 
secondary explosives by "exploding bridgewire", by "exploding foil igniter" EFI, 
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by laser beam or by deflagration detonation transition DDT and shock to 
detonation transition SDT). 

Most secondary explosives are less sensitive than primary explosives by at 
least one or two orders of magnitude. Only moderate precautions are therefore 
required during the handling of main charge explosives. 

Pyrotechnics span the entire range from being almost insensitive to very 
sensitive, in the second case mainly towards flames, sparks and friction. For 
example, compositions containing zirconium / potassium perchlorate are very 
sensitive, whereas compositions of boron / potassium nitrate are quite 
insensitive. Precautions focus on the avoidance of contact with flames, sparks, 
hot objects and friction, and appropriate personal safety measures such as 
electrostatic grounding, shields and gloves have to be taken. 
 

3.2 Chemical Stability and Functionality 

The relevant properties of the explosives change over time due to chemical 
ageing of explosive and binder as well as due to physical ageing reactions 
such as diffusion / migration or phase changes – incompatibility can 
accelerate these ageing reactions and/or open new reaction pathways. Thus, 
the shelf life of explosives is limited. An overview over the different types of 
shelf life and the most important ageing mechanism is given below [6].  

Service life (total use time period) is usually defined as the time interval 
during which the explosive can be stored, handled and used without any 
danger.  The service life consists of the safe storage and the functional life as 
follows (see also Fig. 5):  

The safe (storage) life, also called chemical shelf life, covers the period of 
time during which the explosive can safely be stored without representing any 
hazard to its environment. The safe life is limited by the extent of chemical 
ageing reactions.   
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Figure 5: Shelf life of explosives. For details see text. 

The functional life is the period of time during which the explosive can be used 
safely and during which the functional requirements remain fulfilled. The main 
factors which limit the functional life are (i) chemical ageing of explosive (loss of 
energy content) or of explosive binder (changes in mechanical properties such 
as embrittlement due to additional cross-linking or degradation of binder) as well 
as (ii) physical processes within the explosive (such as diffusion or phase 
changes).  

Incompatibility reactions can significantly alter the shelf life of explosives: 

Chemical incompatibility can either accelerate the "normal" ageing reactions 
or even activate new, additional ageing pathways. It affects both safe and 
functional life.  

Physical incompatibility is caused by additional diffusion processes between 
explosive and other components of the system. It usually affects only functional 
life.  



10  

3.2.1 Chemical Ageing and Chemical Stability 

Nitrocellulose-based propellants are inherently chemically unstable, due to the 
low bonding energy (155 kJ/mol) of the nitric ester group –O–NO2. By the use of 
suitable stabilisers, a good chemical stability corresponding to shelf life values 
ranging from ten years to several hundred years at 25°C can nevertheless be 
obtained [6]. 

Primary explosives cover the entire range, from being chemically very stable 
(e.g. lead azide) to very unstable (e.g. mercury fulminate, TATNB) [6]. 

Most secondary explosives show excellent chemical stability – they undergo 
almost no chemical changes during ageing and therefore could be stored for 
thousands of years at ambient temperatures [6].  

In case of pyrotechnics, chemical degradation is mainly caused by oxidation 
and hydrolysis of the fuel (e.g. hydrolysis / corrosion of magnesium by moisture 
or oxidation of aluminium, magnesium and titanium by oxygen) or decompo-
sition of the oxidiser and binder. These reactions affect not only the storage 
safety but also the functionality – therefore, chemical (in)stability of pyrotechnics 
often also limits the functional life of the ammunition [6]. 

3.2.2 Explosive Ageing Reactions which Affect the 
Functionality of the Explosive 

In case of propellants, mainly nitrocellulose degradation which results in 
embrittlement of the propellant grain, and diffusion of surface coating agents 
which increases vivacity, affect the interior ballistic performance and thus limit 
functional life. 

The functionality of primary explosives deteriorates in parallel to the chemical 
ageing (loss of energy). 

In modern secondary explosives, ageing of binder and phase changes of the 
explosive (which causes volume changes resulting in cracks and voids) might 
affect the safety-relevant features (sensitiveness) and functionality. 
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In case of pyrotechnics mainly hydrolysis and build up of a oxygen layer on 
the surface of the used fuels, humidity in the oxidizers and ageing / phase 
changes of binders affect reactivity and thus functioning. 

3.2.3 Chemical Compatibility 

Contact materials which are found to be incompatible with one class of organic 
explosives very often are also incompatible with the other classes. The 
experience-based rules regarding contact materials are as follows [6]: 

Inorganic contact materials: Neutral and slightly acidic inorganic compounds 
are usually compatible, whereas strong acids and strong oxidizers are often 
incompatible and strong alkalis are generally incompatible with explosives. 
Furthermore, commonly used metals and alloys are compatible with explosives.  

Organic contact materials: Most polymers are compatible with explosives. 
Glues and varnishes sometimes give raise to incompatibility, in particular when 
their curing is caused by chemical reactions rather than by solvent evaporation. 
Here, amine- and polyamide hardener in epoxy-based glues and isocyanates in 
polyurethane products are often responsible for incompatibility with explosives. 
Incompatibilities are sometimes also found with acrylate and methacrylate glues 
and silicone paints.   

Regarding explosives, it was found that less stable energetic materials such as 
primary explosives and aliphatic nitrate esters are generally more susceptible 
towards incompatibilities than the more stable high explosives. Thus there are 
some additional incompatibilities which are specific or more distinctive for the 
individual explosive classes: Propellants basing on aliphatic nitrate esters, in 
particular if they contain nitroglycerine, are often incompatible also with nitrates 
and halogenides of alkaline metals, bitumen varnishes and black powder. In 
case of primary explosives, some azides are strongly incompatible with non-
ferrous heavy metals such as copper – thus, unstable and dangerous copper 
azides are formed. Pyrotechnics are usually compatible with inert and 
nitrocellulose-based binders but often incompatible with energetic polymer 
binders.  
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3.3 Toxicity of Explosives 

Toxic ingredients in explosives and toxic combustion / detonation products of 
explosives might cause increased risk and unpredictable costs during handling / 
surveillance / application / disposal. The following fields seem to be of most 
importance [7]: 

Toxic heavy metals: As metallic ingredients do not decompose during 
combustion or detonation of the explosive, toxic metals cause risks to humans 
during the entire life cycle of the explosive. Furthermore, the metallic ingredients 
are distributed into the environment during the intended use (combustion / 
detonation). In particular the extremely toxic heavy metals mercury (in primary 
explosives) and lead (in primary explosives and propellants) must be replaced 
immediately (which is difficult in particular in primary explosives). But also 
chromium, barium, copper, zinc and tin have a significant toxic potential and 
should be replaced whenever possible. Other metals such as tungsten, titanium, 
calcium, magnesium, sodium and potassium are regarded as much less toxic. 

Toxic organic substances: As organic ingredients are usually fully dis-
integrated during the intended use (combustion / detonation), the only relevant 
potential entry point into the environment are explosive production and 
accidents during transport and storage. The toxicity of organic explosive 
ingredients therefore is mainly a problem of working hygiene during production. 
Nevertheless, very toxic and carcinogenic ingredients, such as azo dyes in 
pyrotechnics,  dinitrotoluene DNT in propellants and possibly trinitrotoluene 
TNT should be avoided. Also in discussion is the substitution of stabilisers 
basing on aromatic amines and urea derivatives (e.g. p-nitro-N-alkyl-alinine, 
centralite, diphenylamine) which can produce carcinogenic N-nitrosamines. 
Furthermore, also the replacement of nitroglycerine (due to its physiological 
effects) and of phthalate-plasticizers (due to their aquatic toxicity and hormonal 
effects) is discussed – however, at least for nitroglycerine, no suitable 
replacements are available.  

Toxic gaseous combustion / detonation products: During the intended use 
(combustion / detonation) of an explosive, toxic gaseous products such as 
carbon monoxide, nitrogen oxides and hydrogen cyanide are produced. A 
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reduction of these toxic products can often be achieved by an almost even 
oxygen balance – thereby, however, the performance of the explosive deceases 
tremendously. Another problem is the formation of very toxic chloro dioxins 
during the burning of smoke compositions which contain organic chlorine 
compounds (in particular with older compositions basing on perchloro-
naphthalene; but also hexachloroethane and polyvinylchloride PVC produce 
traces of dioxins when burning occurs at lower temperatures) [7]. Furthermore, 
the burning of compositions which contain red phosphorous can produce small 
quantities of toxic white phosphorous [7].   
 

3.4 Sensitiveness of Explosives (IM / LOVA-Properties) 

The reduction of vulnerability / sensitiveness (LOVA = Low Vulnerability Ammu-
nition / IM = Insensitive Munition) is still one of the main demands on future 
ammunition. Whereas this system requirement can be achieved by different 
measures (including packaging), it is widely agreed that all explosives used in 
such ammunition should be as insensitive as possible ("insensitive explosives"; 
"less sensitive propellants" LSP) [8]. 

One approach upon "LOVA" gun propellants is to use a polymer-bonded 
matrix highly filled with solid nitramines. In fact, such propellants feature 
improved properties in particular fields (e.g. chemical stability, cook-off), 
whereas other problems remain (e.g. sensitiveness upon shaped charges and 
detonation shock as well as unsatisfactory mechanical properties at lower 
temperatures or after ageing). In particular the only qualified propellant of this 
family (XM39 / M43) is brittle at low temperatures and very sensitive towards 
shaped charge jet impact [8].  

An alternative approach is to improve formulation and production processes of 
nitrocellulose-based propellants. The newest products of this type show, apart 
from superior properties in general, also a relatively low sensitiveness toward all 
types of impacts (including shaped charge jet) [8,9]. Thus, the "improved 
nitrocellulose-based propellants" seem to rule out the less successful polymer-
bonded developments.  
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Primary explosives usually are extremely sensitive – therefore, these 
substances should be replaced in IM applications by new less sensitive initiation 
compositions or alternative initiation procedures (e.g. exploding bridge wire, 
exploding foil ignition, laser ignition, and so on). 

The sensitiveness of secondary explosives can be reduced by [9]: 
– Reduction of the sensitiveness of the explosive components by 

changing their crystal properties (insensitive or reduced sensitivity 
RDX, "i-RDX", "RS-RDX").  

– Replacement of sensitive explosives by less sensitive (and unfortu-
nately also less powerful) substances ("insensitive high explosives" 
IHE, e.g. TATB, NTO, FOX-7). 

– Embedding of the explosive in an elastic binder matrix (PBX). 

– Recent trends also go towards low-cost melt-cast explosives                          
with reduced sensitivity (e.g. TNT/NTO formulations such as 
XF 13333). 

In IM applications, less sensitive pyrotechnics with increased performance are 
desirable – this however is difficult to achieve. A possible solution would be to 
embed nano-fuels into the caves of nano-structured oxidisers. 

 

4. CONCLUSIONS AND OUTLOOK 

As can be seen from the international demand, further improvement of 
explosive performance is still required. Safety, however, has become the most 
important issue. 

For a long time, each increase in performance had to be paid for with a 
reduction in the safety features, and vice versa. New technologies are therefore 
required in order to increase both performance and safety at the same time.  

There is still a lot to do, but we are on the right way – as an example, 
nanotechnology has shown to be able to double the performance of certain 
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pyrotechnics and, at the same time, to increase the safety level by a factor of 
ten.  
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A range of unique energetic polyphosphazenes, which have been developed specifically as 
binders for energetic formulations, is described.  Potential applications within the pyrotechnic 
field are as energetic coatings for pyrotechnic fuels, for example in magnesium flares and 
replacement binders in red phosphorus pyrotechnic compositions.  These novel semi-organic 
binders, which appear to be low hazard materials, promise unique and superior properties in 
comparison with carbon based alternatives, for example: enhanced energy-density and 
reduced glass transition temperatures (Tg).  The implicit generation of phosphorus oxides and 
phosphoric acids during combustion also offers potential enhancement in the emissive 
performance of pyrotechnics for screening applications.  Simple variation of the preparative 
procedure enables a variety of customised energetic polymeric binders to be produced, 
offering variable energy, density, Tg and fluorine content, such that individual materials can 
be optimised for specific pyrotechnic systems.   
 
Polymeric organic materials are widely used in all types of energetic formulations, 

primarily as either fuels or combustible binders.  However, many of the polymers 

employed in this way are ‘inert’, requiring the addition of separate oxidisers to effect 

their combustion and in practice it can be difficult to incorporate sufficient oxidant 

into a formulation to achieve stoichiometric combustion, without compromising 

physical properties.  It is possible to mitigate this problem through the use of 

energetic polymers.  The term ‘energetic polymer’ is normally used to describe 

macromolecules which contain energetic functionalities such as nitrato, nitro or azido 

groups.  Although not commonly included within this categorisation, fluoro-polymers 

can fulfil a similar function when formulated with metal powders such as magnesium 

and aluminium, as in pyrotechnic and other applications.  However, the intrinsic 

nature of some common binders and coatings (eg Viton and other vinylidene fluoride-

hexafluoropropylene elastomers), or the way in which they are processed, can lead to 

the incorporation of moisture into pyrotechnic compositions.  Apart from the 

undesirable generation of hydrogen through magnesium corrosion one possible 

consequence during subsequent storage, either in elevated temperature environments 

or for the long term, is a degradation of ignition and combustion performance.  The 

use of alternative energetic binder systems with potentially lower hydrophilicity, is 



  

therefore a potentially attractive option, if by this means it is possible to mitigate 

metal corrosion during storage. Such binder systems could also reduce phosphine 

evolution hazards in red phosphorus pyrotechnics, whilst permitting the use of 

increased quantities of binder without excessive degradation of performance.  

 

However, the difficulty is to obtain energetic binders which combine high energy 

content with good physical properties, particularly low glass transition temperatures 

(Tgs).  Recently, a range of novel high performance energetic polyphosphazenes have 

been designed and synthesised specifically for use in energetic formulations1. This 

paper considers the potential value of these materials to pyrotechnic formulations, 

updates the product set and reports on preliminary experimental work to explore the 

suitability of such polyphosphazenes for these applications.   

 
Synthesis of Energetic Polyphosphazenes  Polyphosphazenes comprise an inorganic 

phosphorus-nitrogen backbone, with pendant side groups. The products of interest 

prepared to date2 are 1-5 in Figure 1, which gives simplified structures for 

convenience; in reality these materials are random mixed substituent polymers1. 1-5 

are energetic by virtue of the nitrato functionalities present in the side chains and their 

syntheses follow a common procedure as illustrated in Scheme 1.  The key feature to 

note from this scheme is that the degree of substitution can be varied depending  
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Figure 1: Energetic polyphosphazenes of potential interest 
 

on the reaction conditions employed. Thus products possessing different ratios of 

trifluoroethoxy to nitrato groups can be produced and such products can possess 

widely differing properties.  This feature is useful for tailoring products to particular 

applications. Whilst it is difficult to exceed 70% substitution by nitrato side chains 

using the method of Scheme 1, it is possible to achieve 100% substitution (i.e. no 



  

trifluoroethoxy substituent groups) using another route, which will be the subject of a 

future communication. Empirical formulae and oxygen balances for examples with 

specific degrees of substitution are given in Table 1. 
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Energetic Polymer 

(% Energetic substituent  
by 1H NMR) 

Unit Empirical Formula Oxygen Balance  

1  (76%) C4.00H7.04O6.56N2.52F1.44P1.00 -42.5 
1  (100%) C4.00H8.00O8.00N3.00P1.00 -40.5 
2  (70%) C5.40H8.20O10.40N3.00F1.80P1.00 -27.3 
2  (100%) C6.00H10.00O14.00N5.00P1.00 -21.2 
3  (61%) C6.44H10.10O9.32N3.44F2.34P1.00 -44.2 
3  (100%) C8.00H14.00O14.00N5.00P1.00 -42.3 
4  (67%) C8.02H13.38O10.04N3.68F1.98P1.00 -58.1 
5  (51%) C8.08H13.18O8.12N3.04F2.94P1.00 -67.7 
5  (70%) C9.60H16.60O10.40N3.80F1.80P1.00 -71.8 

PolyGLYN* C3.00H5.00O4.00N1.00 -60.5 
PolyNIMMO** C5.00H9.00O4.00N1.00 -114.3 

*PolyGLYN = polyglycidyl nitrate  **PolyNIMMO = poly(3-methyl-3-nitratomethyl oxetane) 
 
Table 1:  Empirical Formulae and Oxygen Balance of Energetic Polyphosphazenes 
and Some Commercial (Carbon Based) Products 
 
 

Characterisation of Polyphosphazenes 1-5  Figure 2 shows the changes which 

occur in decomposition energy, density and Tgs for products 2,3 and 5, as the 

proportion of nitrato versus trifluoroethoxy substituents is varied. Decomposition 

energy was determined by DSC1.  More detailed calorimetric work is also in progress3 

on these compounds and Table 2 summarises some data which has been recently 

recalculated using the latest CODATA key values for thermodynamics (Handbook of 

Chemistry and Physics, 85th Edition CRC Press, 2004).  



  

 
Energetic 
Polymer %ES* ∆H°c (Jg-1) ∆H°c (kJmol-1) ∆H°f (Jg-1) ∆H°f  (kJmol-1) 

1 76 -10530 ± 180 -2672 ± 46 -5849 ± 180 -1484 ± 46 
31 -8870 ± 140 -2610 ± 41 -7277 ± 140 -2141 ± 41 2 70 -9209 ± 160 -3296 ± 57 -4610 ± 160 -1650 ± 57 

3 61 -11250 ± 100 -4052 ± 36 -4627 ± 100 -1667 ± 36 
4 67 -13040 ± 210 -4821 ± 82 -5213 ± 210 -1927 ± 82 
5 51 -14460 ± 180 -5345 ± 66 -4282 ± 180 -1583 ± 66 

PolyGLYN    -2710** -323** 
PolyNIMMO    -2290** -337** 

GAP    -1150** -114** 
* %ES = percent energetic substituent (as measured by 1H NMR spectroscopy) 
** E.Diaz et al, Propellants, Explosives, Pyrotechnics, 2003, 28(3), 101-106. 
 
Table 2: Standard enthalpy of combustion (∆H°c) and standard enthalpy of formation 
(∆H°f) of energetic polymers 1-5 
 
 

Because high performance energetic polymers are difficult to prepare, it is anticipated 

that polyphosphazenes possessing the highest energy-densities will be of most 

interest, with low Tgs being an advantage.  Table 3 summarises data for a number of 

key energetic polyphosphazenes alongside that for commercially available energetic 

polymers, for comparison. The energies measured for the mixed substituent 

polyphosphazenes exceed that of polyGLYN by up to 21.5% (J/g), or 30% on an 

energy-density basis (J/cm3).  These figures increase to 44% (J/g) and 63% (J/cm3) 

respectively for the 100% substituted homopolymer materials.        

                        

 
Material % Energetic 

side-groups 
 
 

Density 
(g/cm3) 

Tg  
(ºC) 

Decomposition 
 Energy (DSC) 

(J/g) 

Polyphosphazene 1 100 1.60 -45 2540 
Polyphosphazene 2 100 - -33 2690 
Polyphosphazene 2 72 1.65 -25 2020 
Polyphosphazene 3 100 1.65 -24 2880 
Polyphosphazene 3 68 1.60 -13 2370 
Polyphosphazene 5 77 1.52 -55 2430 
PolyGLYN - 1.46 -30 2000 
PolyNIMMO - 1.26 -33 1300 

 

Table 3: Physical data for nitrato substituted energetic polymers 
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Figure 2: Graphs illustrating trends in (i) density, (ii) decomposition energy 
and (iii) Tg, for nitrato substituted polyphosphazenes 2,3 & 5 

 

 



  

As figure 2 shows there is wide variation in Tgs, but the lowest recorded value is 

associated with 5 (-55°C; 77% substitution).  This result, taken together with its 

energy (2430 J/g) and density (1.52 g/cm3) suggests that 5 may offer significant 

performance advantages over currently available energetic polymers, especially in 

low temperature applications, though the homopolymers (ie 100% nitrato substituted) 

exhibit higher energies. Hazard data available to date for polymers 1-5 are consistent 

with materials possessing low explosive hazard1.  
 

 
Application of Customised Energetic Polymers to Pyrotechnic Systems  

Conceptually, the energetic polyphosphazenes described above appear particularly 

attractive for two pyrotechnic applications: i) Magnesium flares and ii) Red 

Phosphorus pyrotechnic systems.   These will be considered separately.  

 

i) Magnesium Flares: Regarding the corrosion problem encountered on storage of 

flares containing magnesium powder, energetic polyphosphazenes may act as superior 

binders to Viton in two main respects.  Firstly, they may be less prone to moisture 

entrapment during processing, thereby reducing magnesium corrosion through life.  

Secondly, because of their energy content they should facilitate the use of increased 

binder percentages without any unacceptable loss of performance, thereby increasing 

the protection offered to the metallic filler. Enhanced binder content could also 

benefit certain processing techniques, for example the application of extrusion 

technology.  The use of nitrato substituted polyphosphazenes in this context will 

facilitate oxidation of organic elements, thereby generating carbon dioxide and water. 

Consequently, the thermal profile of a flare containing such materials should tend to 

better match the thermal profile of burning hydrocarbon based liquid fuels.  However, 

incorporation of fluorine into the binder, as opposed to oxygen, is likely to a give 

higher thermal yield, if it is able to react with magnesium.  Thus, as the ratio of 

oxygen to fluorine present in a polyphosphazene binder is varied, there will be a 

performance trade-off between the two possible oxidation mechanisms.  Identification 

of the most advantageous stoichiometry is being investigated though the use of three 

different energetic polyphosphazenes.  These materials are all based on structure 5, 

but have different degrees of nitrate ester side chain substitution: 70%, 54% and 10%. 

As the precursor polyphosphazene binder containing 100% trifluoroethoxy side 



  

chains is a hard, non-tacky powder, it is relatively unattractive for coating metal/PTFE 

powders. In contrast, polyphosphazenes at low percentages of nitrato substitution     

(< 10%) tend towards soft waxy solids, whilst at higher substitution levels they 

become sticky, viscous, liquid binders, which adhere well to most fillers.  

 

ii) Red Phosphorus Pyrotechnic Systems:  Red phosphorus is an essential component 

of some pyrotechnic smoke systems.  However, the chemical reactivity of this 

material makes it prone to degradation reactions during storage, which potentially can 

make it more difficult to ignite, reduce its burn rate and lead to the evolution of toxic 

phosphine. Red phosphorus systems typically utilise minimal quantities of inert 

binders; however, this can make it difficult to coat the individual phosphorus particles 

sufficiently to quench their chemical reactivity.  Some existing binders also require 

the use of a hazardous chlorinated solvent for their dissolution (eg butyl rubber).   

 

The use of energetic polyphosphazenes in such systems should permit the use of 

higher percentages of binder than those normally employed with inert polymers, so 

generating a thicker protective polymer layer around individual phosphorus particles. 

As the energetic binder will itself burn (even in absence of air) phosphorus 

combustion should be promoted, thereby enhancing burn rate/thermal output of the 

device.  Judicious exploitation of such enhanced burning rates may even make it 

possible to pursue the formation of emissive smokes.  

 

The combustion products of polyphosphazenes represent a further advantage as they 

inevitably include phosphorus oxides and phosphoric acid.   These combustion 

products are known to contribute to smoke generation and thermal performance, so it 

is anticipated that polyphosphazenes, when tested in pyrotechnic smoke systems, will 

themselves contribute to the screening performance of a composition.  For the 

purposes discussed above the most highly nitrato substituted polyphosphazenes will 

probably be the most suitable.   

 
Initial Formulation Experiments An experimental programme to explore the 

application of polyphosphazenes to pyrotechnics is presently at an early stage; data 

available to Jan. 2005 is presented below.  Simple compatibility, hazard and ignition 

tests have been performed with a number of common oxidisers [ammonium 



  

perchlorate (AP) and ammonium nitrate (AN)] and metals [magnesium and 

aluminium] (Table 4) as a precursor to more detailed studies.  (PolyGLYN8 is 

included in the table for comparative purposes.)  The samples were prepared by 

dissolving the polyphosphazene in THF or acetone and adding the metal or oxidant to 

the solution at ambient temperature with stirring until most of the solvent had 

evaporated, generating a thick paste.  The sample was then heated to 40oC (30 

minutes) to remove final traces of solvent.  The resulting powders were typically hard 

granular, free-flowing solids which could be readily compacted into a coherent mass.  
 

Filler1 Binder1 

(% energetic 
side-groups) 

 

Mallet2 
impact 
(no. of 
fires) 

Mallet2 
friction 
(no. of 
fires) 

DSC 
(onset  of 

decomp./°C) 

Flame Test 
(In air) 

AP 5 (70) 2/10 0/10 192 Burns smoothly but fiercely, 
with hissing sound 

AN 5 (70) 0/10 0/10 168 Liquified, blackened to char, no 
ignition 

Mg 5 (70) 0/10 0/10 189 Bright white flash, rapid burn 
Al 5 (70) 0/10 0/10 188 Charred, did not ignite 
AP polyGLYN 1/10 3/10 196 Yellow flame, bright sparks 

ejected 
Mg polyGLYN 0/10 0/10 189 Bright white flash, rapid burn 

   
1Filler:Binder ratio, all samples = 75:25wt%;  2Small-scale mallet tests refer to steel on steel;  
All samples survived 30min at 100oC, without colour change 
 
Table 4: Hazard and Ignition Data for Polyphosphazene Compositions  
 
 

Magnesium Flare Compositions  Three variants of polyphosphazene 5 containing 

70%, 54% and 10% nitrato side chain substitution have been prepared for formulation 

with magnesium. Examination of these as mixtures of both magnesium-

polyphosphazene (95:5 & 90:10wt%) and magnesium-PTFE-polyphosphazene 

(10wt% binder, with Mg/PTFE ratios similar to those described by Koch4 5 6 and 

Singh7) is planned.  However, to date only certain magnesium/polyphosphazene 

mixtures have been prepared, using the procedure described above, for purposes of 

preliminary safety evaluation. With both 5wt% and 10wt% polyphosphazene the 

compositions were found to be free flowing, easily pressable powders.  Ignition of 

these products has been examined qualitatively in air (see Table 5).  Future work will 

address quantitative infra-red emissions to determine the relative merits of nitrato and 

fluoro- substitution.  The efficacy and coherence of the coating process has been 

explored by preparing a composition comprising 10wt% polyphosphazene (5, 70% 



  

nitrato substituted) and 90wt% magnesium powder and dispersing it, after solvent 

evaporation, in dilute hydrochloric acid (50mM) at ambient temperature.  

Measurement of hydrogen evolution showed an approximately 70% reduction in gas 

evolution, relative to ‘bare’ magnesium powder.  (The coating process has yet to be 

optimised.)   

 

Red Phosphorus Compositions  Compositions containing 5 and 10 percent of 

polyphosphazene 5 (70% nitrato substituted) and red phosphorus have been prepared, 

using the above method.  Preliminary ignition characteristics for these materials are 

given in Table 5.  Initial experiments, over a period of weeks, indicate that coating of 

phosphorus with polyphosphazene 5 (70% nitrated, 10wt%) markedly reduces its 

uptake/reaction with atmospheric moisture. 
 

% Nitrato 
side-group 
substitution Ingredients (wt%) Ease of Powder Ignition Comments 

70 5 (5), Mg (95) 
Ignites and burns readily with 

spluttering flame Similar to pure magnesium

70 5 (10), Mg (90) 
Ignites and burns readily with 

spluttering flame Similar to pure magnesium

70 5 (5), P (95) 
Ignites and burns with smoky 

flame  Similar to pure phosphorus

70 5 (10), P (90) 
Ignites and burns with smoky 

flame Similar to pure phosphorus
 

Table 5:  Ignition Properties of Polyphosphazene/Magnesium and 
Polyphosphazene/Phosphorus Powders in Air 

 
 

Attempted Ignition of Pressed Polyphosphazene Pellets  Existing binders often 

help to desensitise pyrotechnic formulations. It is therefore important that 

polyphosphazene based formulations are not unduly susceptible to ignition, either due 

to flammability of the polymer itself, or because of exothermic polymer-fuel 

interactions. Thus, the intrinsic reactivity of 5 towards magnesium/ phosphorus in 

absence of air has been explored by attempting to ignite small pressed charges in a 

calorimeter using an electrically heated wire. [In isolation 5 is somewhat reluctant to 

ignite either in air or nitrogen, though it is capable of sustaining combustion in either 

of these atmospheres.]  



  

i) Magnesium Based  Polyphosphazene 5, (70%  nitrato side-groups) was mixed with 

magnesium powder (10:90wt%) and hand pressed into a pellet (ca 290mg, 8mm 

diameter, 3.8mm long).  This pellet was then hand drilled and threaded with a 

nichrome wire (diameter 0.19mm, length ca 3.5cm, resistance ca 50 ohm m-1) which 

had been coated with further polyphosphazene binder to aid contact and prevent 

electrical shorting.  The pellet was positioned in a bomb calorimeter which was then 

flushed with nitrogen and the wire heated (nominally: 8v, 4.5A for 30s) to ignite the 

polyphosphazene.  Although the neat binder combusted, it failed to cause any obvious 

propagation of reaction through the compacted pellet. The combusting polymer 

partially exuded from the pellet to leave a black char (Figure 3).  [Combustion of this 

polyphosphazene under nitrogen is a flameless process which generates a dull red 

glow typically, according to black body theory, this corresponds to a temperature 

around 550oC.]  Smearing of additional binder over the flat pellet surface, with 

subsequent ignition via an embedded wire, produced a similar result (ie charring, but 

no pellet ignition). Thus, polyphosphazene/magnesium mixtures do not appear to 

readily undergo exothermic interactions, though there is no doubt that they will burn 

vigorously in presence of an additional oxidant (Tables 4 & 5). 

 

 

 
 

Figure 3: Views of opposite faces of the pellet after attempted  
ignition, showing the charred remains of exuded polyphosphazene.     

 
 

ii) Phosphorus based  Pressing of a composition based on 5 (70% nitrato side groups) 

and red phosphorus (10:90 wt%, ca 290mg) produced a well formed but fragile pellet, 

which did not survive drilling.  However, another sample (217mg) was successfully 

pressed directly onto a nichrome wire in the base of an alumina crucible.  Similar 



  

firing conditions to those above produced local pyrolysis of the binder, but failed to 

cause any mass ignition of the pellet (in nitrogen). Smearing of additional binder 

(92mg) onto the flat surface of the pellet with an embedded wire, again produced 

ignition of the binder, but no propagation through the pellet. 

 

Summary  A range of novel energetic polyphosphazenes, some of which have lower 

Tgs and higher energy densities than existing energetic binders, have been considered 

for pyrotechnic applications. These materials appear potentially attractive for 

application in i) Magnesium flares, where they could potentially reduce the long term 

ageing problems experienced with existing binders, whilst simultaneously enhancing 

energy and ii) Red phosphorus systems, where they may provide improved ageing 

characteristics and emissive performance. One novel feature of these 

polyphosphazenes is their variable oxygen balance/fluorine content, which offers the 

potential to optimise performance within specific pyrotechnic systems.  Preliminary 

experimental work suggests that these binders will be easy to process and press.  Full 

synthetic data, together with more extensive information on the characterisation of 

these materials in pyrotechnic systems will be the subject of future publications.    
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Abstract 

Silicon particles with a particle size in the range of 10 to 100 nm were 

synthesised in kilogram scale using an Induction Coupled Plasma (ICP) 

facility. In this process, a coarse powder is vaporised in a hydrogen / 

argon plasma torch and condensed in a stream of argon. 

The produced particles were characterized by Scanning Electron 

Microscopy (SEM), Transmission Electron Microscopy (TEM), Differential 

Thermal Analysis (DTA) and Thermal Gravimetry Analysis (TGA), 

Raman and Infrared spectroscopy and BET. The produced silicon 

powder was used as reducing agent in pyrotechnic compositions 

containing potassium perchlorate as an oxidizer. Performances in terms 

of heat and rate of reaction for compositions having oxygen balances 

ranging from 0.5 to 1.5 were found superior to µm sized silicon powders.  
 



1. Introduction 

Pyrotechnics relies on the reaction between an oxidizer and a reducing 

agent. Most of the reactive systems are based on a solid reacting with 

either another solid, liquid or a gas. The reaction of the partners is often 

influenced by the extent of the reactive interface. Though for a given 

reactive solid, a higher specific surface could lead to an overall faster 

reaction rate.  

Despite their limited ability in large amounts, nano powders are to 

accelerate pyrotechnical reactions. The performances of micrometric 

silicon powders has been reported in combination with several oxidizers: 

SnO2, Fe2O3, KNO3, Sb2O3, Pb3O4, PbCrO4, and Cu(SbO2)2. The 

oxidation of silicon nano powders in air has also been reported [1,2].                           

In this paper synthesis and characterisation of nano crystalline silicon in 

large scale is first presented. In a second part, the reactivity of silicon 

nano powder (nSi) with potassium perchlorate is presented, discussed 

and compared to micron-sized powder (µSi). 

2. Experimental 

2.1 Synthesis of Nano Silicon 

The nanosized Si powders have been produced by evaporation of 

coarse commercially available silicon powders and subsequent 

condensation in a radio frequency inductively coupled plasma (ICP). The 

complete plasma synthesis prototype is shown on figure 1, and consists 

of an induction plasma torch (PL-35, TEKNA Plasma System Inc., 

Canada) coupled to a radio frequency power supply equipment (13.56 

MHz and 30 kW), a water cooled reaction chamber connected to a 

filtration unit and a powder feeding system (Powdercube, DACS, 

Switzerland). 

A standard gas mixture of 6 slpm Argon for the central gas, 80/10 slpm 

Ar/H2 for the sheath gas and 8 slpm Ar for the carrier gas was applied for 



the synthesis. The chamber pressure was kept at 40 kPa and the 

generator plate power was 20 kW. The quenching was carried out with 

100 slpm Ar using a two-jets nozzle located at 25 mm from the torch 

exhaust. The inlet powder was introduced into the plasma through a 

water cooled injection probe located at the top of the induction coil. The 

powder feed rate was 4.8 g/min.  

The starting material is a commercial silicon micrometric powder 

(F.J.Brodmann & Co, Harvey, Louisiana, USA). The size distribution has 

been determined using PowdershapeTM image analyser (d10 =   9.1 µm, 

d50 = 28.3 µm, d90 = 73.5 µm). 

 

  

 

RF
13.56 MHz

Precursors
(+ carrier/reactive gas)Central gas (Ar, He)

Sheath gas
(Ar, H , N , He)2 2 injector position

quenching
gas

synthesis
chamber  

 

Figure 1: (Left) Experimental set-up showing (A) RF generator, (B) 
plasma torch, (C) synthesis chamber, (D) filtration unit; 
(Right) schematic drawing of the plasma torch  

2.2 Characterization of Nano Silicon 

Transmission electron microscopy (TEM) shows particles with a clear 

spherical shape (Fig 2).  

The size of the particles was estimated by three methods. While TEM 

images analysis yields a mean particle diameter of 35 nm, fractal image 

A
B

C D



analysis of scanning electron micrographs (SEM) indicates particle 

classes between 55 - 77 nm, and the equivalent mean particle diameter 

calculated from the BET specific surface area of 29.2 m2/g lies around 88 

nm. 

A BET specific surface area (SSA) of 29.2 m2/g was measured with 

TriStar 3000 gas adsorbing system of Micromeritics, USA. The BET 

diameter amounts 88 nm and is calculated according to  

[ ] [ ] [ ]mdmg
gmSSA

BET*/
6/ 3

2

ρ
=         (1) 

under assumption of a monodispers spherical distribution of the particles 

and all particles having a density equal to that of pure Si (2.33 g/cm3), 

Powdershape is an image analysis software for determination of the 

particle size and shape distribution of isolated particles, from scanned or 

SEM/TEM images.  
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Figure 2: TEM micrograph showing the spherical silicon nano particles 
produced and the histogram of particle size distribution 

 
Raman analysis shows that the powder consists of crystalline silicon free 

of mechanical constraints (Fig 3a). IR-ATR spectroscopy shows the 



presence of the expected silicon oxide with one peak centred at 807 cm-1 

assigned to bending mode and a second peak centred at 1120 cm-1 

assigned to both longitudinal and transversal optical modes (Fig 3b) 

[1,2].  
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Figure 3a: Raman spectra of the silicon nano powder (exposed to air)   
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Figure 3b: IR-ATR spectra of the silicon nano powder (exposed to air)   
 
While collected and stored under purified argon atmosphere, the 

powders were characterized in ambient atmosphere explaining the 

presence of the native oxide layer around the particles. 
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2.3 Nano-Si Reactivity in Air  

The reactivity of nSi in air was investigated by TGA-DTA from RT to 

1773 K under air flow and using a heating rate of 10 K/min and 

compared with a silicon powder of 5.86 microns mean diameter. The 

results are represented in figure 4. 
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Figure 4a: TGA traces and its first derivative for 40 mg Si nano powder 
    and 43 mg Si 5.86 µm  in  50ml/min air flow at 10 K/min 
       heating rate 
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Figure 4b: DTA traces of 40 mg Si nano powder and 43 mg Si 5.86 µm 
   in 50 ml/min air flow at 10 K/min heating rate 
 



The onset of the oxidation is located between 623-673 K and proceeds in 

two steps. A first event centred at 848 K followed by a second oxidation 

stage centred at 1348 K. Under these conditions, most of the sample is 

oxidised as the melting point of silicon is reached (1683 K). A similar two 

step mechanism has also been reported for the oxidation of 20 nm 

hydrogenated silicon nano particles [2]. While the oxidation of Si nano 

particles have been reported not to be limited by diffusion [2], other 

authors claim that diffusion could play a significant role [3,4]. 

The overall mass gain is 69% in constrast, for micrometric powder the 

onset of oxidation only appears around 1023 K and a clear endothermic 

peaks is collected at the melting temperature as the oxidation is far from 

being complete (29%).  

Assuming a stoechiometric reaction producing only SiO2 the expected 

total mass gain should be 114%. The negligible rate of relative mass 

variation at 1773 K and the very small fusion endothermic peak for nano 

Si powders indicates that the oxidation reaction is terminated. A partial 

oxidation of silicon or a mass loss due to the evolution of gaseous silicon 

monoxide (SiO(g)) could explain these results [5,6]. 

3. Compositions 

3.1 Nano Siilicon / Potassium perchlorate 

Compositions containing nano silicon and potassium perchlorate with 

negative and positive oxygen balance as well as the composition with 

equalized oxygen balance were produced. 

5 g Si-KClO4 (KClO4 : d10= 5.6 µm , d50=11.21 µm, d90= 21.69 µm) 

mixtures were prepared with nano- and micro-Si ranging from an oxygen 

balance of 0.5 to 1.5 in 0.25 steps. The mixing was achieved by using a 

Turbula mixer, without any binder.  

Figures 5a and b show the DTA and TGA plots of nano-Si and KClO4 in 

Argon gas flow. The small weight gain of the nano-Si starting at a 



temperature of about 400 K is supposably due to small amounts of air in 

the crucible. 
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Figure 5a: DTA traces of nano and micro Si powder in argon gas 
          flow at 10 K/min heating rate 
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Figure 5b: DTA traces of potassium perchlorate in argon flow at 10 K/  
   min heating rate 

Part of the detected weight loss in figure 5b is due to the fact that the cap 

of the crucible was ejected during the decomposition process of 

potassium perchlorate. The DTA plot shows at a temperature of 585 K  a 

crystal phase change of the potassium perchlorate (572K), at 879 the 



melting process (883 K) followed by the exothermal decomposition at 

909 K and the melting of potassium chloride at 1049 K (1049 K). 

 
Table 1: Produced compositions and measured data 

Oxygen balance 1.50 1.25 1.00 0.75 0.50 

Mass Si [g] 1.03 1.22 1.43 1.74 2.23 

Mass KClO4 [g] 3.97 3.78 3.57 3.26 2.77 

Density - 0.41 0.23 0.19 0.15 

Heat of Reaction [J/g] 2148 2642 2528 4057 4777 

Combustion Rate [mm/s] - 26.3 33.4 - - 

 

Combustion rates were determined by hot filament ignition of the 

Si/KClO4 mixtures placed in a 300 x 2 x 2 mm burning rinse machined in 

solid brass. Heats of combustion were determined on 1 g samples using 

an IKA C4000 adiabatic calorimeter. TGA/DTA were run on a Netzsch 

STA 409 using alumina crucibles (for air oxidation: 40 mg Si samples, 

50ml/min air flow and 10 K/min,  for Si / KClO4 mixtures, 100 mg 

samples, 50 ml/min argon flow 20 K/min).  

While none of the µSi based mixture did ignite or sustain combustion, 

burning rate of 33.4 and 26.3 mm/s could be measured for nano-Si 

mixtures with oxygen balances of 1.00 and 1.25. 

Ignition was also not possible for µSi / KClO4 mixtures in the calorimeter 

even with the help of a ZrNi alloy / KNO3 starter. Heat of combustions for 

nano-Si compositions are reported in table 1 and figure 5. 
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Figure 5: Measured heats of reaction and reaction rates 

Thermal analysis of nano-Si mixtures are shown in figure 6a and 6b. 
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Figure 6: TGA and DTA plots of compositions with negative and positive 

oxygen balances as well as the composition with equalized 
oxygen balances 

 



Above the solid-solid phase change of KClO4 (572°C) nSi-KClO4 

mixtures show a sudden reactivity at 713 K for oxygen balance 0.5 and 

0.75 and 769 K for the oxygen balances 1.00 1.25 and 1.50 

accompanied by an unexpected but significant mass loss. Beyond the 

melting point of KCl (1049 K) another mass loss is seen with an onset 

around 820°C. At deficient oxygen balance, the relative amount of nano 

particles is higher and the reactive interface is larger. This could explain 

the earlier onset of reaction.  

For exceeding oxygen balance, a mass loss corresponding to molecular 

evolution of oxygen could explain partially the observed phenomena. 

Another mechanism explaining a mass loss could be the evolution of 

SiO(g) which is known to evaporate above 973K [5]. 

3.2 Micro Silicon  / Potassium perchlorate compositions 

Also compositions containing micro silicon and potassium perchlorate 

with negative and positive oxygen balance as well as the composition 

with equalized oxygen balance were produced. 

Table 2: Produced compositions and measured data 

Oxygen balance 1.50 1.25 1.00 0.75 0.50 

Mass Si [g] 1.03 1.22 1.43 1.74 2.23 

Mass KClO4 [g] 3.97 3.78 3.57 3.26 2.77 

Density - 0.41 0.23 0.19 0.15 

Heat of Reaction [J/g] - - - - - 

Combustion Rate [mm/s] - - - - - 

 
It was not possible to ignite one of the prepared compositions. Therefore 

there is no data concerning the heat of reaction and the reaction rate 

available.  



4. Summary / Conclusion 

Induction Coupled Plasma (ICP) enables a production of Si nano powder 

in kilograms per day. 

Compared to micrometric silicon powder, the reactivity of nano silicon 

powder / potassium perchlorate pyrotechnic compositions is clearly 

enhanced. At low temperatures thermal analysis indicates for nano Si / 

KClO4 the presence of reactions pathways not shown by micrometric 

powders. The reactivity of nano-Si with other oxidizers is under 

investigation. 
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ABSTRACT 

Isothermal heat flow calorimetry has been used to study the ageing of several 
magnesium based pyrotechnic systems. A comparison between the ageing behaviour of 
magnesium-barium nitrate and magnesium-strontium nitrate compositions is presented. The 
studies were made in air at 50 °C over a range of relative humidities using closed ampoules. 
High temperature differential scanning calorimetry studies were carried out under ignition 
conditions to investigate the influence of the ageing process on the high temperature 
pyrotechnic reactions. 

INTRODUCTION  

Pyrotechnic compositions containing magnesium powder are used in a wide range of 
military applications including area illumination, signalling and as igniters. The magnesium 
used in the compositions has a high surface area and it can degrade during storage 
especially under conditions of high humidity. This can lead to munitions with a reduced 
performance or in failures to function. The hydrogen produced during the degradation 
reaction can accumulate in munitions or ammunition containers causing then to swell or 
rupture. The presence of hydrogen presents an additional hazard because at even a low 
level it forms an explosive mixture with air that has a low ignition energy threshold. 

Research aimed at improved pyrotechnic munitions management and reduced 
through life costs has been performed on a number of important pyrotechnic systems. The 
thermal technique of heat flow calorimetry has been used to directly measure the small 
amount of heat released during the ageing process. Reaction kinetics have been measured 
and the degradation products determined. Characterisation of the aged compositions has 
enabled other properties for example the composition ignition temperature or the amount of a 
reaction product formed to be correlated directly with the amount of heat released. Studies 
on four magnesium systems containing either, barium [1], potassium [2], sodium [3] or 
strontium [4-7] nitrate have shown that the degradation reaction is influenced by the oxidant 
present in the composition. 

This paper compares the ageing of magnesium-barium nitrate and magnesium 
strontium nitrate pyrotechnic compositions. Isothermal heat flow calorimetry measurements 
were performed at 50 °C and relative humidities between 65% and 74% RH, in air, using 
closed glass ampoules. The effect of ageing on the ignition temperature of the compositions 
was determined using high temperature differential scanning calorimetry. 

* This work was carried out as part of the Weapon and Platform Effectors Domain of the MoD 
Research Programme under a Technical Agreement between the UK and Finland. 
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EXPERIMENTAL 

Binary composition containing equal quantities by mass of grade 4 cut magnesium to 
Defence Standard 13-130/1 and either barium nitrate to Defence Standard 68-74/1 or 
strontium nitrate to Defence Standard 68-40/2 were prepared by blending the ingredients in a 
Turbula mixer. The oxidants were dried at 80 °C and passed through a 125 µm sieve before 
use.  

The heat flow calorimetry measurements were performed at 50 °C in air on 100 mg 
samples sealed into 3 cm3 glass ampoules using a Thermometric Model 2277 Thermal 
Activity Monitor. The humidity was maintained at the desired level using a saturated salt 
solution that was placed in a small tube within the ampoule. Relative humidities of 65%, 69% 
or 74% were obtained using saturated solutions of potassium iodide, sodium nitrate and 
sodium chloride respectively. The experiments were carried out for periods of up to 28 days 
and the heat flow from the samples was monitored continuously throughout the ageing 
period. 

High temperature DSC experiments were carried out under ignition conditions, using 
an apparatus specially modified for pyrotechnic studies [8], on the unaged compositions and 
those that had been aged at 65% RH. Measurements were made on 20 mg samples, which 
were heated in 2 cm long quartz crucibles, at 50 °C min-1 in flowing argon. Shallow inconel 
crucibles containing titanium powder were placed on top of the DSC head to reduce the level 
of oxygen impurity in the argon. A photocell was used to detect the light emitted as the 
composition ignited. 

RESULTS AND DISCUSSION 

The heat flow curves obtained for magnesium-barium nitrate and magnesium-
strontium nitrate at 50 °C and 65% RH are shown in Figures 1 and 2 respectively. Both 
systems were found to exhibit an induction period prior to the main degradation reaction. As 
a result, there was a marked variation in the onset of the main reaction which is reflected in 
the variation in the time taken to reach the heat flow peak maxima (Table 1). At this humidity 
level, the time to the maximum heat flow for magnesium-strontium nitrate was around twice 
that of magnesium-barium nitrate. 

 

 Magnesium-Barium Nitrate Magnesium-Strontium Nitrate 

Relative 
humidity 

(%) 

Maximum 
heat flow     
(µW g-1) 

Time  to 
maximum 
heat flow    

(days) 

Rate of 
heat 

production
(J d-1) 

Maximum 
heat flow     
(µW g-1) 

Time  to 
maximum 
heat flow     

(days) 

Rate of 
heat 

production
(J d-1) 

65 2441 ± 428 9.2 ± 3.3 150 1144 ± 40 18.7 ± 3.6 75 

69 2814 ± 51 8.3 ± 3.3 180 1748 ± 156 3.3 ± 0.4 63 

74 4289 ± 278 2.7 ± 1.0 200 5725 ±  375 0.8 ± 0.1 50 

Table 1: Summary of results for composition aged at different relative humidities. 

The curves for magnesium-barium nitrate were broad in shape with only one of the 
experiments showing a well-defined peak. There was also considerable variation in the 
maximum heat flow observed. The maximum heat flow values for magnesium-strontium 
nitrate were lower than those of magnesium-barium nitrate. In contrast to the experiments on 



 3

magnesium-barium nitrate, they showed good reproducibility and apart from the experiment 
showing the longest induction time, the heat flow curves showed a rapid rise to the peak 
maximum and gave similar cumulative heats at the maximum heat flow. For both systems, 
shorter induction periods were observed when the initial heat flow was high, and the heat 
flow signals remained at a high level after the peak maximum had been reached, which 
produced large cumulative heats. The cumulative heat flow results showed that once the 
main reaction had started, the rate of heat generation for both systems is essentially constant 
but the magnesium-barium nitrate composition degraded at around twice the rate of 
magnesium-strontium nitrate mix. 

The heat flow curves for duplicate experiments carried out at 69% RH for the 
compositions containing barium and strontium nitrate are shown in figures 3 and 4 
respectively. There was a marked variation in the length of the induction period for the 
magnesium-barium nitrate composition and the time to maximum heat flow was now greater 
than that observed for magnesium-strontium nitrate (Table 1). For both systems considerably 
larger maximum heat flows were observed for the experiments carried out at 69% RH. The 
rate of heat production at 69% RH was greater than that observed at 65% RH for 
magnesium-barium nitrate but was lower for magnesium-strontium nitrate. 

For both systems increasing the RH to 74% caused a further increase in the 
maximum heat flow and a reduction in the time to the maximum heat flow. For magnesium-
barium nitrate (Figure 5) the heat flow curves were similar in shape with a steep rise to the 
peak maximum and a shoulder on the trailing edge of the peak. In the case of the experiment 
continued beyond 20 days a second shoulder was observed on the heat flow curve. This 
reduction in heat flow would appear to be related to consumption of the barium nitrate by the 
degradation reaction. The magnesium-strontium nitrate composition now showed a 
considerably higher maximum heat flow compared to magnesium-barium nitrate (figure 6). 
The rate of heat production again increased with an increase in RH for magnesium-barium 
nitrate and decreased for magnesium-strontium nitrate. 

X-ray diffraction of the aged compositions has shown that magnesium hydroxide and 
either barium or strontium nitrite were the main reaction products. 

High temperature DSC studies were carried out on the compositions under ignition 
conditions to investigate the influence of the ageing process on the high temperature 
pyrotechnic reaction; representative curves for magnesium-barium nitrate are given in 
figure 7. 

The magnesium-barium nitrate composition aged at 65% RH to a cumulative heat of 
2283 J g-1 was found to have an ignition temperature of 572 °C compared to 632 °C for the 
unaged composition. Ignitions were not observed for the compostions aged to higher 
cumulative heats. Following the endothermic peak, at around 350 °C, which is due to the 
decomposition of the magnesium hydroxide formed during the ageing process, all of the 
aged compositions showed evidence of an exothermnic reaction. This is attributed to the 
prescence of barium nitrite formed during during the ageing process. The inability of the 
compositions to ignite probably results from their reduced magnesium content. For example, 
the material aged to 3069 J g-1 contains around 32% free magnesium compared to 52% for 
the unaged sample. 

The ignition DSC curves for magnesium-strontium nitrate also showed the presence 
of a pre-ignition reaction starting at about 400 °C and overlapping with the endothermic 
decomposition of magnesium hydroxide. The magnitude of the pre-ignition reaction 
increased with increasing extent of ageing and this resulted in a reduction in the measured 
ignition temperature compared to that of the unaged composition. The ignition temperatures 
was found to decreased linearly with increasing cumulative heat until the 700 J g-1 level when 
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a value of 560 °C was given which is some 27 °C lower than the unaged composition.  
Studies on compositions aged at 69% RH to higher cumulative heats  of up to 1800 J g-1 
showed that the ignition temperature for this system increased once a cumulative heat of 
around 1000 J g-1 had been attained.  

The reduction in the ignition temperature with increasing ageing was unexpected, 
since ageing would normally reduce the reactivity of a composition with a concomitant 
increase in the ignition temperature. 

CONCLUSIONS 

Isothermal heat flow calorimetry has allowed the ageing of two important magnesium 
containing pyrotechnic compositions to be studied at 50 °C and over a range of humidities. 
For both systems, an induction period prior to the main exothermic reaction was observed. 
As the relative humidity increased from 65% to 74% the maximum heat flow increased but 
the time to the maximum heat flow decreased. For magnesium-barium nitrate the rate of heat 
produced increased as the relative humidity increased but for magnesium-strontium nitrate 
composition it decreased. Magnesium hydroxide and either barium or strontium nitrite were 
the main reaction products. 

For both systems ageing initially caused a reduction in the ignition temperature of the 
compositions, this reduction was associated with the formation of either barium or strontium 
nitrite during the ageing process. When aged further the magnsium-barium nitrate  
composition failed to ignite and the ignition temperature of the magnesium-strontium nirate 
compositions increased. 
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Figure 1: Heat flow curves for 50% magnesium-50% barium nitrate composition 
(sample mass, 100 mg; 50 °C, 65% RH; atmosphere, air). 
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Figure 2:  Heat flow curves for a 50 % magnesium-50 % strontium nitrate composition 
(sample mass, 100 mg; 50 °C, 65 % RH; atmosphere, air). 
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Figure 3: Heat flow curves for a 50% magnesium-50% barium nitrate composition 
(sample mass, 100 mg; 50 °C, 69% RH; atmosphere, air). 
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Figure 4: Heat flow curves for a 50% magnesium-50% strontium nitrate composition 
(sample mass, 100 mg; 50 °C, 69% RH; atmosphere, air). 
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Figure 5: Heat flow curves for a 50% magnesium-50% barium nitrate composition 
(sample mass, 100 mg; 50 °C, 74% RH; atmosphere, air) 
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Figure 6: Heat flow curves for a 50% magnesium-50% strontium nitrate composition 
(sample mass, 100 mg; 50 °C, 74% RH; atmosphere, air) 
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Figure 7:  DSC curves, obtained under ignition conditions for a 50 % magnesium-
50 % barium nitrate composition aged in air at 50 °C and 65 % RH to different 
cumulative heats (sample mass, 20 mg; heating rate, 50 °C min-1; atmosphere, argon). 
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ABSTRACT 
 
New threats emerged by various scenarios, which could create huge disasters by 
distributing agents of hazardous and toxic materials. These might be initiated by 
special warheads, storage bunkers in wars or war-like situations, asymmetric 
conflicts or even by terrorists. Therefore also infrastructural facilities like airport, 
railway or metro stations, city halls, storage houses etc. could be preferred targets 
to optimize the catastrophic result involving up to thousands of people. Assuming 
methods will be found to early detect and identify such substances or evolving 
events of distribution, an immediate response has to be initiated. Methods to expel 
anti-agents to burn, pyrolyze or neutralize aggressive chemical materials are 
discussed. Priority is given to the thermal destruction or oxidation of organic 
chemicals which are model substances of possible candidates to be used by B/C 
warfare and by terrorists. The results of theoretical calculations and experiments 
show that hydrogen/oxidizer mixtures, metal/oxidizer mixtures would be very 
effective to generate high temperatures which are needed for the destruction or at 
for least incapacitation. Spectroscopic measurements in the UV to the infrared 
spectral region confirmed the related high temperatures and intensity radiation of 
the burning mixture. Possibly, the oxide particles, when generated at a nano-scale, 
might support a photocatalytic mechanism of degradation of the organic materials.  

 



Introduction 

New threats emerged by various scenarios, which could create huge disasters by distributing agents 
of hazardous and toxic materials. On-going threatening by B/C warfare, terrorism, para-military 
groups requires new solutions for equipment to enable adequate countermeasures to keep the 
balance between arising diplomatic and image problems and an effective protection of inhabitants 
or involved staff. The predominant problems exist in conflicts in various areas of the world with 
asymmetric capabilities of the opponents or even in the own homeland. One of the most threatening 
scenarios would arise in the case to disperse biological, chemical or toxic warfare agents 
(BWA/CWA) in cities or rural areas or their infrastructures. They may operate on free fields, in 
urban terrain, in stadiums, in tunnels, on bridges, railway or metro stations, large buildings etc.  
The response should include all steps needed for a fast reaction covering large volume detection, 
dispersion of anti-agents and support of the degradation (Thiel et al. 2000 and 2002, Eisenreich et 
al. 2004). This means that a detection method is required to observe these dispersed BWA/CWA 
substances from remote distances already at low or moderate concentrations. IR/NIR-imaging could 
be such a tool when based on fast scanning spectroscopy). Such spectrometers (filter wheel and 
AOTF) were developed years ago, but imaging techniques were not yet realised (Blanc et al 1988). 
These can operate at scan rates up to 1000 /s and conserve the image (in contrast to FTIR or grating 
spectrometers). Preliminary work has already verified that larger volumes of CWAs can be 
identified by NIR-spectroscopy studying substances of similar vapour pressures and chemical bonds 
(Liehmann et al. 2004). Biological warfare agents might be detected by methods of chemical 
anylysis or electrochemical sensors (van Baar et al. 2004, Schildknecht et al. 2004). On detection 
and identification countermeasures have to be initiated which could directly destroy the 
BWAs/CWAs e.g. by UV radiation or Microwaves (High Power Microwaves) or by the distribution 
burning clouds or to assist their degradation e.g. by heat transfer for pyrolyis or photocatalysis.  
This study was initiated to develop a methodology and to start a feasibility study for the destruction 
and subsequent protection from exposed biological, chemical and agents in large areas by expelling 
clouds of anti-agents. These clouds consist of hot burning pyrotechnic mixtures of oxidizers and 
fuels. If special metal additives are used the oxide reaction products could possible act as 
photocatalytic substances to support the degradation of the BWAs/CWAs on long term 
(ARGONNE 2002, Blake 1995, Wolfrum et al. 2002, Fujjima et al. 1999, Panagiotis et al. 2002, 
Parmon et al. 1997 and 2001, Thiel et al. 2000 and 2002). 

Dispersion of anti-agents 

The anti-agents have to be dispersed with the aim of achieving a homogeneous mixture with the 
cloud to be destroyed and the air if an additional oxidiser is required. There are various methods, 
the simplest consisting of a central detonating charge (see e.g. Tulis 1998, Eisenreich and Schneider 
1999, Qin Youhua et al. 2002). The blast of detonating charges, however, would blow off at least 
parts of the cloud to be treated which is not desirable. Clouds expelled from pressurised gases form 
a turbulent jet of special geometry (Abramovich 1963) with an angle of about 12o. The propagation 
of a particle cloud can be considered as a unit expanding with a constant drag coefficient (see fig. 1, 
Schneider and Eisenreich 2001, Rychkov et al. 2002). 
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Figure 1: Experiments on particle dispersion by pressurised gases of 5 and 10 MPa and a least 
squares fit of the propagation of the cloud influenced by drag (head of the cloud: a, volume: b) 
The expanding cloud volume can be approximated by the jet front and the jet angle (which was 
found to be close to 10o, a little smaller than 12o as found by Abramovich 1963). Numerical 
simulations showed that particles enrich close to the front of the jet (fig. 2). At normal conditions 
the jet has developed to the final shape after more than 100 ms (see fig. 1). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2: Numerical 2D-simulation of the particle distribution in a cloud expelled by a gas pressure 
of 10 MPa  
 
The use of pyrotechnic gas generators provides a moderate pressure pulse at the beginning of the 
expulsion event and a continued support of the particle feed by a tailored gas flow. A more 
homogeneous distribution and mixture with air by increased air entrainment is then obtained. 
Ignition occurs easier and the resulting explosions are violent and convert nearly the total volume as 
illustrated by fig. 3. 
 



 
 
 
 
 
 
 
 
 
 
Figure 3: Nitromethane/Al aerosol explosion, cloud dispersed by a pyrotechnic gas generator, 
subsequently ignited and exploded 

 

Hot burning pyrotechnic mixtures 

The flame temperature of explosions of hydrocarbon/air mixtures is in the range of 2000 to 2400 K 
(e.g. Weiser et al. 1999) and for hydrogen at 2500 K (Kolarik and Eisenreich 1991). Metal powders 
are often used to form particle clouds to be burnt or detonated to achieve higher temperatures. 
Aluminium is the predominantly used specie (e.g. Stauss 1968, Ilyin and Proskurovskaya 1990, 
Tulis 1998, Beaudin et al. 1998, Dreizin 1999, Qin Youhua 2002). In addition, metals like Mg, Ti, 
Zr, W etc. are studied (see e.g. Molodetski et al. 1998, Tulis 1998, Dreizin 2000) in combustion and 
detonation research.  
The full use of the combustion energy requires a balanced mixture with oxidizing air which is very 
difficult to achieve or even impossible in expelled clouds. Therefore solid or liquid oxidising 
constituents have to be included similar to flares, igniters or thermite charges (e.g. Tulis 1998, 
Beaudin et al. 1998, Simonko et al. 2001, Weiser et al. 2000 and 2001, Danen et al. 2001).  
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Figure 4: Thermodynamic calculation of ammonium perchlorate and metal mixtures to estimate 
flame temperatures 
 



 
 
Figure 5: Burning of a mixture of 40%AP/30%Ti/30%Al 
 
 
One of the most effective oxidizer in case of igniters and solid rocket propellants is ammonium 
perchlorate (AP). Various compositions of pyrotechnic mixtures were calculated with AP and the 
metal fuels Al, Mg, Ti, and Zr using the ICT thermodynamic code (Volk and Bathelt 1982). The 
destruction of BWAs/CWAs requires highest temperatures. The flame temperatures for some 
mixtures are plotted in fig. 4 showing the high temperature of mixtures containing Zr. Several 
mixtures of AP (particle size of 20 µm) and metal particles were prepared and burnt (see fig. 5). 
The flame temperatures were measured by spectroscopic methods (see e.g. Eckl et al. 1993 and 
1999) and listed in tab. 1. The results roughly confirmed the thermodynamic calculations. The 
highest value were obtained for AP 70% / Al 30%, AP 40% / Ti 60%, AP 60% / Ti 20% / Al 20%, 
AP 50% / Zr 50% and AP 50% / Ti 25% / Zr 25%. The spectroscopic investigations showed that the 
UV radiation is high for Ti particles in the mixtures which seem to be caused by the high emission 
coefficient of TiO2. The UV radiation could be important for the self-support of the photocatalytic 
activity of the oxide particles. The use of ultra fine or nano-metal particles would strongly enhance 
ignition and combustion in air and also the mixtures and provide a complete oxidation resulting in 
highest flame temperatures. However, longer combustion times of bigger particles might be needed 
for an effective destruction. Higher concentrations of BWAs/CWAs have to be considered as a fuel 
to be burnt by excessive oxidizer contents. In conclusion, the concepts have to be improved in the 
future by analysing scenarios and performing related experimental and theoretical work. 
 



AP Ti Al Zr Tmin Tmax

Ma% Ma% Ma% Ma% K K
30 70 2300 3100
40 60 2000 2700
50 50 2000 2700
65 35 2100 2700
50 50 2600 2900
60 40 2600 3000
70 30 2600 2900
80 20 2600 3000
40 30 30 2300 3100
50 25 25 2200 3000
60 20 20 2300 3100
70 15 15 2400 3100
30 70 2800 3100
40 60 2900 3100
45 55 3000 3200
50 50 3100 3200
30 35 35 2000 3000
40 30 30 2100 3000
50 25 25 2000 2900
60 20 20 2000 2700  

 
Table 1: Measured temperatures of AP/metal mixtures 

 

Simuli for BC-agents 

The research will be done for the moment using only simuli substances. Currently, there exist 
already some suggested substances. These were mainly selected on the basis of the vapour pressure. 
For the thermal destruction there might be other physical or chemical data of importance. These are 
specific heat, temperatures and heats of phase transitions, heat of explosion or heat of combustion 
and enthalpy of formation. In addition, the data of kinetics and thermodynamics of the degradation 
and combustion are required to adequately evaluate the possibilities of their conversion.  
Thermodynamic calculations have to include also their mixture with the fuel/oxidizer mixtures of 
the counter-acting agents. The results of such calculations for important BCW-agents are listed in 
table 2, which includes formula reaction products and request of oxygen for complete oxidation. For 
complete conversion to the combustion end products a differing amount of oxygen is needed. This 
has to be supplied by the pyrotechnic mixture if that on air is not sufficient. 
 
substance formula CO2 H2O N2 P4O10 SO2 HCl HF Cl2 F2 O2 

Tabun C5H11N2O2P 5 5,5 1 0,25 0 0 0 0 0 6,80
Soman C7H16FO2P 7 7,5 0 0,25 0 0 1 0 0 9,80

VX C11H26NO2PS 11 13 0,5 0,25 1 0 0 0 0 17,55
Sarin C4H10FO2P 4 4,5 0 0,25 0 0 1 0 0 5,30
Lost C4H8Cl2S 4 3 0 0 1 2 0 0 0 6,50

Phosgene COCl2 1 0 0 0 0 0 0 1 0 0,50
DPM C7H16O3 7 8 0 0 0 0 0 0 0 9,50

 
Table 2: Thermodynamic calculations oxidation products and oxygen requirement 



 
In fig. 6 this flame temperatures of some CWs are plotted when they are burnt with air or by the 
pyrotechnic mixture. It is obvious that only a weight percentage of less than 50 % leads to 
sufficiently high temperature to guarantee a substantial destruction. Phosgene behaves different 
because it is only Cl2 is split off and the residual CO has to be oxidized.  
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Figure 6:  Thermodynamic calculations of C-agents oxidized in air and with a pyrotechnic mixture 
 
 
The following simuli-Substances were defined: 

  Dowanol DPM (Dipropylenglykol-methylether, O(C3H6OCH3)2) which is already in use 
for substituting Soman und Sarin in experiments 

  Milk powder MP for biological agents like Anthrax spores 
 
Some data of DPM in comparison to Soman are listed in table 3. The ignition temperatures of 
DPM/water mixtures of various ratios are plotted in fig. 6. 
The ignition temperature strongly depends on the content of water. For example for DPM the flame 
temperature rises from about 100 oC to 170 oC at an increase of the water content up to 50 %. 
 

         
                                                                DPM Soman  

Vapor pressure (Pa):   37    ca. 35 
Evaporation temperature (°C):  190    198 
Viscosity (cp):    3.7    2.0 
Surface tension (N/m):    0,028    0.025 
Heat of evaporation (J/g):    267    303 
Specific heat (J/g/K):   2.25    no data 
Ignition temperature (°C)   85    120 

 
 
Table 3: Data of DPM and Soman 
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Figure 6: ignition temperatures of DPM/water mixtures 
 

Experiments on Thermal Destruction 

The B/C-agents might already decompose or pyrolyze only on heating or with partial oxidation. The 
combined TG/DSC in fig. 7 shows that after water evaporation close to 100 oC a mass loss near 
200 oC indicates a first step to carbonisation which ends up with an oxidation of the residue. 
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Figure 7: Thermal analysis TG/DSC of MP 
 
The exposition of MP to hot flames initiates similar to the thermal analysis experiment its 
decomposition with the main reaction products CO2 and H2O (see fig. 8). The residues are 
carbonaceous residues of different grades and at the end an ash of the inorganic constituents (see 
fig. 9). 
 



MP exposed to flames 
IR spectra of CO2 and Water evolution  

on heating of MP 

2 s after flame   removed 

 
Figure 8: MP heated by an expose to a flame and gas evolution  
 

Milk powder Residue brown 

Black coke White ash  
 
Figure 9: SEM pictures of MP heated by an expose to a flame and gas evolution on linear heating 
A special autoclave of a volume of 35 l equipped with windows was manufactured for detailed 
analysis of the destruction of the simuli. It is shown in fig. 10 including all instrumentation for the 
observation of the reactions. It withstands pressures at least up to 6 MPa and enables input of 
samples, external injection of pyrotechnics and initiation beneath optical and spectroscopic 
investigations and gas analysis. 



pressure 

measurement 
 p

gas analyzer 

ignition DV- camera 

NIR-spectrometer 

control exit  
Figure 10: High pressure bomb (6 MPa) with window, ignition, in-situ measurement 
instrumentation and control 
 
In fig. 11 some results are plotted, beginning with a stoechiometric propane/air-explosion (a). It is 
continued with a similar experiment with added DPM (b). The NIR-in-situ measurement evaluated 
with the BAM code gives a clear insight into the reactions. The details of the measurement are to be 
found in various papers (Eckl et al., 1993, 1999, Weiser et al. 1999). The evaluation of the series of 
spectra similar like those in fig. 8 is performed by the BAM-code developed at ICT, an overview 
was published recently (Weiser et al. 2005). The pure propane/air explosion burns out in short time 
below 200 ms because the flame speed of a spherical explosion is above 2 m/s. After the main 
explosion the flame reaction products cool down. The maximum temperature is above 2100 K 
which is close to the adiabatic one. Injected DPM decreases the flame velocity and leads to a 
delayed burn out at a similar maximal temperature so that temperature is kept at temperature a 
severe degradation of DPM has to be expected. This is confirmed by the delayed maximum of 
emissivity which indicates radiation of hot particles. These are formed during the explosion process 
and continue to degrade after the main explosion. 
In the same equipment DPM was also degraded by a pyrotechnic mixture consisting of Al, AP and 
NM (nitromethane) which was ignited at the beginning. The injection of DPM leads to a 
temperature decrease and an increase of the emissivity (hot particle radiation). Later the DPM 
degradation contributes to the reaction exothermally which is indicated to a temperature rise (see 
fig. 12) and the rising CO/CO2 and falling O2 content of the products confirmed the DPM oxidation. 
In a similar way MP was injected and degraded by similar pyrotechnic mixtures. As result the 10g 
of initially MP were reduced in mass to 2.2g. This residue consisted of about 25% material slightly 
degraded or undegraded, 25% black coke and 50 partially degraded brown materials (compare with 
fig. 9). 
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Figure 11: Flame radiation, temperature, water signal and emissivity of pure propane-air-explosion 
(a) and explosion doped with DPM (b) derived from NIR-spectra analysis. 
 

 
 
Figure 12: Effect of an incineration agent on CWA-simuli DPM 



Photocatalytic activities of nano metal oxides 

The destruction of BWAs/CWAs can take advantageously use of the photocatalytic degradation of 
organic and biological substances by nano-particles of some metal oxides which may be produced 
in-situ by the combustion. It can produce particles of smallest size, in-situ, and can also contribute 
to the UV radiation needed for support. Recent works has proven that the degradation of chemical 
and biological substances is enhanced by photocatalytic active particles (ARGONNE 2002, Blake 
1995, Fujijima et al. 1999, Kim et al. 2002, Panagiotis et al. 2002, Parmon 1997, Parmon and 
Zakharenko, 2001, Thiel et al 2002, Wolfrum et al. 2002). These particles are e.g. nano-sized TiO2, 
ZnO and Fe2O3, to be dispersed in form of aerosols or –gels, (or embedded in nano-porous material) 
and will be conveniently used. These will be distributed, for example, by airplane, rockets or 
projectiles in sub-munitions, to cover the whole contaminated area (houses, site, village, city) in 
form of a cloud. Conventional methods could never be applied so rapidly and cover volumes so 
completely. Photocatalysis will be activated by UV from sun by a natural way or in the first step by 
the combustion emission. UV generating flares could be distributed like the agents. In very first 
experiments an effective catalytic destruction of organics was verified. 
 

Semiconductor Photocatalysis

 
 
Figure 13: Scheme of principles of photocatalytic activities of some nano metal oxide 
semiconductors (e.g. TiO2) to produce highly reactive species from water by the support of UV. 
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ABSTRACT 
 
MRBPS is being investigated as a replacement for black powder in the form of delay and propelling 

charges for the M74A1 Air Burst Simulator.  MRBPS is produced via evaporative mixing of the 

composition as a paste in ethanol.  Increasing mix speed near the end of the mix cycle enhances the bulk 

density and uniformity of prills produced thereby.  Milling these prills without additional densification 

produces ordnance grade granules that yield comparable maximum pressures to those produced by BP. 

This was substantiated through side-by-side comparisons of the two granular propelling charges in 

M74A1 impulse cartridges attached to a 50-cc closed bomb.  Slightly coarser granules of MRBPS are 

predicted to produce comparable rise times to those of Class 5 BP used in the impulse cartridges.  The 

burn time of MRBPS pressed into M74A1 fuse columns with the same delay charge height is about 40% 

longer than that of BP.  Pressed columns of MRBPS are less friable than BP.  The burn time of MRBPS 

delay fuses is insensitive to pressing pressure and is a linear function of charge weight. 

INTRODUCTION 

The rationale and history behind the development of Moisture Resistant Black Powder Substitute 

(MRBPS) as well as details regarding its production have been described elsewhere [1], [2].  In summary, 
Moisture-Resistant Black Powder Substitute (MRBPS) absorbs 60% less moisture than black powder 

(BP) at 90% relative humidity (RH) and 83% less moisture at 75% RH.  Selected commercially available 

black powder substitutes (BPS) absorb appreciably more moisture than BP (see Figure 1) and are not 

suitable replacements for BP for applications requiring long-term storage of articles that are not perfectly 

sealed from the outside environment.  MRBPS has a heat of combustion (1.35 kcal/g) slightly higher than 

that of BP (1.27 kcal/g).  Its burn rate pressure exponent (0.36) is somewhat higher than that measured for 

BP (0.20):  below 1720 psi, the burn rate of MRBPS is slower than that of BP, whereas above 1720 psi, 

the burn rate of MRBPS is faster than that of BP.  Recently, MRBPS was fully qualified as an Army 

Pyrotechnic Composition, PPY-1 [3], for use in pyrotechnic munition systems by the U.S. Army, 

Approved for public release in April, 2005 by the U.S. Army RDECOM-ARDEC 



Figure 1.  Moisture absorption at 90% RH of commercially available black powder substitutes 
as well as BP and MRBPS. 

Energetic Material Qualification Board [4].  It is the first black powder substitute to be qualified in such a 

manner by the US Army. 

 

The ingredients for MRBPS are currently 

mixed by a batch process as an ethanol slurry 

using a Hobart 3-gallon mixer.  Gradual 

evaporation of the ethanol dur ing mixing 

produces moist ellipsoidal prills of a desirable 

size distribution (see Figure 2).  After drying, 

granules can be produced directly from these 

prills without further densification that yield 

comparable rise rates and maximum pressures 

to BP (volume to volume) as determined by 

closed bomb measurement.  
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Figure 2.   MRBPS as a paste at progressive stages 
during mixing-promoted evaporation of ethanol 

(top left, top right, bottom left, bottom right). 



MRBPS is being investigated as a replacement for 

black powder in delays and propelling charges for the 

M74A1 Air Burst Simulator as well as in the ignition 

train of 60, 81 and 120 mm mortar ignit ion cartridges 

[5].  Performance comparisons of MRBPS with black 

powder as a delay and propelling charge in the M74A1 

Air Burst Simulator are summarized herein as well as 

ongoing efforts to improve MRBPS product characteristics and process efficiency.  Four formulation 

variants of MRBPS were tested during the investigation described herein (Table 1).  MRBPS-83B3 has a 

slightly higher fuel content than MRBPS-83D3 and is tailored to yield shorter rise times.  The MRBPS-

83B5 and MRBPS-83D5 variants are identical to MRBPS-83B3 and MRBPS-83D3, respectively, except 

that they are coated with a small amount of a deterrent, which also acts as a dry lubricant during pressing 

operations. 

 

MRBPS PROCESS IMPROVEMENT:  INCREASED MIX SPEED NEAR END-OF-MIX 

As part of the effort to determine the feasibility 

of replacing BP as a delay and propelling 

charge for the M74A1 Air Burst Simulator, 

methods to decrease prill size at the end of the 

Hobart mix cycle were investigated.  

Historically, the majority of the prills have a 

particle size in the range of 4-12 mesh/inch 

(0.6-0.2 cm).  Currently, BP in a granulation 

range of -16/+40 mesh/inch (0.16-0.06 cm) 

and -40/+100 mesh/inch (0.064-0.024 cm) is 

used in the propelling charge and the delay 

charge of the M74A1 Air Burst Simulator, respectively.  Decreasing prill size at the end of the Hobart 

mix cycle should decrease the work required to mill the MRBPS, a Class 1.3 explosive, to the appropriate 

granule size using a Stokes granulator.   

 

Two approaches were attempted to decrease end-of-mix prill size:  extending mix times and increasing 

the mix speed near the end of mix.  Extending mix times did not cause a noticeable decrease in the prill 

size distribution whereas increasing mix speed not only caused a dramatic drop in prill size (Figure 3) but 

Formulation Composition Deterrent 
Present?

MRBPS-83D3 Standard No
MRBPS-83D5 Standard Yes
MRBPS-83B3 Fuel Rich No
MRBPS-83B5 Fuel Rich Yes

Table 1.  MRBPS Formulation Variants
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also promoted a change in the shape of the prills 

from irregular spheroidal to nearly spherical 

(Figure 4).  The vibrated bulk density of prills 

produced by increasing mix speed (1.05 g/cc) was 

also significantly higher than those produced 

using the extended mix time (0.99 g/cc).  The end-

of-mix ethanol content of the prills is typically 

lower for prills produced with the increased mix 

speed step in the mix cycle (10-11%) relative to the normal speed mix cycle (12-13%).  Thus, the former 

prills tend to be less porous which is further substantiated by the fact that rise times of granules produced 

therefrom in closed bomb ballistic measurements are slightly longer (Figure 5).  The smaller prills 

produced by increasing mix speed at the end of the Hobart mix cycle allows the use of less energy while 

milling MRBPS prills to smaller granule sizes.  Their higher density increases packing efficiency for 

ordnance applications requiring granules. 

Figure 5.  Ballistic comparison of 2-g, -8/+16 mesh granular samples of MRBPS and BP in a 45-cc 
closed bomb initiated by a hot wire.  The plot shows ballistic tests in triplicate and the average 

thereof (different shade) for MRBPS-83B3 produced by an extended mix (A), increased mix speed 
(B), granules of extended mix coated with a deterrent (C) and BP (D). 

Figure 4.  Comparison of MRBPS prill 
morphology resulting from an extended mix 
cycle (left) and increased mix speed (right). 
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M74A1 AIR BURST SIMULATOR PRODUCT IMPROVEMENT 

General Background 

The M74A1 Air Burst Simulator is used to 

simulate artillery fire air bursts.  It has a 

one-piece aluminum case with an extracting 

rim.  The case contains a percussion primer 

mounted in the base, a BP propelling 

charge, a delay fuse and an inner case 

containing a flash charge.  The simulators 

are fired from the Pyrotechnic Pistol AN-

M8 (Figure 6).  The firing pin of the pistol 

strikes the primer, igniting the propelling 

charge.  The propelling charge expels the 

self-contained flash charge from the case 

at same time igniting the delay fuse.  The delay fuse, in turn, ignites the flash charge producing a bright 

flash and a loud bang.  The total delay from actuation of the firing pin to ignition of the flash charge is 2-3 

seconds.  Aimed at a 45-degree elevation, the burst height is about 100 feet. 

 

Black powder is used in the expelling, delay and flash charges of the M74A1 Projectile Air Burst 

Simulator.  Currently, military grade BP is a single point failure material.  Recently, an initiative to find 

alternatives to single point failure materials has been proposed and this project’s intent is to qualify 

alternative materials in the M74A1 Simulator.   In addition, the functioning performance and safety 

characteristics of BP vary from lot to lot due to the hygroscopicity of charcoal, a key component in black 

powder.  As part of this product improvement project, various formulations of MRBPS are being 

investigated as a replacement for BP as the propelling and delay charge. 

 

M74A1 Delay Charge Analysis  

BP or MRBPS was pressed 

incrementally into the M74A1 Air 

Burst Simulator Fuse Assembly 

(Figure 7) using a custom-

designed punch and die set.  For 

both compositions, -40/+100 mesh/inch (0.064-0.024 cm) granules were used as the delay charge 

Figure 6.  The M74A1 Air Burst Simulator (top left) 
and its schematic (right) as well as the AN-M8 

pyrotechnic pistol used to engage it. 

Figure 7.  Drawing of an M74A1 Fuse Housing showing four 
increments of delay charge pressed therein.  



feedstock.  Burn times of the fuses were measured radiometrically from infrared emissions and are 

summarized in Table 2.   

Table 2.  M74A1 Delay Fuse test results.  Max imum charge length in the delay fuse is 1.11”.  The 
delay charge was pressed from –40/+100 mesh granules.  

 

In current production, BP is pressed into the delay housing in two 170 mg increments at 28,000 psi 

yielding burn times in the range of 2.2-2.8 sec [6].  These results were reproduced during this analysis 

(Test A). It was noted, however, that the delay housing is only 83% filled under these conditions. Because 

the theoretical maximum density of BP is greater than MRBPS, less mass of the latter is required to fill 

the fuse housing (Test B).  Due to the presence of an organic polymeric binder in the MRBPS, its 

granules are apparently harder than those of BP and thus it is especially important to press granules in 

quarter-height increments into the fuse assembly in order to eliminate voids and potentially hazardous 

decreases in fuse delay time such voids may promote.  Coating MRBPS granules with dry lubricant 

promotes the elimination of voids but it also causes a slight increase in the burn time (Test C).  Because 

of the binder in MRBPS, attrition of the composition from the fuse housing during “shake, rattle and roll” 

experiments was significantly less than that of BP. 

 

When at least 90% of the fuse housing length is filled with composition pressed in four increments (Tests 

D-G), the burn time of MRBPS-83B3 (0.36 g) is about 140% of that for BP (0.42 g).  In other words, a 

fuse housing that is 70% filled with MRBPS-83B3 (250 mg) will have a burn time comparable to that of a 

fuse housing completely filled with BP (360 mg).  This is not surprising since the burn rate of MRBPS at 

ambient pressure is significantly less than that of BP [1].  The delay time produced by MRBPS-83B3 in 

the fuse is insensitive to pressing pressure over the range of 12,500 to 28,800 psi (Tests E-G).  It is 

Ave.
Std. 
Dev. Ave.

Std. 
Dev. Ave.

Std. 
Dev.

BP (standard process) A 28800 0.180g x 2
MRBPS-83B3 B 24100 0.170 x 2
MRBPS-83B5 C 24100 0.170 x 2
BP D 24100 0.105 x 4
MRBPS-83B3 E 28800 0.090 x 4
MRBPS-83B3 F 20000 0.090 x 4
MRBPS-83B3 G 12500 0.090 x 4
MRBPS-83B3 H 12500 0.090 x 3
MRBPS-83B3 I 12500 0.090 x 2
MRBPS-83B3 / 2% TiO2 J 12500 0.091 x 4
MRBPS-83B3 / 2% Fe2O3 K 12500 0.091 x 4
MRBPS-83B3 / 2% Bi2O3 L 12500 0.091 x 4
MRBPS-83B3 / 2% Tech. B M 12500 0.091 x 4
MRBPS-83D3 N 12500 0.090 x 4

Test ID

0.356 0.002

0.360 0.002
0.359 0.005

0.361 0.001
0.358 0.006

0.360 0.001

0.181 0.002

0.360 0.003

0.272 0.001
0.359 0.002

Charge Wt. (g)

0.419 0.004

0.359 0.002
0.337 0.002
0.337 0.002

95.6 2.5

100.0 0.0
100.0 0.0

100.0 0.0
100.0 0.0

48.0 0.5

93.3 1.5

72.6 1.1

0.0

97.0 1.5

90.2 0.5

4.66 0.08

Percent of Fill

98.8 1.0

82.6 2.5
100.0 0.0
100.0

4.70 0.04

Delay Charge
Pressing 
Pressure 

(psi)

grams x # 
of 

increments

Burn Time (sec)

4.30 0.10
3.34 0.04
2.22 0.09

2.74 0.03
4.19 0.03

4.26 0.08

3.12 0.01

4.36 0.12

4.25 0.02

4.82 0.04

4.02 0.06
3.94 0.01



noteworthy, however, that the standard deviations of the burn times decrease as the pressing pressure is 

increased.  

 

Both burn time (R2 = 0.9989 for linear fit) and “percent of fill” (R2 = 0.9999 for linear fit) are linear 

functions of delay fuse charge weight when MRBPS-83B3 is pressed into M74A1 delay fuses (Tests G-I).  

Utilizing data from Test A for BP and Tests G-I for MRBPS, it was calculated that the target M74A1 

delay time of 2.5 s can be met with 315 mg of BP (72% of delay column height) or 203 mg of MRBPS 

(54% of delay column height).  Field testing will be conducted to determine if an incompletely filled fuse 

is deleterious to the function of the M74A1. 

 

Mixing the MRBPS with potential ballistic modifiers (Tests G & J-M) did not produce large changes in 

delay time.  As expected, the burn time for fuses containing MRBPS-83D3 (Test N) is longer than that for 

fuses containing MRBPS-83B3 (Test G). 

 

In summary, MRBPS is an excellent composition for use in pressed delay columns where a gasless fuse is 

not required, e.g., air burst simulators, fireworks, non-lethal naval warning shots, aerial flares, etc.  The 

presence of an organic, polymeric binder therein decreases friability but also increases the risk of 

producing voids that may inadvertently decrease delay times.  Pressing granules coated with a dry 

lubricant decreases the propensity to form voids in the delay column as does pressing the column in 

multiple increments.  The burn time of the delay is insensitive to pressing pressure and is a linear function 

of charge weight.  For new applications, a shorter fuse housing and less composition may be used relative 

to BP for a desired delay time.     

 

M74A1 Propelling Charge Analysis 

The M74A1 Air Burst Simulator uses a 

black powder filled impulse cartridge to 

launch the projectile.  The impulse 

cartridge is comprised of four parts:  an 

aluminum body, a steel washer, an 

aluminum burster disk, and a M39A1 

primer (Figure 8).  First, the primer is 

pressed into the body of the impulse cartridge.  The powder is then loaded into the body.  The current 

rounds use -16/+40 mesh/inch BP granules.  For this study four different formulations of MRBPS 

granules (Table 1) were used at -40/+100 and -16/+40 mesh/inch.  Since the impulse cartridges are loaded 

Figure 8.  Drawing (left) and picture (top right) of an 
M74A1 Impulse Cartridge Assembly.  An uncrimped and 
crimped impulse cartridge are also shown (bottom right). 
 



by weight and not by volume, a range of weights of MRBPS was tested to determine an equivalent charge 

with respect to BP (Figure 9).  After the powder is loaded, the burster disk and washer are placed in the 

body.  The impulse cartridge is then sealed by crimping the top (Figure 8).   

 

Testing of the impulse cartridges was conducted in a modified 50-cc closed bomb.  The cartridges were 

initiated by a falling weight hitting a firing pin (Figure 10).  Pressure vs. time data were collected for each 

impulse cartridge.  Peak pressure and rise time data are summarized in Table 3 and 4 for -40/+100 

mesh/inch and -16/+40 mesh/inch MRBPS, respectively.  The average peak pressure for a standard BP 

impulse cartridge is 630.5 psi with an 

average rise time of 9.8 ms.  Based on 

peak pressure data, 0.60 g of the 

-40/+100 mesh/inch MRBPS-83B3 is 

equivalent to 0.79 g of BP, however 

-40/+100 mesh/inch MRBPS-83B3 

has a rise time three times shorter 

than that of –16/+40 mesh BP (Figure 

11).  Ballistic measurements suggest 
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Figure 9.  Pressure vs. time traces for impulse cartridges tested in a 50-cc closed bomb containing 
varying charge weights of –16/+40 mesh/inch MRBPS-83B compared to a 0.79 g charge of BP. 

Figure 10.  Closed Bomb Assembly (left) Set-up (right). 



that 0.63 g of -16/+40 mesh/inch MRBPS-83B3 has an average peak pressure equivalent to that of 0.79 g 

of BP and has a rise time ranging from 75-85% of BP’s.  It has not yet been field tested to determine if 

quicker rise times will impact the M74 system performance.  To more closely match the rise time of BP, a 

slightly coarser size cut of MRBPS-83B5 granules could be used instead of –16/+40 mesh granules tested 

herein.  The presence of deterrent, e.g., MRBPS-83B5, lengthens the rise time (Figure 11).  Formulations 

83B3 and 83B5 were designed to have a slightly faster rise time than 83D3 and 83D5.  This was verified 

herein (Table 4).  In general, formulations 83B3 and 83B5 have lower peak pressures than 83D3 and 

83D5 due to less efficient combustion in the former, more fuel rich compositions.  In summary, MRBPS 

granules are able to match or exceed the ballistic performance of BP granules volume to volume.  On a 

weight basis, MRBPS is more efficient as a propelling charge. 

Figure 11.  Pressure vs. time traces for impulse cartridges tested in a 50-cc closed bomb with 
different MRBPS granule configurations compared to a 0.79 g charge of BP. 

 

SUMMARY 

Methods were identified to produce ordnance-grade MRBPS granules directly from prills produced at the 

end of the MRBPS mix cycle.  Increasing mix speed in the 3-gallon Hobart mixer produces more 

uniform, spherical prills with increased bulk density.  As substantiated from side by side comparisons in 

M74A1 impulse cartridges, these prills do not require further densification into tablets or cakes followed 

by subsequent milling to yield maximum pressures in closed-bomb analyses comparable to BP on a 
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volume basis.  MRBPS has greater pressure output than BP on a weight basis.  Somewhat coarser particle 

size fractions of  MRBPS produce equivalent rise times to BP granules.  Milling of the prills into smaller 

granules may be required for applications requiring faster rise times.  MRBPS is an excellent composition 

for use in pressed delay columns where a gasless fuse is not required.  It is less friable than BP but should 

be precoated with dry lubricant and pressed into the delay column in relatively small increments to 

prevent void formation.  The burn time of the delay is insensitive to pressing pressure and is a linear 

function of charge weight.  Burn times tend to be 40% longer than those of BP for a given delay column. 

 

Table 3.  M74A1 Impulse Cartridge Test Results: -40/+100 mesh granules 
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1. Introduction 
 
The development of the new 120 mm ammunition is a real challenge. Because of the high 

acceleration, about 35000 g and the ability to penetrate brick walls, the charge is high 

confined. An insensitive charge, more than 25 kbar in GAP-test is required also the charge 

must survive in Vulnerability tests (3, 4). 

 



 
2. Processing 
 
A cast formulation with a well known HTPB binder system has been chosen to fulfill all 

requirements. The selection of raw materials is very important, it influences most of the 

properties of the charge. Some parameters are more, others are less important (5, 6, 7, 8). 

 

The mixing of batches with 90% of solid filler demands an optimal grain size distribution, 

nearly spherical grains with small specific surface, so there is a less need for the binder and 

the amount of binder can cover the surface and phlegmatise the high explosive grains (9, 10, 

11). 

 

The right amount of bonding agent increases the mechanical properties. Higher amounts are 

counterproductive (12). 

 

The influence of Lecithine on the viscosity of the mix is important and can be controlled and 

reduced with new formulations (13). 

 

Coating and saturating polar surfaces leads to lower specific surface and lowers the viscosity 

(14, 15). 

 

All measures together are leading to a very low viscosity (16, 17) 

The high explosive in our case, RDX must be free of cracks, included solvent or air, with the 

new material of SNPE we have obtained very good GAP-Test results (18, 19). 

 

An insensitive charge needs an insensitive but powerful booster. The cast booster 

formulation based on HMX shows the direct influence of grain size distribution to the GAP 

sensitivity (20, 21, 22). 

 

 



 
3. Performance 
 

 
Beside the performance tests about fragment velocities and distribution of the fragments we 

have done a lot of temperature shock tests to assure that no cracks in the charge may occur 

(23, 24, 25, 26, 27). 

 

 

4. Vulnerability Tests 
 
The requirements are shown in table 28. The strong confined shell opens at a burst pressure 

of about 3000 bar (29). The tests have been carried out according to MIL Spec and the 

reaction type was V, only burning of the charge. The test was done with our original warhead 

including boosters (30, 31, 32, 33, 34). 

The slow cook off tests have been successfully carried out by the WIWEB laboratory: 

The bullet impact tests have been done with two different bullets, first a 12,7 mm soft core 

bullet which can only penetrate one wall of the warhead and generates on the opposite side 

a mushroom effect which is a real threat for the HE charge. The hardcore 20 mm bullet with 

a velocity of 1100 [m/s] penetrates both walls and the charge starts burning. Even if we 

cooled down the warhead to -40°C, where the mechanical properties are changing 

dramatically; the Young's modulus increases 5 times of the value of 20°C, only burning 

occured, if we fired on the chilled warhead (35, 36, 37, 38, 39, 40).  

 

The toughest threat for a HE charge is a shaped charge attack, With the following test set up 

we fired a bomblet to the charge, the result was burning and rupture of the shell (41, 42). 

 

There are two main reasons for all this mild reactions, which have there roots in the raw 

materials the insensitive RDX and the inert binder system, which leads to a new generation 

of very safe HE charges (43, 44, 45). 
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New Warheads
PBX Development
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New Warheads
120 mm HE Charge

Requirements

• Acceleration of the round 35 000 g

• Penetration of a brick wall

• High performance
• Insensitive Charges

GAP-Test > 25 kbar
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PzH 2000 MTLS
DM 72

Basis-Modul
DM 82

155 mm RH 30

New Warheads
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New Warheads
Preparation of Explosives
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New Warheads
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New Warheads
Particle Size Comparison
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New Warheads
Sensitivity to impact

RDX

Influence of crystal shape

Included air

Included solvent

Impurities (grit)

=> Use of I-RDX from Eurenco
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New Warheads
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Mixing 155 mmCasting

Charge Rh 26 

New Warheads
Ammunition 155 mm HE – RH 30
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New Warheads
Raw Material

Influence of Coating

Specific surface

Fine virgin particles with polar groups 0,1978 m2/g

Fine coated (Saturated) particles 0,1880 m2/g
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New Warheads
Processability

To decrease viscosity

• Grain size distribution

• Spherical grains

• Coated grains

• Non polar surfaces

} Low specific surface
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New Warheads
GAP - Test 21 mm

According to WIWEB
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New Warheads
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Booster

Rh B 3 =         HMX / Binder

Qualified              powerful

Insensitive         booster

formulation



Dr. Wanninger/Folien/ICT Jahrestagung 2005.ppt- 21 -

New Warheads
155 mm HE – RH 30, Initiability of Rh 26 Charge

Charge Rh 26
(1,3 kg)

Booster RHB-3
(93 g)

Witness
plate
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New Warheads
155 mm HE RH 30, Initiability

Fuze Booster
Rh B3

Charge 
Rh 26

x y

at - 54° C

X   max   19 mm
Y   max   16 mm

Safe Initiation
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Charge Cast PBX Rh26

Booster Rh83

T-EC 10/02
RH30_INLINE5_3D.CDR

New Warheads
Ammunition 155 mm HE – RH 30

Fuze
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New Warheads
155 mm HE – RH 30 – Wall Penetration

PenetrationConcrete Wall 60°
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After firing at – 46° C Tube L52

New Warheads
155 mm Rh 30 with Charge Rh 26 -> X-Ray
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New Warheads
Ammunition 155 mm RH 40 – Extended Range

Base bleed

Fuze

Booster RH B3

Charge RH 26
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New Warheads

Fuel Fire Test
120 mm Shell
Fuel Fire Test
120 mm Shell

Burst Pressure
Of the Shell
≥ 3000 bar

Burst Pressure
Of the Shell
≥ 3000 bar
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New Warheads
Fuel Fire Test 120 mm HE
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HE and Metal Parts

New Warheads
Fuel Fire Test 120 mm HE
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New Warheads
Fuel Fire Test 120 mm HE
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Fuel-Fire Test
STANAG 4240

STANAG 4439/MIL-STD-2105B:
TYPE V : RQMT „not beyond 
15 meters“

New Warheads
Ammunition 155 mm HE – RH 30

Fast-Cook-Off-Test
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New Warheads
Bon Fire Test vertical
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New Warheads
155 mm HE – RH 30 

Steel 7.5 mm

Bullett
v = 850 m/s

RH26

Simulation 12.7x99 mm Soft Core



Dr. Wanninger/Folien/ICT Jahrestagung 2005.ppt- 37 -



Dr. Wanninger/Folien/ICT Jahrestagung 2005.ppt- 38 -



Dr. Wanninger/Folien/ICT Jahrestagung 2005.ppt- 39 -



Dr. Wanninger/Folien/ICT Jahrestagung 2005.ppt- 40 -



Dr. Wanninger/Folien/ICT Jahrestagung 2005.ppt- 41 -



Dr. Wanninger/Folien/ICT Jahrestagung 2005.ppt- 42 -



Dr. Wanninger/Folien/ICT Jahrestagung 2005.ppt- 43 -



Dr. Wanninger/Folien/ICT Jahrestagung 2005.ppt- 44 -

Charge: Rh 26

Formulation: 90 % RDX Initiability:
10 % Binder inert GAP-Test 50 mm ∅ 45 kbar

Vulnerability:
Density: 1,66 [g/cm3] Fast cook off-Test Burning Typ V

Performance:
- Det. Velocity 8150 [m/s] Bullet attack ½” 850 m/s No reaction
- Guerney En. 2650 [m/s] according to WIWEB

Mechanical Properties:
Tensile strength 0,5 [N/mm2] In a strong confined warhead ½” 850 m/s
Elongation 10 [%] Soft core
Young’s modulus 10,6 [N/mm2) In a strong cconfined warhead at –40° C

20 mm hard core 1100 [m/s]
-> Burning

Qualification: Qualification as a insensitive charge
according to

STANAG 4170 and MIL Std 2105
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Charge Rh 26

New Warheads
Summary

120 mm HE 155 mm HE
Tested

• Performance of High High
Fragments

• Penetration of o.k. o.k.
Concrete

• Environmental tests o.k. o.k.
• Firings o.k. o.k.
- 46° C -> + 63° C

• No cracks after firing
• Vulnerability o.k. o.k.
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ABSTRACT 

The U.S. Department of Defense has several thousand kilograms of HMX in military 
munitions scheduled for demilitarization.  Currently the accepted method to demilitarize the 
HMX-based explosives is by open-burning/open-detonation.  This method results in the loss of 
valuable HMX.  Naval Surface Warfare Center (NSWC Crane) is teaming with TPL, Inc., 
NSWC Indian Head, Los Alamos National Laboratory (LANL) and ATK Thiokol to develop a 
technology to recover HMX from various explosives and propellants and to requalify the 
reclaimed HMX for use in new weapons systems.   

TPL, Inc. has developed an acid digestion process in which a high purity HMX can be 
recovered with the by-products being utilized in commercial blasting agents.  TPL has proven 
out a sub-scale plant for recovering HMX from the explosive, LX-14, and has classified the 
material into applicable military standard classes.  TPL has also been successful in recovering 
HMX from additional explosive feedstocks such as PBX 9501 and PBXN-110.  NSWC Indian 
Head and LANL have completed the characterization studies on HMX recovered from LX-14, 
PBX 9501, and PBXN-110.  The results show that the recovered HMX meets military 
specifications.  NSWC Indian Head is in the process of performing small and medium-scale 
qualification tests to measure the physical and energetic performance of recovered HMX in a 
PBXIH-135 formulation.  ATK Thiokol will formulate the reclaimed HMX into PAX-2A and 
perform tests to verify the pressed Insensitive Munition (IM) explosive matches the performance 
of the explosive produced with virgin HMX.  
 

INTRODUCTION 

TPL, Inc. has demonstrated in a 70 kg/day subscale plant the capability to recover HMX 

from LX-14.  LX-14 is a secondary explosive composed of HMX and Estane binder.  The LX-

14 explosive is received as scrap in various shapes and sizes.  There are no preprocessing steps 

required for the LX-14.  The explosive is manually loaded into a 360 liter reactor.  The process 

for recovery of the HMX from the LX-14 involves the use of nitric acid to dissolve the Estane 

binder, the collection of the HMX in a basket centrifuge and the neutralization of the acid and 

degraded binder with ammonium hydroxide.   

TPL used a wet sieving technique to separate the HMX recovered from LX-14 for the 

first samples for the requalification program.  The method proved to be effective and resulted in 
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a consistent separation of the HMX classes.  TPL provided NSWC Indian Head 2.3 kg each of 

Class 1 and Class 5 HMX and provided LANL 2.3 kg each of Class 1 and Class 2 HMX.  The 

HMX was subjected to a thorough characterization to determine compliance with the chemical 

and physical requirements of MIL-DTL-45444C.  Samples of virgin Grade B HMX, newly 

manufactured at Holston Army Ammunition Plant (HAAP), were analyzed at the same time for 

comparison.  In addition to the tests specified in the military specification, both NSWC Indian 

Head and LANL performed additional characterization testing.   

In addition to the HMX recovered from LX-14 in the sub-scale plant, TPL also 

performed lab-scale recovery of HMX from PBX 9501 and PBXN-110.  PBX 9501 is a 

Department of Energy explosive, while PBXN-110 is a Navy main charge explosive.  One pound 

samples of recovered HMX from each explosive were sent to LANL and NSWC Indian Head for 

analysis.  In addition to lab characterization of the recovered HMX, NSWC Indian Head has 

initiated the small scale formulation and qualification studies of PBXIH-135. 

 

HMX CHARACTERIZATION 

Experimental 

NSWC Indian Head and LANL compared HMX recovered from LX-14 (Class 1 & 2/5), 

PBX 9501 (Class 1 & 2), and PBXN-110 (Class 1 & 3) to virgin HMX from Holston Army 

Ammunition Plant (HAAP).  Unless noted, all tests were performed in accordance with military 

specification, MIL-DTL-45444C.  The specification tests, requirements and test methods are 

listed in Table 1. 
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Table 1.  HMX Specification and Test Method, MIL-DTL-45444C 

 
MIL-DTL-45444C, HMX Grade B, Requirement 

 
MIL-DTL-45444C, HMX Grade B, Test Method 

 
3.2 Purity 
   HMX β-polymorph, 98% by weight, min 
   HMX α-polymorph, 0.01% by weight, max 
   RDX Content, 2.0% by weight, max 
 
3.2 Melting Point, ºC, 277 min 
 
3.2 Number of Insoluble Particles 
   On a USS #40 Sieve-0 max 
   On a USS #60 Sieve-5 max 
 
3.2 Total Acetone Insolubles, 0.05% max 
 
3.2 Inorganic Insolubles, 0.05% max 
 
3.2 Acidity, 0.02% by weight, max 
 
3.2   Impact Sensitivity 
   17 cm min 
   ERL, Type 12 Tools, 2.5 kg weight 
 
3.2/3.2.1   Granulation by Class 
 
3.2/3.4   Workmanship 

 
4.7.1 X-ray Diffraction 
   HPLC for HMX Purity & RDX Content 
 
 
 
4.7.2 Fisher-Johns or Equivalent 
 
4.7.3 Per Specification  
 
 
 
4.7.4 Per Specification 
 
4.7.5 Per Specification 
 
4.7.6 Per Specification 
 
4.7.7.3  Per Specification 
 
 
 
4.7.8 Per Specification 
 
4.7.9 Per Specification 

 

In order to compare the results, both laboratories consulted with one another if any 

deviations were made in test methods, and NSWC Indian Head shipped HMX and RDX 

standards to LANL for more accurate comparisons.  In addition to the tests specified in the 

military specification, both laboratories performed morphology and thermal characterizations on 

the HMX samples.  Scanning electron microscopy (SEM), surface area analysis, particle size 

analysis, and differential scanning calorimetry (DSC) were employed to gain a better insight into 

morphological and thermal characteristic differences between recovered HMX and virgin HMX. 

 

Results 

Purity 

Nitramine analysis was performed by High Performance Liquid Chromatography 

(HPLC).  NSWC Indian Head and LANL differed in their methods as NSWC Indian Head used 
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40% acetonitrile and 60% water, while LANL used 55% methanol and 45% water as the mobile 

phase.  Both laboratories obtained minimum 98% pure HMX with less than 2% RDX impurities.   

 

Melting Point 

Melting point was measured using a Fisher-Johns Hot Stage Melting Point Apparatus.  

Extra care was taken to ensure the heating rate was reduced near the melting temperature.  Since 

HMX does not actually melt, the melting point is read as the first movement of crystals as the 

HMX sublimes.  Interestingly, NSWC Indian Head reported only HMX recovered from LX-14 

passed specification, while other recovered HMX samples failed.  LANL reported that all 

samples of recovered HMX passed.   

 

Insoluble Particles/Inorganic Insolubles 

Insoluble particles and inorganic insolubles were measured with no deviations from the 

specification test method.  Usually, the only material that survives the temperature of the 

insoluble particles test is silicate.  Processing LX-14 by acid digestion did not add any particulate 

impurities to the HMX.  The samples of recovered HMX all contained some amount of 

insolubles that were above the specification.   

 

Acetone Insolubles 

Both laboratories reported that all HMX samples recovered from LX-14, PBXN-110, and 

PBX 9501 all met specifications.  In fact, NSWC Indian Head reported that the acetone 

insolubles of the recovered HMX values were slightly lower than the virgin Holston HMX 

samples.  Organic insolubles could have been removed during the processing of LX-14.   

 

Acidity 

NSWC Indian Head and LANL both performed acidity tests in accordance with MIL-

DTL-45444C, with slight modifications.  NSWC Indian Head changed the normality of the 

sodium hydroxide solution from 0.05N to 0.01N, while LANL changed it to 0.06N.  LANL also 

used a water bath instead of a steam bath.  Both laboratories used methyl red as choice of 

indicator.  For NSWC Indian Head, all acidity values were within specification limits.  However, 

the values were higher in the recovered HMX as compared to the Holston HMX.  For LANL, 
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samples from PBX 9501 and PBXN-110, and Class 2 from LX-14 all met the requirement except 

for recovered Class 1 HMX from LX-14, which exceeded the limit.  Since the recovery process 

involves a highly concentrated acid solution, it appears likely that this sample was not subjected 

to a complete water wash.   

 

Sensitivity 

NSWC Indian Head performed both NOS and ERL impact test on the HMX samples.  

NSWC Indian Head provided standard RDX samples to LANL, as well as the sandpaper.  The 

impact test results showed very little differences between recovered and virgin HMX.  The 

results were within the expected range typically observed for HMX. 

 

Granulation 

LANL and NSWC Indian Head performed granulation tests on all samples.  The 

recovered materials from LX-14, PBX 9501, and PBXN-110 all met the standard requirements.   

 

Particle Size Characterization 

NSWC Indian Head performed particle size analysis, using a Microtrac Full Range 

Analyzer.  This test is not in the specification.  The recovered HMX Class 1 was somewhat finer 

than virgin HMX as also evidenced by the granulation data.  The Class 5 recovered HMX is 

considerably coarser than the virgin HMX.  Holston Class 5 HMX is obtained by pump grinding.  

Particle size analysis was performed by LANL with a Beckman Coulter Particle-size Analyzer 

LS 230.  The Class 1 sample of recovered HMX contained less fine particles than the reference 

samples.  While all Class 2 sample passed the specification requirements, the particle size of the 

recovered HMX sample was significantly different. 

LANL also performed surface area analysis.  The HMX samples were run using a 

Quantachrome Autosorb-1 surface area analyzer.  There was a significant difference between the 

surface area of the Class 1 and Class 2 recovered HMX and the reference samples.  Class 1 

recovered HMX surface area is 50% that of Holston HMX, while Class 2 recovered HMX is 6-

8% that of Holston HMX.  This difference may be attributed to the difference seen in the particle 

size analysis done using light scattering. 
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Morphology 

NSWC Indian Head and LANL both subjected HMX samples to SEM.  One difference 

both laboratories observed between the recovered and Holston Class 1 was the larger amount of 

fines that appeared to be present in the virgin HMX.  Other than the fines, the virgin material 

appeared to have more planar surfaces while the recovered material had rounded plates over the 

larger crystal.  Whether these plates are due to partial erosion of the surface due to LX-14 

processing or due to acid digestion of the binder cannot be determined.  The recovered Class 1 

material also appeared to have a more uniform distribution than did the virgin counterpart, 

primarily due to the larger particles existing in the Holston material.  LANL observed that virgin 

Class 2 material tended to be smaller in particle size as corroborated by the light scattering data.   

 

Differential Scanning Calorimetry 

Recovered and virgin HMX samples were analyzed by DSC to document the thermal 

characteristics of the materials.  NSWC Indian Head performed the DSC experiments with sealed 

pans heated at 2 °C/minute from 50 to 350 °C, utilizing a nitrogen atmosphere at 20 ml/min.  

LANL ran thermal experiment in modulated mode, heating at 5°C/min.  The modulated DSC 

measures the reversing heat flow and non-reversing heat flow.  Melting is a reversible process, 

and the decomposition and beta-delta phase change is nonreversing.  LANL and NSWC Indian 

Head both reported that the melting points and onset of exothermic temperatures were within 

specification and comparable to virgin HMX.  Tables 2 and 3 summarize the results of the 

characterization of recovered HMX from LX-14, PBX 9501, and PBXN-110.   
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Table 2. Analysis of Recovered HMX by NSWC Indian Head 
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LX14 1 99.3 282.38 284.07 278 0 0.013 0.000 0.014 24 95 135
  5 99.5 282.00 283.66 279 0 0.006 0.000 0.009 24 98 32
PBX9501 1 100 282.82 284.20 269 1 0.024 0.000 0.014   95 102
  2 100 284.27 285.66 266 1 0.023 0.007 0.011   100 39

PBXN-110 1 100 276.73 277.70 269 0 0.03 0 0 18 95.7 269

TPL 

  3 100 275.55 276.83 271 2 0.04 .02 0 19 - 150

virgin 1 101 279.7 283.4 279 0 0.027 0.014 0.000 16 98 155

H
olston   5 99.8 279.8 283 278 0 0.037 0.003 0.000 18 100 2.4

 Spec limit  >98   >277 0 <0.050 <0.050 <0.020 >17   
** Granulation:  Thru 50, wt% for class 1, thru 325, wt% for class 5, and thru 50, wt% for class 3 

 

Table 3. Analysis of Recovered HMX by LANL 
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LX-14 1 100 247 283 283 na 0.020 na 0.065 26.5 95.8 158.8 0.07
  2 100 248 281 281 na 0.030 na 0.003 26.2 88.9 44.99 0.2
PBX9501 1 100 254 281 280 na 0.040 na 0.007 26.1 95.1 166   
  2 100 257 280 280 na 0.040 na 0.006 23.5 52.1 55   
PBXN-110 1 100 256 274 282 na 0.040 na 0.021 27 95.7 174   

TPL 

  3 100 255 273 280 na 0.030 na 0.000 24.7 - 328.6   

1 100 245 282 282 na 0.010 na 0.000 24 - 164 0.128
virgin 

2 100 251 283 283 na 0.030 na 0.000 26.2 95 22.45 2.366

H
olston 

Spec limit  >98   >277 0 <0.050 <0.050 <0.020 <17    
** Granulation:  Thru 50, wt% for class 1, thru 325, wt% for class 5, and thru 50, wt% for class 3 
 

LAB-SCALE QUALIFICATION TESTS OF PBXIH-135 

NSWC Indian Head ground the TPL Class 1(45 kg) recovered HMX using a fluid energy 
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mill into a Class 5 granulation.  NSWC Indian Head formulated two 30-gallon batches of 

PBXIH-135 using the ground Class 5 HMX.  The PBXIH-135 was cast into test charges and 

allowed to cure.  X-Rays of the charges revealed no anomalies.   

The following are the tests for the U.S. Navy Qualification Requirements for Main 

Charge Explosives:   

1) Safety Testing (Impact, Friction, ESD) 

2) Cap Test 

3) Thermal Stability 

4) Ignition and Unconfined Burn 

5) Vacuum Thermal Stability 

6) Self Heating (DSC/DTA) 

7) Detonation Velocity 

8) Critical Diameter 

9) Large Scale Gap Test (LSGT) 

10) Aging Characteristic 

11) Variable Confinement Cookoff Test (VCCT) 

 

To date, the critical diameter, LSGT and VCCT tests have been performed.  The critical 

diameter test and LSGT are described in Military Standard-1751 (MIL-STD-1751).  Critical 

diameter is used to determine the minimum diameter of an explosive charge at which detonation 

can still occur.  This test is very sensitive to pressure loads.  LSGT is used to evaluate the 

sensitivity of the explosive to initiation of a high-order detonation by a shock originating from an 

explosive donor and attenuated by passage through a barrier.  The Variable Confinement Cook-

off Test (VCCT) is an inexpensive test procedure developed to evaluate the effects of 

confinement on the thermal behavior of energetic materials.  It was developed based on a 

modification of the Small Scale Cook-off Bomb (SSCB) developed by Jack Pakulak of NAWC 

China Lake.  This test provides a method for determining the reaction severity of an energetic 

material as a function of confinement.  While the results of this test can be used in a weapon 

design to enhance its survivability, this test allows for direct comparison of the results between 

different materials in the same test configuration.  The original VCCT was designed to study the 
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effects of a slow cook-off environment; however, the apparatus has been minimally modified to 

allow for testing in a fast cook-off environment. 

 In addition to the Navy qualification requirements, PBXIH-135 has also been tested to 

meet the Navy’s Insensitive Munitions (IM) requirements.  The following tests are performed 

in accordance with NAVSEAINST 8020.8B to meet the requirements for an extremely 

insensitive detonating substance (EIDS):   

1) EIDS Expanded Large Scale Gap Test (ELSGT) 

2) External Fire Test (fast cookoff) 

3) EIDS Cap test 

4) EIDS friability 

5) EIDS slow cookoff 

 

These five tests are conducted to determine if the explosive behavior correspond to the criteria 

for Hazard Division 1.6.   

To date, the EIDS LSGT and EIDS External Fire tests have been performed.  For the 

EIDS Gap test, three trials were conducted using Expanded Large Scale Gap Test (ELSGT) 

tubes (3.75-inch ID by 2.875 inches), steel witness plates, and polymethyl methacrylate (PMMA) 

gap spacers of 70 mm (2.76").  The tests must show no reaction in order for the explosive to pass 

EIDS gap test.  The EIDS external fire test is conducted to determine the reaction of an EIDS 

candidate test explosive to external fire when it is confined.  This test requires a minimum of five 

confined samples stacked horizontally and banded together.   

 

Experimental 

Critical Diameter 
Critical diameter was performed by using 12-inch long sticks of PBXIH-135.  Testing 

began with a 0.875” square cross section charge and progressed by decreasing charges by 0.125” 

increment.  The charges were initiated using boosters of similar sizes.  Velocity probes were 

positioned at selected intervals along the stick to measure the velocity.   

 

Large Scale Gap Test 

The Large Scale Gap Tests were performed in accordance with MIL-STD-1751.  The 
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tubes were 1.435 inches in diameter and 6 inches in length.  They were loaded with PBXIH-135.   

 

Variable Confinement Cookoff Test 

For the Variable Confinement Cookoff Tests, (VCCT), the material was placed in a steel 

confinement sleeve.  The burst pressure of the sleeves has been calibrated with their wall 

thickness.  The samples are heated with the temperature increased at 3.3 degrees Centigrade per 

hour.  Tests were conducted at 0.090", 0.105" and 0.120" of confinement.  This corresponds to 

burst pressures of 15305 psi, 17634 psi and 19963 psi respectively.   

 

EIDS External Fire Test 

The EIDS external fire tests were conducted in 

accordance with the procedures and criteria outlined in DoD 

Ammunition and Explosives Hazard Classification 

Procedures, EIDS external fire test (UN Test Series 7).  

Three sets of five samples, banded together on a steel 

grating, for a total of 15 samples were tested in one external 

fire test.  The test set-up is shown in Figure 1.  The PBXIH-

135 was confined in steel pipes and 150 gallons of jet fuel 

was remotely initiated.  Three witness screens and video, blast pressure, and radiant heat-flux 

data were collected.  A digital still camera was used to document the setup and post-test 

condition of the test samples.  An explosive substance which detonates or reacts violently with a 

fragment of mass exceeding 1 g and range more than 15 m is not an EIDS explosive substance 

and the result is noted as positive (+). 

 An array of 4 PCB 137A Blast Probes was arranged, with probes located at distances of 

25, 35, 90, and 150 ft from test set-up.  Probes were mounted approximately 2-3 ft above the 

ground and pointed at the test samples.  The blast probe signals were sent through a PCB 

482A22 Signal Conditioner and then recorded on a TEAC RD-135T.  Flux gauges were 

positioned at distances of 25, 35, and 50 ft, and were approximately 1-2 ft above the ground.  

The three flux gauges were Omega Thin-Film Heat Flux Sensors, which were mounted on 1-inch 

thick Lexan plates.  Data from the 4 blast probes and 3 flux gauges were collected for 

Figure 1. Test Samples 
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approximately 40 minutes at 20 kHz.  Video data was collected from a Pelco normal speed video 

camera.  The camera was positioned approximately 100 yards away from the burn pan. 

 

EIDS Gap Test 

For the EIDS Gap test, the test was setup as described in DoD Ammunition and 

Explosives Hazard Classification Procedures.  For the EIDS Gap test, three tests were performed 

according to the hazard classification procedures.  An 

explosive substance which detonates is too sensitive to be 

classified as an EIDS and the result is noted as positive 

(+).  If a detonation occurs, there will be a clean hole 

punched through the witness plate.  Figure 2 is a picture of 

the setup. 

 

Results 

For the critical diameter test, detonation failure occurred at 0.375”.  During the original 

qualification of PBXIH-135 (virgin HMX) failure occurred at 0.250”.  This difference is 

considered to be very negligible and can be considered to be comparable to baseline (virgin 

HMX) formulation.   

The results for the LSGT and VCCT were all favorable and comparable to virgin HMX 

formulations.  LSGT had a 50% shock initiation of 112 cards while the virgin HMX reported a 

baseline of 105 cards.  The VCCT results were all minor burns.   

The video footage of the External Fire test reveals 15 distinct reactions.  The first reaction 

occurred approximately 3 minutes after the start of the fire.  Within 2 minutes after the first 

reaction, all 15 samples had reacted.  The fire burned for approximately 40 minutes.  Post-test 

inspection did not reveal any fragments weighing more than 1 g beyond 15 meters.  The only 

fragment found beyond 15 meters were two small pieces (less than 1 gram) of unconsumed 

PBXIH-135.  There was no evidence of any fragments hitting the fragment screens.  Fourteen of 

the 15 samples remained on the steel grating.  One sample was found outside of the burn pan, 8.5 

ft away from the center of the steel grating.  All samples were split down the side and all the end 

caps remained intact.  Figures 3 and 4 are post-test photos of the samples remaining on the steel 

grating and the one sample found outside the burn pan. 

Figure 2. EIDS Gap Test Setup
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Blast probe data was collected for approximately 40 minutes and revealed no significant 

overpressures.  The last reaction occurred approximately 5 minutes into the burn.  The entire 

record was reviewed and no blast overpressures were evident.  Likewise, there were no 

significant heat-flux measurements above that of the fire. 

For the three EIDS Gap tests, all results were favorable.  There were no detonations for 

the Gap test.  There were only indentations on the witness plates, for each of the three tests, 

meaning the acceptor samples did not detonate.   

  

CONCLUSIONS 

Overall, testing of the recovered HMX show qualitatively very little differences from the 

virgin HMX.  The recovered HMX classes meet the specification requirements of virgin 

material.  The purity, insolubles, melting points, and granulation results are essentially the same 

as the virgin HMX.  Although, acidity levels for the recovered HMX were within specification, 

except for one sample from LANL, the results were significantly higher than virgin HMX.  This 

could possibly be solved with more thorough washings after the acid digestion.  The particle size 

meets the granulation requirements of the specification but the distribution shows that Class 1 is 

finer and Class 5 is coarser than virgin.  The crystalline features exhibit some changes in the 

surface smoothness and optical clarity.  The thermal and sensitivity tests demonstrate that the 

recovered HMX tests compare favorably to the RDX standard and virgin HMX.   

Preliminary results from the NSWC Indian Head qualification testing indicates the 

PBXIH-135 using recovered HMX will meet all the performance criteria for use in a new 

weapons program.  NSWC Indian Head will complete the qualification tests on the PBXIH-135 

Figure 4. Sample Found Outside 
of Burn PanFigure 3. Fourteen Samples 
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by the end of December 2005.  Also, NSWC Crane and NSWC Indian Head will investigate 

modifying the current HMX military specification to allow for the use of reclaimed HMX.   
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ABSTRACT 

When detonated, traditional ideal explosives give off a very high, brief pressure pulse, 

which excels at throwing fragments.  However, high blast explosives produce a moderate, long-

lasting pressure wave that, theoretically, travels down corridors, around corners and through 

doorways.  This family of explosives resembles fuel-air explosives more closely than ideal high 

explosives.  High blast, or thermobaric, explosives have an initial event that disseminates under-

oxidized detonation products and unreacted fuel into the ambient air.  Then the mixture of fuel 

and ambient oxygen self ignites to create an explosion with a long pressure wave.  Rather than 

using fragments, the blast is itself lethal by damaging soft tissue.  

For the last two years, this study has simultaneously attempted to develop a solid formula 

that will reproduce the effects of the liquid baseline formulation and to develop tests to 

characterize these phenomena.  A small-scale test performs rough screening of formulations and 

a new, larger scale test in a two-room structure continues the screening process. 

The formulation studies have looked at several binder systems, different high explosives 

and metal fuel type, size and shape.  The formulations must balance the reaction rate, optimum 

dispersion of fuels and under-oxidized detonation products, and initiation of the fuel and air 

mixture.  The reaction must be kept slow enough to disperse fuel, but not so slow as to simply 

die.  Conversely, if the reaction is too fast, then either the fuel is too widely dispersed to be fully 

initiated, or not enough heat is released to ignite the fuel.  
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1.0 INTRODUCTION AND BACKGROUND 
The Russians began developing non-ideal (a.k.a. thermobaric or high blast) explosives 

over 20 years ago, and successfully used these in Afghanistan.  The original Russian formula, a 

simple mixture of magnesium (Mg) and isopropyl nitrate (IPN), sent devastating pressure waves 

through the Afghani cave systems, causing damage deep within the subterranean mazes.  Ideal 

high explosives (HE), however, are lethal only within their immediate vicinity.  Ideal explosives’ 

characteristic short, very high-pressure spike was designed to throw shrapnel and shatter 

structures.  But neither the shrapnel nor the pressure spike travel well around corners through a 

labyrinth.  The high explosive may use its energy to destroy a corner or wall, but it will not travel 

around it efficiently.  Enhanced blast explosives, like fuel-air explosives, typically have long, 

moderate, pressure waves.  The pressure front travels around corners and down corridors, 

severely damaging the soft tissue of human targets. 

The long pressure wave is, theoretically, caused by a slow detonation followed by a rapid 

burn of detonation products.  The initial reaction disperses detonation products and un-reacted 

fuel into the air; then the detonation products and fuel use the ambient oxygen to continue 

burning.  The pressure wave from this secondary burn re-enforces the initial pressure wave.  

Unlike a fuel-air explosive (FAE), a high blast explosive’s secondary explosion is self-initiated. 

Non-ideal explosives are typically composed of an explosive matrix around a metal 

powder like aluminum (Al) or Mg.  The Russian explosive is composed of a self-deflagrating 

liquid, iso-propyl nitrate (IPN) and a metal fuel (Mg).  The Russian formulation is effective, but 

not without problems.  The liquid IPN is both volatile and detonable, and has been known to leak 

and spill, causing storage and toxicity problems.  Not to mention the reliability problems thought 

to be caused by settling of the metal out of the liquid.  The goal of this project was to develop a 

castable, high impulse, non-ideal explosive.  The blast from this explosive should have a long, 

moderate pulse that travels around corners and down corridors.  Performance was evaluated by 

comparing the pressure trace and impulse (area under the pressure curve) of the new formulas to 

the baseline  
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2.0 FORMULATION DEVELOPMENT 

2.1 Theoretical Work 

Formulas were developed by examining the balance between fuel and oxygen, the 

presence of combustible detonation products (especially hydrogen) as calculated by Cheetah, and 

the calculated detonation velocity.  Formulations were compared to the baseline formulas, and as 

the project progressed, new formulations were compared to previous formulations.  The 

development approaches included efforts both with and without additional oxidizer; all 

approaches included an energetic binder with a high explosive (HE) and metal fuel.  This report 

focuses on the results from an approach without oxidizer.  Different high explosives were 

studied, including:  HMX, RDX, CL-20, TNAZ.  The size, shape, and type of metal fuels were 

explored to find the optimum combination. 

The detonation velocity and detonation energy were of interest, as was the composition of 

detonation products at 1atm pressure.  The baseline (IPN/Mg) has a low pressure, slow shock 

velocity and considerable thermal energy when compared to conventional explosives like Comp 

A4 and Comp B.  (See Table I).  The detonation products at 1atm pressure include high amounts 

of combustible gases, particularly hydrogen gas.  These indicators of thermobaric behavior are, 

unfortunately, only rough indicators. A formula may well have these characteristics and still 

perform very poorly.  The problem lies in having a composition that has these characteristics and 

is not only detonable, but will fully consume all the fuel and detonation products. 

Chemically, the preliminary Non-Ideal Explosive (NIX) formulations were modeled after 

the Russian binary compositions, which were designed to produce a lot of hydrogen and 

unreacted fuel in the detonation products.  The easy dispersal, high hydrogen content and 

detonability of the IPN are believed to be key to the performance of the Russian formulas.  

Creating a system to replace this remarkable ingredient was no easy task. 

To address these concerns, an approach using cast-cure explosives was chosen.  In 

addition to low sensitivity, the binder and plasticizer in cast-cured systems replaced the IPN.  

Cast-cured explosives may be formulated with a high liquid content that cures to a soft, rubbery 

consistency that is, theoretically, easily dispersed.  The detonability and high hydrogen content 

are less easy to duplicate.  HE makes the mixture detonable, and releases enough energy to ignite 
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the metal fuel.  Hydrogen may be added to mix by using a plasticizer, metal hydrides, or other 

novel ingredients. 

The binary baseline formula (IPN/Mg) is formulated so there is just enough oxygen from 

the IPN to fully oxidize the Mg.  That leaves the formula without enough oxygen to react with 

the fuel in the IPN.  Indeed, the fuel-to-oxidizer (F/O) ratio of the baseline is 4.13, so the formula 

is very fuel-rich.  That gave us two starting points we could formulate around: either we could 

adjust our formulas so there was just enough oxygen from the binder and HE to react with the 

metal fuel, or we could formulate to match the overall F/O ratio.  The initial NIX formulas tried 

to stoichiometrically match the system oxygen to the metal fuel. 

Table I:  Small Sample of Cheetah Calculation Results for Binary baseline, Comp A4, Comp B and 
three Thiokol formulas (NIX = Non-Ideal Explosive). 

  Binary Comp A4 Comp B NIX-G NIX -AH 
Eq. Ratio (Fuel/Oxidizer) 4.13 1.99 2.32 3.78 3.78 

theoretical max density, g/cc 1.24 1.76 1.72 1.70 1.69 
 at C-J conditions:          

Pressure, Gpa 7.34 31.55 27.1 10.01 9.82 
Termperature, K 4913 3644 4000 4597 4583 

velocity of shock, mm/us 4.797 8.657 7.939 5.327 5.284 
Mechanical Energy, kJ/cc -7.444 -9.737 -9.127 -9.497 -9.421 

Thermal Energy, kJ/cc -4.445 0.001 0 -7.926 -7.891 
total energy, kJ/cc -11.889 -9.736 -9.127 -17.423 -17.312 

           
sum of combustibles in det . products, mols 19.94 3.85 1.361 16.04 16.07 

 % combustible of detonation gases 81.77 10.18 3.98 73.49 73.42 
% H2 in detonation gases 81.71 5.11 1.68 59.92 59.78 

 

2.2 Experimental Work: Safety and Scale-Up 

Candidate ingredients are tested for sensitivity and compatibility before they are ever 

included in a mix.  Compatibility is determined by performing Differential Scanning Calorimeter 

(DSC) testing and Vacuum Thermal Stability (VTS) on individual materials, and then on pairs of 

the materials in 50:50 mixes.  If the pairs of materials cause anomalies in the DSC or VTS when 

compared to the neat material results, then they are considered incompatible and will not be used 

together in a formula. 

Once a formula is ready to leave the drawing board, a 10-g “safety mix” is made.  During 

this hand mix, adjustments for processing may be made to the formula; i.e. the liquid level may 
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be adjusted to thoroughly wet the solids.  This hand-made mix is used to test sensitivity to 

Allegany Ballistics Laboratory (ABL) Impact, ABL Friction, unconfined Electrostatic Discharge 

(ESD) and Simulated Bulk Auto-ignition Temperature (SBAT).  The SBAT is similar to the 

DSC, but it uses gram quantities of the material rather than milligrams, and it better simulates the 

temperature at which bulk quantities spontaneously ignite.  Mixes with excessive sensitivity to 

any of the tested stimulations are not scaled up. 

 

3.0 TESTING AND EVALUATION 

3.1 Introduction to Test Development 
Igniting the detonation products in a non-ideal explosion is a major concern.  Some 

systems require a second initiating shock like a traditional FAE, while others ignite themselves.  

The self-igniting systems are, of course, more desirable.  It is interesting that some systems seem 

to need a barrier for the shock wave to bounce off to self-ignite and other systems do not.  

Consequently, there is considerable dispute over testing methods.  There are advocates of tests 

using a series of connected chambers.  The progress of the pressure front is detected via pressure 

gages in each chamber.  Others are testing explosives in the open air with pressure gages and 

various arrangements of false walls, and some tests have no barriers at all.  The pressure gages 

themselves are also being debated – gages are often fouled by the extreme heat, confused by 

multiple reflected pressure waves, swamped by the initial shock wave, and plagued by “ringing.”  

The quest for meaningful pressure data continues.  Despite these obstacles, this project 

developed two screening tests:  a small-scale test with a very quick turn-around and the more 

involved multi-room blockhouse test. 

 

3.2 Small-Scale Screening Test 
Our intent was to develop a quick turn-around, inexpensive test that yields meaningful 

data.  Keeping in mind the goal of long pressure pulses, the use of pressure gages was a given.  

Since there are indications that enhanced blast explosives require confined spaces to operate 

properly, a partially confined area was chosen over an open-air configuration.  The primary 

screening test is performed in a small bunker that is approximately 4m across, 1.8m deep and 

2.1m tall.  See Figure 1. 
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The screening test uses three pencil gages placed at 1.0, 1.5, and 2.0m from the charge.  

PCB pencil gages are used for overpressure tests, and they measure the oblique pressure.  Each 

gage is mounted on a stand outside the bunker, so ringing is minimal.  The bare charge is placed 

on a cardboard tube at the same level as the pencil gages (Figure 1).   

 

Figure 1: Small-Scale, Over-Pressure Test Setup 
Three pencil gages are placed 1.0, 1.5, and 2.0 m from the charge.  

3.2 Small-Scale Data Analysis 
In the small-scale test, the pencil gages each produce a pressure trace (Figure 2), from 

which the impulse may be calculated as seen in the Results section (Figure 4).  The impulse is 

calculated by integrating under the pressure curve; in other words, impulse is the cumulative area 

under the pressure curve.  Supposedly, a higher maximum impulse indicates a high blast 

reaction.  This is only partially correct.  The pressure curve typically starts with a very high, 

initial pressure pulse, which drops back to a more moderate pressure and gradually dies.  

Usually, the initial pulse is followed by a second or even third pulse, which could be a second 

event or the reflections of the initial pulse.  When an ideal explosive was tested, the pressure 

curve had a very high initial pulse that dropped off almost immediately and completely died 

before a second peak hit the gage.  This is particularly noticeable at the 1-m gage.  A high-blast 

event, on the other hand, has a moderate to small initial peak pressure that does not taper off as 

quickly.  Therefore, it is not enough to base the performance purely on the maximum impulse, 

but the maximum pressure and the shape of the pressure trace is also examined. 



ATK Thiokol, Inc. High-Blast Explosives Ruth Schaefer 

Pub040606  
  7

1/2 lb IPN/Mg(new lot);  10-14-03 Test 35

-5

0

5

10

15

20

25

0 2 4 6 8 10 12 14 16 18 20

Time, ms

Pr
es

su
re

, p
si

g

P01, 1.0m
P02, 1.5m
P03, 2.0m

 

Figure 2:  Example of Pressures During a Small-Scale Test of the Baseline (IPN and Mg) 
The pressures above were seen at 1.0 m (blue line), 1.5 m (pink), and 2.0 m (green) 

 

3.3 Blockhouse Test Description 
The blockhouse test was developed as a second-tier screening test using 500g charges. 

The blockhouse is constructed of 76cm thick interlocking cement blocks.  The blocks form two 

rooms; each room is 3.05m x 3.05m and is 2.29m tall, and the rooms are connected by a 

doorway.  See Figure 3.  Each room also has an external doorway and a square window.  Though 

small, the 500g charges are enough to lift a 4530kg roof segment.  The two-piece roof (one piece 

over each room) was designed to lift in a controlled manner, and the lift height was measured 

with a high-speed digital camera. It is typical for the primary room’s roof to rise 20cm to 35cm..  

The reported height is the average of the inside and outside edges’ maximum height.  This is a 

qualitative measurement of dubious value, but it is also the only measurement of demonstrated 

work performed by the explosion. 
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One of the main purposes of a non-ideal charge is to send its pressure wave through doors 

and around corners.  To that purpose six pressure gages were placed either outside the primary 

room or in the secondary room.  See Figure 3.  In addition to the pressure gages, a broadband 

spectrophotometer (0.7 to 5.44 micron wavelength) was used to track the heat released during an 

event.  While high heat energy is not a goal of a non-ideal explosive, it is a characteristic of the 

baseline compositions and indicates whether or not all the metal fuel is consumed.  Essentially, 

the IR Spectrophotometer measures the rate of heat released by the reaction with respect to time.  

The total heat energy released (as seen by the spectrophotometer) may be calculated by 

integrating under the curve for the duration of the event. Typically, formulas with more metal 

released more heat energy. 

Figure 3:  Layout of pencil gages for Blockhouse test. 

 
3.4 Blockhouse Data Analysis 

Six pencil gages were used to take pressure measurements (see Figure 3).  The pencil 

gages measure oblique (or side) pressure, not head-on pressure.  It is important to keep in mind 

that the head-on pressure experienced in the same locations would be greater than the measured 

pressure (particularly for those gages in the direct line of the blast- P01 and P02).  For analysis, a 

formula’s pressure traces and maximum pressures are examined and compared to the traces and 

maximums of the baseline and other formulas. 

Just as in the small-scale test, the impulses, or area under the pressure curve, are 

calculated by integrating under the pressure curve.  Some of the gages present very clear definite 
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information, others have pressure traces with so many reflections that it is difficult to determine 

what is and is not relevant to performance.  The gages in the primary doorways (P01 & P02) 

have relatively simple, straightforward pressure traces.  These pressure traces look much like the 

traces seen in the small-scale test.  The pressure continues to oscillate, rising and lowering with 

each successive reflected pressure wave.  Gages P03 through P06 experience multiple waves.  

When calculating impulse, it is difficult to tell if only the first one or two waves should be 

calculated, or all the waves. 

4.0 RESULTS AND DISCUSSION 

4.1 Small-Scale Baseline Results 
The binary baseline’s performance varied considerably; the maximum impulses at 1m 

standoff ranged from 23.62 psi*ms to 35.98 psi*ms.   Not only did the maximum impulse vary, 

but the shape of the curve varied.  Some of the curves started with a small jump from the 

boosters and initial explosion, then they gradually grew to their peak (see the 12-1 and 3-2 

curves in Figure 4).  Other samples had a higher initial peak and grew to their maximum quicker 

than the other samples. 

Figure 4: Impulse Traces from Binary tests (IPN:Mg) 

Binary Baseline Impulses at 1m Standoff
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Most of the pressure in the smaller initial spikes is from the booster, indicating that, in these 

cases, the IPN and Mg reaction is delayed and extended.  In the higher initial pressure cases, 

some of the IPN and Mg must be reacting in the initial detonation, and the ensuing reaction 

propagates faster than in the other case. 

 

4.2 Small Scale Non-Ideal Explosives (NIX) Results 
Several formulas were tested to determine the best high explosive (TNAZ, HMX, RDX 

and CL-20) and the best metal (nano, 3 µm, and 60 µm spherical Al, flake Al, Mg/Al alloy, 

titanium, boron, Mg, etc.).  For the HE, HMX works better than TNAZ or CL-20.  In some tests 

the RDX seems about the same as HMX, in other tests the RDX is worse than HMX.  The 

optimum metal combination is still debatable, but formulas using a combination of aluminum 

and magnesium seemed to work well. 
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Figure 5:  Study of Different HEs in NIX Series of Explosives 
The impulse at 1-m standoff is shown. NIX-G (red line) uses HMX, NIX-Q (green) uses CL-20 and NIX-R (blue) uses 

TNAZ.   The formulas are otherwise the same.The IPN/Mg baseline (black) is shown for comparison. 

As is obvious in Figure 5, that the formula using HMX for the HE performs much better 

than formulas with CL-20 (NIX-Q) or TNAZ (NIX-R).  Notice the impulse from the initial 

pressure spike.  Due to its ideal nature, the CL-20 formula was expected to have a high, steep 

initial impulse.  However, it did not, nor did it have an extremely high maximum pressure, which 

was also expected.  The results from the formula containing RDX are not shown. 
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Table II:  Study of Aluminum and Magnesium in NIX. 

  NIX-G NIX-O NIX-S NIX-Y NIX-Z NIX-AA 
Al, flake 8.5 7.73 16.19       

Al/Mg alloy 34.1 21.91 24.76 42.6 34.1   
Alex Al   9.09         

Mg, -325, chipped         8.5 21.3 
Mg -200/+325 chip           21.3 

              
Imax, psi*ms:  1.0m 32.14 19.64 20.57 18.28 18.73 12.72 
Imax, psi*ms:  1.5m 25.90 13.08 13.04 10.40 12.94 9.01 
Imax, psi*ms:  2.0m 19.29 11.66 11.63 11.43 11.67 8.45 

       
(Fuel/Oxidizer) 3.7845 3.813 3.833 3.747 3.709 3.556 

 

Using just aluminum did not work well in preliminary tests.  The Al/Mg alloy was added 

to act as a low-temperature initiator (see Table II).  Magnesium ignites at a much lower 

temperature than aluminum, but it burns hot enough to ignite aluminum.  The intimate contact 

between the magnesium and aluminum seems to facilitate this mechanism.  Alex Al (NIX-O) has 

an average diameter around 400nm.  It was hoped that the small aluminum would ignite easier 

than larger aluminum, but replacing some Al/Mg alloy with nano aluminum decreased the 

impulse considerably.  Either the decrease in magnesium decreased the effectiveness of it as an 

initiator, or the Alex aluminum has too much aluminum-oxide skin to effectively burn.  

Replacing the flake aluminum with alloy also decreased the impulse, likely because aluminum 

gives off more energy than magnesium when it burns.  Likewise using pure magnesium in place 

of the aluminum (NIX-Z) and in place of the alloy (NIX-AA) decrease the impulses when 

compared to NIX-G. 

In another series, various metals were substituted for the Mg/Al alloy to see if they would 

improve the performance.  The Mg in the alloy serves as a low-temperature initiator.  Boron 

(NIX-P) and titanium (NIX-T) were added to see if they worked better as low-temperature 

initiators.  A thermite and novel alloy were expected to release large amounts of heat energy and 

thus help the aluminum fully oxidize.  The Mg/Al alloy works better than any of those 

mentioned above, and considering how poorly the formulas with pure Mg performed (Table II), 

the intimate contact between the Mg and the Al in the alloy is likely key to the initiation of the 

aluminum. 
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4.3 Blockhouse Test Results 
At the time of print, only one set of tests had been performed in the blockhouse.  Only 

those formulas that performed well in the small-scale test were tested at this level.  NIX-G was, 

of course, selected for testing.  NIX-G includes HMX, flake Aluminum and Al/Mg alloy.  NIX-

AH, which is exactly the same as NIX-G except it uses RDX instead of HMX, was included in 

the testing. The pressures and impulses are greater than those of the binary baseline.  Thanks to 

the high metal content, the NIX-G and NIX-AH released a large amount of heat energy- almost 

as much as the binary.  They also both lifted the roof further than the baseline.  NIX-AH 

performed slightly better then NIX-G.  NIX-AH has comparable pressures and impulses, but it 

raised the roof further and released more heat.  Unfortunately, one of the NIX-AH charges 

experienced a misfire, so there is only one set of data for it.  However, it may be concluded that 

RDX works as well as HMX. 

Table III:  Selected Results from 500g Blockhouse Test 

 gage NIX-G NIX-G NIX-AH binary 
Max Pressure, psi P01 20.34 17.08 18.69 14.44 
Max Impulse, psi*s I01 0.0332 0.0286 0.0330 0.0261 

avg roof ht, in:  12.4 12.6 16.8 10.9 
IR integral, J/Sr  10029.9 10468.3 11720.3 11832.9 

 

5.0 CONCLUSIONS 

The cast-cured explosives are capable of meeting our project goals.  They provide safe, 

easy processing with loading versatility.  The cured binder system disperses well and creates 

desirable detonation products which easily combust.  With the proper combination of high 

explosive and metal fuel, the baseline performance may be met or even exceeded.  During this 

investigation, several lessons have been learned about which high explosive and metal 

combinations work best.  Mg/Al alloy makes a good low-temperature initiator, and is necessary 

for a good performance in these cast-cured formulas.  The intimate contact between the two 

metals in the alloy is likely the reason that it appears to work better than boron or titanium as a 

low-temperature initiator.  Flake Al works better than spherical Al.  Metals like boron, titanium 

and thermite do not help the performance.  Neither CL-20 nor TNAZ work as well as HMX or 

RDX.  
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1.0 Introduction

 

Thermobaric explosives have recently aroused considerable interest [1-5], since they have poten-

tial use in urban warfare and defeating hardened targets. A thermobaric explosive fills the gap 

between a conventional explosive and a fuel air explosive (FAE) demonstrating the reliability and 

simplicity of a conventional explosive but delivering performance close to or even exceeding that 

of a FAE. A thermobaric explosive generates a much more powerful blast effect than a conven-

tional explosive, but also produces a high initial pressure peak. A thermobaric charge can be made 

much smaller than a FAE, which has a lower functional limit of about 20..30 kg. This makes a 

thermobaric explosive much more attractive a choice especially for man-portable systems.

Thermobaric explosives can be divided into liquid and solid fuelled subtypes. The liquid fuelled 

variation resembles a FAE both in mechanism of function and structure while the solid fuelled 

thermobarics are best defined as enhanced blast explosives and consist of ordinary explosive com-

positions loaded with large percentage of aluminium or other metal (typically in the order of 30 % 

by weight). Solid fuelled charges can also be built in analogy to the liquid fuelled ones leaving out 

the liquid and only utilizing powdered solid material as the fuel. However, no successful reports of 

thermobaric charges of this type have been published indicating difficulties in constructing such.

Liquid fuelled thermobaric explosives are based on an exothermically decomposable fuel mixed 

with a metal powder, typically 40..75 % by weight metal, and 10..20 % spreading charge from 

total weight of composition. This type of thermobaric explosive has the highest energy density, 

since it can contain larger percentages of metal compared to the other types. Hence, liquid fuelled 
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Abstract

 

 - Thermobaric charges with four different liquid fuels and several powdered fuels were prepared and fired
and their TNT-equivalencies in the open field were determined. The results show the shock wave component of ther-
mobaric explosion originates mostly from anaerobic processes. 

The fuel component was deemed critical for the generation of a thermobaric explosion. Only IPN demonstrated
advantageous properties and a reliable ignition of the fuel and metal powder components in all tested proportions. IPN
was also the only fuel able to create effective, aerobic explosions even with excessive amounts of metal powder pro-
ducing enormous overpressure pulses. The powdered fuel was deemed critical for the ignition delay in the aerobic
stage, activated aluminium showing most promising properties followed by elektron, phosporus and boron. Metal
combustion rate is a critical parameter in generating high pressure levels in the aerobic stage.
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TNT-equivalency of Thermobaric Explosives

 

thermobaric charges were investigated in this study and only some comparison was made with the 

solid fuelled variant to demonstrate the difference in performance. Theoretical comparisons are 

also made showing the same, although some of the solid fuel materials reach theoretical values 

very close to those of the liquid fuels.

 

2.0 Theoretical

 

Thermodynamic calculations of the different compositions were carried out for anaerobic and aer-

obic stages using the Nasa CEA code [6]. Compositions were optimized to give maximum theoret-

ical anaerobic pressure, up to which limit all compositions will work with no trouble and give high 

output in the open field conditions. The aerobic stage is then calculated using the gas composition 

from the above mixtures with excess air. The conditions for calculating the aerobic energy were 

fixed at 10 cubic meters constant volume per 1 kg of explosive. Results are presented in Table 1 

The unit of measure can be interpreted either as delta-pressure or energy in megajoules.

 

Table 1

 

Theoretical final pressures of different thermobaric and enhanced blast explosive mixtures in 
anaerobic and aerobic constant volume conditions in air: 1 kg of explosive in constant volume 
of 10 cubic meters with 1 bar initial pressure. The values equal mechanical energy in MJ.

 

Material

  

∆∆∆∆

 

p, Anaerobic/bar

  

∆∆∆∆

 

p, Aerobic/bar

  

∆∆∆∆

 

p, Total/bar

 

TNT 1.7 1.6 3.3

Kemix 1.3 0.1 1.4

Dynamite 1.5 0.1 1.6

IPN 1.6 2.1 3.7

TNT/Al 68/32 2.4 1.5 3.9

RDX/Al 67/33 2.5 0.9 3.4

RDX/Al 25/75 1.8 2.6 4.4

HTPB/RDX/Al 12/56/32 2.3 1.7 4.0

NC/Al 60/40 2.6 1.0 3.6

IPN/Al 66/34 2.3 1.9 4.2

IPN/Mg 59/41 2.3 1.6 3.9

IPN/Al 39/61 2.0 2.5 4.5

IPN/Mg 41/59 1.9 2.1 4.0

IPN/B/Al/Mg/PTFE 55/36/3/3/6 *2.1 2.4 *4.5

IPN/elektron 35/65 1.8 2.3 4.1

IPN/diesel/Mg 20/20/60 1.5 3.4 4.9

IPN/charcoal 61/39 1.4 3.0 4.4

IPN/red P 26/74 1.1 2.6 3.7

2-EHN/Mg 39/61 1.4 3.1 4.5

2-EHN/elektron 35/65 1.4 3.1 4.5

* gaseous B
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 - about 1 bar extra pressure/1 MJ extra energy would be available, if B
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 condensed. This can 
happen only in much larger air to explosive ratios, for which the final temperature is less than the boiling point of 
B

 

2

 

O

 

3

 

 making the energy from boron available only at very low pressures.
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The same performance analysis was carried out for actual compositions in order to estimate the 

anaerobic-aerobic energy distribution [Table 1]. In the actual charges the metal percentage could 

not be adjusted to a predetermined value, but was dictated by the rheological properties of each 

metal powder. The aerobic performance was estimated based on an assumption that the total blast 

energy from TNT is fully aerobic and the ratio of theoretical blast energy to the measured one is 

constant for all charges. The former assumption is justified based on measurements with an emul-

sion explosive (Forcit Kemix), which has 85 % of the heat of explosion of TNT and measurements 

of dynamite, which has 115 % of the heat of explosion of TNT calculated on anaerobic energies. 

The heats of explosion compared to TNT heat of combustion are 44 % for Kemix and 59 % for 

dynamite. The measured TNT-equivalency for these explosives are 44 % and 53 %, respectively 

[7]. As the emulsion explosive and dynamite are almost oxygen balanced, all of their energy is 

anaerobic giving aerobic efficiency of 100 % for TNT based on Kemix and 92 % based on dyna-

mite as a reference. Dynamite probably has a slightly negative oxygen balance explaining the dif-

ference. Hence, TNT explosion in open air for a 1 kg charge is completely aerobic indicating that 

the combustion of the gases in air is very fast contributing practically all of its available energy to 

the shock wave. Pure IPN (isopropyl nitrate) produces a TNT-equivalency of 34 %, and based on 

the above, IPN reacts only partially even in the anaerobic stage. This builds the basis for following 

discussion about the mechanisms of a thermobaric explosion.

Previously, the mechanical energy of the gases was modelled using an integration of the gas vol-

ume during expansion assuming uniform pressure inside the volume of expanding gases [7]. This 

approach is coarse and inapplicable to shock waves, while it is well suited for constant volume 

explosion type phenomena, which are expected in thermobaric explosions. Based on previous 

experience, such combustion phenomena are difficult to achieve and most of the charges were 

expected to produce relatively conventional looking pressure signals. Thus, the wave energy 

approach was taken and it proved much more accurate method than volume integration, since it 

gives almost constant energies regardless of distance and even at large distances the errors can be 

attributed to worse signal to noise ratio rather than to the model itself. As a drawback, the wave 

energy method cannot treat standing waves, which appeared in some of the charges and the vol-

ume integration fails as well, since the velocity in such cases is unknown due to unknown particle 

velocity of the expanding gases. Such cases are marked separately and the TNT-equivalency val-

ues from these entries only indicate the presence of a successful thermobaric explosion but are not 

to be considered as actual performance, although the strength of the blast from these charges was 

easily distinguishable even without any instrumentation.

The energy was calculated based on the intensity of the recorded wave and integrated over the 

spherical surface enclosing the charge. This assumption makes it essential to have a spherical 

geometry in order to have a constant intensity of the blast in all directions. Intensity is obtained 

from the root mean square (RMS) value of the gauge pressure:
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(E1)

 

As the wave amplitude is very high often exceeding 1 bar, the density is also a function of time. A 

good approximation is to assume that the density is proportional to the ratio of absolute pressures 

times initial density of air,

 

(E2)

 

since p(t) is gauge pressure. This approximation overestimates the density slightly at high pres-

sures and underestimates it at low pressures. On average, the errors cancel giving high accuracy.

Combining these and I = dW/Adt, we can approximate the energy by 

 

(E3)

 

In the above, n is the noise RMS value determined from the signal itself. Noise is deducted from 

each point before summing and absolute value of the signal minus noise RMS in the denominator 

is taken in order to have the noise only reduce but never increase the integral of the signal. This 

approach underestimates the results somewhat, if signal to noise ratio is bad, but this was consid-

ered better than overestimating the energies by summing up noise.

The model is in good agreement with the theoretical values for any charge producing a clear 

shockfront and a following rarefaction, but it is not as accurate if substantial afterburning is taking 

place after the primary shock. In such cases, the wave model produces overly large energies due to 

the fact, that a constant volume type explosion is not a wave and cannot be modelled as such. 

As a comparison, one value from a conical, directed charge is presented showing the method 

greatly overestimates the energy, if charge geometry differs from spherical and to demonstrate a 

high TNT-equivalency in a certain direction can be achieved not only by increased energy but also 

by geometric effects. In these cases, more accurate, flow dynamic simulation is needed to deter-

mine TNT-equivalency and even then, such an equivalency is nontrivial to define - like for any dis-

tributed charge [8-15].

 

3.0 Experimental

 

3.1 Charges

 

Spherical, liquid fuelled thermobaric charges were prepared with the goal to have them as close as 

possible to 1 kg of final, loaded weight not counting the spreading charge. This goal could not be 
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reached from charge to charge due to fixed volume and variable densities, but variations from 0,9 

to 1,5 kg were considered acceptable, since less than half an order of magnitude variation would 

reduce the available signal dynamics by half or less. The external sphere diameter was 145 mm 

(outside) and the internal sphere (spreading charge core) was 72 mm in diameter (outside) with 

wall thicknesses 2.0 and 1.6 mm, respectively. The concentric inner sphere was loaded with 190 +- 

10 g of plastic PETN. An access for the blasting cap was left open through one of the supporting 

struts for the inner sphere.

Metal powder was filled in through one of the hose connections and the fuel was added through 

the same until no air was left inside. Another connection served as an air escape and was con-

nected with a silicon hose to the other one to seal the container prior to setting up and firing. The 

containers were obtained from Skylighter Inc., USA.

 

3.2 Measurements

 

Measurements were carried out in the open field in order to be able to use a simple model for cal-

culating the energy equivalency and because this is a standard method of determining TNT-equiv-

alency. The method necessitates using spherical charges, since any breakage of symmetry will 

cause strong mixing in the resulting flowfield in addition to directing pressure nonuniformly at 

close distances [16-18]. Close distance means less than 5..10 meters, at which distances the nonu-

niformity of a pressure field from a cylindrical charge proved extremely pronounced in previous 

measurements [7]. 

 

3.2.1 General setup

 

The charges were hung at a height of 12 meters above ground between two detachable carbon fibre 

poles, which were rented from Mastsystem Inc., Finland. The poles were placed 40 meters from 

each other to protect them from any plastic splinters and pressure loadings. A distance of at least 

10 meters of free space above ground was deemed necessary in order to ensure enough time for a 

clean pressure signal before the first reflection from ground (50 ms or more) and to reduce the 

reflected pressure waves to such a low level they could be neglected. A steel cable was tensioned 

between the poles through adapters built for the purpose. The charge was hung one meter below 

the cable.

The gauges were mounted at three different distances from the point of detonation: 2.04 +- 0.02, 

3.36 +- 0.02 and 4.72 +- 0.02 meters. Accurate distances were determined by photographing the 

setup while in position and measuring the distances from the digital images. The distances were 

selected to give a maximum recordable pressure at the closest gauge. The furthest gauge was 

placed at a distance the cloud edge was expected to reach based on previous experience [7], i.e. 

cloud radius and the third one was placed in the middle of these two. This approach was taken in 

order to find out whether the wave energy would increase or decrease during propagation indicat-



 

Experimental

 

6

 

/

 

12

 

TNT-equivalency of Thermobaric Explosives

 

ing exo- or endothermic reactions taking place. Another reason was to measure the propagation 

rate of the wave as accurately as was possible with the available equipment.

 

3.3 Equipment

3.3.1 Pressure gauges

 

The pressure gauges (arrow gauges) and the charge amplifiers were obtained from the Defence 

Forces Reseach Institute of Technology, Lakiala, Finland. The gauge manufacturer is not known, 

since the gauges were mounted in a stainless steel support, which was not disassembled to find out 

the make and model. The type used can handle overpressures up to 20 bar, thus, no limitation was 

imposed by the gauges on recordable pressure levels.

The pressure gauges were mounted inside cushioned, stainless steel sleeves, which were tied with 

thin wires to the same steel cable holding the charge itself. This setup ensured the gauges would 

not receive any signals along the wires before the pressure wave itself arrives and also ensured the 

gauges were fastened softly to avoid excessive mechanical loading. This arrangement was possi-

ble, since the gauges are not sensitive to acceleration. At the time scale of the overpressure pulse 

the gauges will move such a short distance the positional error from movement is neglidgible. 

 

3.3.2 Charge amplifiers

 

Brüel & Kjær Type 2635 charge amplifier with the following settings was used:

Transducer sensitivity: 36,0 nC/bar nominal
mV/Unit out: 3,16 for IPN-charges, 10 for others, 1 for directed charge
Lower frequency limit: 1 Hz nonintegrating (acceleration scale)
Upper frequency limit: >100 kHz (no additional filtering)

The gauges were of piezoelectric type giving nominally 36 nC/bar charge and the amplifiers had a 

maximum of 100 nC capacity regardless or range settings with an output voltage between +-10 V. 

Thus, we were able to measure overpressures up to about 3 bar at maximum with this equipment 

and the distances from the charge were selected according to this limitation. The input sensitivity 

was adjusted to provide a 1000 -fold amplification for the output signals scaling the unit of output 

to V/bar. 

 

3.3.3 Data recording

 

All signals were recorded using Tektronix 1 GHz digital oscilloscope with 8-bit data resolution 

and 10000 datapoints memory. The time domain was set to 100 ms full scale, which allows record-

ing the pressure well up to the first reflection from the ground. This time scale is also the scale of 

interest for air blast studies, since at about 50 ms blast duration the damage potential is the greatest 

[19]. Voltage level was adjusted to 0-10 V in conjunction with the charge amplifier output range.
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3.4 Materials

3.4.1 Reference material

 

A 1 kg cast TNT sphere with a 60 g pressed TNT booster (included in the weight) was used as the 

reference charge. This is a standard reference for TNT equivalency measurements.

 

3.4.2 Spreading charge

 

Plastic PETN from Nitro Nobel, Karlskoga, type NSP 71 was used as the spreading charge. This 

material contains 88 % of PETN and 12 % of mineral oil as the binder and has detonation velocity 

of 7700 m/s at density of 1600 kg/m3. NSP 71 is easily handled and thus allowed easy preparation 

of the container cores in addition to being powerful enough to disperse the fuel-powder mixture 

effectively.

 

3.4.3 Liquid fuels

 

For the thermobaric charges, IPN was selected as the baseline fuel, since this fuel is a robust and 

reliable always giving high pressure levels with any combustible, powdered fuel. A second fuel 

tested was 2-EHN (2-ethylhexyl nitrate) in addition to mixtures of IPN with 2-EHN and IPN with 

diesel fuel in 50/50 proportion by weight. 10 kg of IPN was synthetized with a continously oper-

ated nitration equipment using technical isopropanol (gasoline antifreeze) obtained from a fuel 

station and 60 % nitric acid (Kemira Oy, Finland, technical grade) as the raw materials. 2-EHN 

was obtained from its manufacturer, Forcit Inc, Hanko, Finland as a free sample and diesel fuel 

was purchased from the nearest fuel station.

 

3.4.4 Solid fuels

 

Various powdered, combustible materials were tested. Magnesium powder (200 

 

µ

 

m) (Ecka PF 97/

51, Eckart-Werke, Germany) was used as a reference, since this was believed to represent the orig-

inal, Russian mixture with IPN. Other metals used were aluminium (Ecka Pyro TL III, Eckart-

Werke, Germany, 5..10 

 

µ

 

m irregularly shaped Al, specific surface area 2.51 m

 

2

 

/g by nitrogen 

adsorption), activated aluminium (Ecka Pyro TL III, with complex fluoride activation [20] and 

Ecka Pyro 5413 (irregularly shaped, 3..5 

 

µ

 

m Al, specific surface are 5.40 m

 

2

 

/g by nitrogen adsorp-

tion, with nickel activation [21]), 100 

 

µ

 

m elektron (Mg/Al/Zn 92/7/1, unknown source; analyzed 

with AAS to be 97 % metals, rest assumed oxides). Other powders included charcoal (Ilotulitus 

Oy, Finland, made of beech), powdered red phosporus (Ilotulitus Oy, type CRO/1986 PRP 98 CF) 

and amorphous boron (HCST 92/8 % B, rest assumed Al). These materials were used as received, 

except the activated aluminium, which was first prepared starting from the given materials.

 

4.0 Discussion

 

A thermobaric explosion consists of three stages, which overlap each other and transition 

smoothly to the next stage as a function of time and gas expansion. These stages can be defined 
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[Figure 1] as initial stage, anaerobic combustion stage and aerobic combustion stage. First, the 

spreading charge or the base explosive generates a very high peak pressure typical to conventional 

explosives. This is clear from the fact the spreading charge is a conventional explosive in addition 

to possible detonation of the organic fuel (explosive). The initial gas and metal dust cloud expands 

and at the same time, the metal particles start reacting and burning in the explosive gases together 

with decomposition reactions of the energetic fuel (anaerobic stage) taking oxygen from the resi-

dues of the base explosive and/or the energetic fuel. This phase is also very fast happening in the 

submillisecond scale and can be seen on pressure signals as a shoulder or separate peak after the 

initial shock front. Thus, any fuel to be used in a thermobaric charge has to have oxidizing capabil-

ity in order to support anaerobic combustion of at least part of the added metal to promote ignition 

in the following, aerobic stage.

In the final, aerobic stage the gases and other, hot, reactive materials mix with surrounding air and 

the combustion is completed with ambient oxygen. The aerobic stage produces a low pressure for 
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Figure 1 Pressure record from a successful thermobaric explosion. Note the large pressure pulse is 
moving to the opposite direction than the shock front. Note the time of the highest pressure at different 
gauge locations - the wave arrives at the furthest gauge much before the maximum pressure reaches the 
closest gauge. The velocity calculated from the peak location is 60 m/s, which is almost exactly the 
difference between shock velocity and particle velocity calculated by CEA for the initial shock meaning 
the large wave is travelling inwards against the outward flow causing artificially long residence time at the 
location of the pressure gauge in analogy to streak photography. Also note the relatively low TNT-
equivalency for the initial shock energy due to a small percentage of IPN, see Table 2.
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long duration, since the aerobic combustion is much slower, taking milliseconds to tens of milli-

seconds depending on the fuel and metal used. Mixing cannot be a limiting factor, since TNT 

burns almost completely within a 2 meter radius from the explosion and in a time scale less than 2 

ms. A successful thermobaric explosion therefore involves ignition 

 

after

 

 ambient air mixing, start-

ing from the exterior of the gas cloud leading to an 

 

implosion

 

 effect, which confines the cloud and 

leads to greatly prolonged pressure duration inside the cloud volume. 

The implosion effect is controlled by both the fuel and the metal powder, i.e. the metal powder has 

to have a built in ignition delay together with a very fast combustion rate and the fuel component 

decomposition products have to have an induction period to ignition while mixing with air. IPN 

fullfills these requirements best and it is postulated these properties are dependent on the ability of 

the fuel to generate a high concentration of stable, free radicals, which reignite with a delay while 

mixing with a combustible mixture in air, which in this case originates from the IPN decomposi-

tion products. Nitrate esters and peroxides fall in this category of compounds and high percentages 

of these materials in the organic fuel component are expected to lead to advantageous conditions 

for the implosion mechanism to occur. The metal powder also has to survive through the anaerobic 

stage mostly unreacted, yet igniting easily at the aerobic stage and acting as an ignition source. 

Activated aluminium is best suited for this purpose, while magnesium burns too early in the anaer-

obic stage due to its flammability and small amount of oxygen needed to oxidize it leading to a 

much shorter duration pressure pulse. Ordinary aluminium fails to ignite, unless it is extremely 

fine, in which case it also burns too fast and contributes to anaerobic shock wave energy instead of 

producing a prolonged pressure pulse.

In closed spaces, mixing will be faster and occurs earlier, since reflected waves mix the gases with 

air as well as the ambient pressure may be higher due to the confinement. As a result, the aerobic 

stage is extremely dependent on charge geometry and other boundary conditions due to effects of 

turbulent mixing in regions of high velocity gradients and because of interaction with blast waves. 

Work is in progress to resolve geometry dependent and confined space conditions using more 

advanced methods than TNT-equivalency [8-15].

In addition to the boundary conditions, the energy distribution also depends on the fuel or explo-

sive composition. Enhanced blast charges produce higher proportion of the energy at the early 

stages of the explosion, while true thermobaric explosives and FAEs spread the energy release 

towards the aerobic stage, FAE being almost 100 % aerobic explosion. Solid thermobaric and 

enhanced blast explosives release about 2/3 to 3/4 of the energy in the initial and anaerobic stages, 

while liquid thermobaric explosives output about 1/3 to 1/2 of their energy in these stages leaving 

the rest for aerobic combustion. With a successful aerobic explosion this difference is very signifi-

cant as far as the pressure-time history within the cloud is concerned. Thus, the aerobic component 

of the explosion should be maximized, which is a task far easier said than done. 
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Theoretically, aerobic energy can be increased by using an excess of fuel in the composition. How-

ever, this only works well with liquid fuelled thermobaric explosives. Solid fuelled ones fail to 

ignite the metal powder reliably at larger than 5..10 % excess from the stoichiometric maximum 

(all oxygen to metal oxide). This restriction seems not to be true when using IPN as the fuel, since 

the aerobic explosions were observed with very large metal powder excess. Thus, using IPN as the 

fuel allows using much more metal powder than other known fuels giving potentially higher avail-

able energy levels and pressures.

5.0 Results

The results presented in Table 2 indicate that the measured TNT-equivalencies represent the anaer-

obic energies of the studied compositions for the shock wave component. This also proves there is 

a long ignition lag in the aerobic stage, since TNT shows full aerobic combustion taking place in 

less than 2 milliseconds from explosion while the thermobaric explosives demonstrate onset of 

aerobic combustion often at more than 7..8 ms from initial explosion. This can be seen in Table 2, 

where most of the charges demonstrate relatively small contribution from aerobic processes, 

unless a secondary, aerobic explosion occurs, in which case the wave model grossly overestimates 

the TNT-equivalency.

Table 2 Results from TNT-wave energy equivalency measurements. The aerobicity percentage is the 
part of aerobic reactions needed for increasing the energy level to match the recorded TNT-
equivalency. That is, if aerobicity is 20 %, 20 % of the gases have to burn aerobically in order 
to reach the recorded wave energy. Negative values mean incompleteness of anaerobic 
reactions. Wave energy is an average of the energies at all three distances. The last column is 
the “would be” TNT-equivalency, if full aerobic combustion was treated like a wave travelling at 
the same velocity and to the same direction as the initial shock. 

Material Wave energy/(kJ/kg) % of TNT Aerobicity (%) Aerobic stage, % of TNT

TNT 448 100 100 -

Kemix 197 44 0 -

Dynamite 264 59 0 -

RDX/Al 25/75 220 49 -10 -

IPN 152 34 -30 -

IPN/AAl TL3 39/61 315 70 13 9700

IPN/AAl 5413 44/56 455 102 56 4500

IPN/Mg 41/59 451 100 68 14

IPN/B/Al/Mg/PTFE 55/36/3/3/6 259 58 -20 (very low pressure) 520

IPN/elektron 35/65 396 88 48 3900

IPN/diesel/Mg 20/20/60 51 11 -76 -

IPN/charcoal 61/39 330 74 34 -

IPN/red P 26/74 275 61 36 (low pressure) 3800

2-EHN/Mg 39/61 52 12 -73 16

2-EHN/elektron 35/65 175 39 -7.6 -

IPN/Mg 39/61 directed 1738 388 520 <---asymmetry effects!
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For the aerobic component, no TNT-equivalency can be defined by this or other point source refer-

enced methods, since the thermobaric explosion source is not located in one point. Treating such 

cases necessitates the use of flow simulations as well as employing distributed TNT-equivalency 

model [9], gas combustion model [10] or equivalent. Thus, TNT-equivalencies for thermobaric and 

other, fuel air explosions are valid measures only outside of the fuel cloud.

6.0 Conclusions

Thermobaric charges with four different liquid fuels and several powdered fuels were prepared 

and fired and their TNT-equivalencies in air determined. The TNT-equivalencies show the shock 

wave component of thermobaric explosion originates mostly from anaerobic processes. 

The fuel component was deemed critical for the generation of a thermobaric explosion in the first 

place. The fuel has to be able to decompose exothermally, produce high concentration of metasta-

ble, spontaneously reignitable species, which have to be able to react anaerobically with the metal 

powder to ensure ignition in the following aerobic stage. At the same time, the gases may not 

ignite immediately upon mixing with ambient air. Only IPN demonstrated these properties and a 

reliable ignition of the fuel and metal powder components in all tested proportions. IPN was also 

the only fuel able to create effective, aerobic processes even for excessive amounts of metal pow-

der, some of which produced enormous overpressure pulses. Therefore, IPN remains the fuel of 

choice for thermobaric charges unless other fuels with similar chemical properties are discovered. 

The metal powder component was deemed critical for the ignition delay in the aerobic stage, acti-

vated aluminium showing most promising properties. Boron, phosphorus and elektron displayed 

similar properties, although less pronounced. Metal combustion rate is concluded to be a critical 

parameter in generating high pressure levels in the aerobic stage.

The aerobic combustion ignition delay can be explained by the chemical properties of the fuel and 

the metal powder. In addition, the spherical geometry of the charges did not permit as effective 

mixing as other geometries making the ignition delay dependent on charge geometry as well.

A functional thermobaric explosive necessitates the control of all of the above parameters within a 

narrow window to ensure optimal performance. Measuring performance and characterizing the 

potential of thermobaric charges necessitates further work. TNT-equivalency cannot be defined or 

used as a measure for the observed implosions, but a flow dynamic model needs be developed to 

accurately predict the effects of thermobaric explosions inside the cloud volume.
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Abstract:  
 
 Meso-scale probing of chemical reaction zone (CRZ) of PBX detonation, performed 
through application of the developed 96-channel multi-fiber optical analyzer, allowed fine 
resolution of multiple ejecta arisen in detonation front, earlier called “detonation front 
roughness.” We present results demonstrating the variation of the ejecta scale and induced 
perturbations over a wide change of PBX micro-structure, focusing to the effect of HMX 
grain sizes. Direct measurements of scale of perturbations in shock field that are caused in 
inertial confinement by detonation ejecta were performed and are discussed in detail.  
 
Key words: PBX, HMX, Chemical Reaction Zone, ejecta, roughness of detonation front, shock reaction 
kinetics, Multi-Fiber Optical Probe, inertial confinement, shaped charge, instability perturbation. 
 
1. INTRODUCTION 
 

The conventional and widely used approach for characterization of PBX detonation 
performance is based on the concept that detonation front (DF) is smooth (roughness doesn’t 
exceed the size of explosive grain) and detonation flow behind it is stable and homogeneous. 
Based on this principal concept, detonation performance is determined through measurements 
of parameters D, pressure history Pd(t) and D(r-r), where D is mean detonation velocity, Pd is 
detonation pressure, t is time and r is mean local radius of the DF surface. 

Our recent results [1 - 3] on the meso-scale study of PBX detonation show that the 
conventional concept of homogeneous (or laminar) detonation flow is in error. Recently we 
presented experiments on collaborative measurements of the 3D-structure of the chemical 
reaction zone (CRZ) and patterns of irradiation emitted from the DF surface [2 and 3]. Both 
simultaneously performed registrations were combined, in each experiment, with records of 
erosion patterns in metal confinement caused by detonation flow. Experiments performed at 
wide variation of HMX-grain sizes, porosity and binders demonstrate solid evidence that DF 
and CRZ, in self-sustained detonation wave (DW), have a cellular structure. The effect of 
localization of energy conversion behind the front leads to origination of dissipative structures 
(DS) or cells in a detonation flow. Minimum dimensions of the DS are of order of few 
characteristic grain sizes. The detonation flow that forms behind the front propagates in an 
oscillating regime, close to turbulent. 
                                                 
1 This work was performed under the programme financially supported by ADAI – Portuguese Association for 
the Development of Industrial Aerodynamics. 
 



In this paper we present experiments on evaluation of the ejecta scale in detonations of 
PBX’s based on HMX, as a function of HMX particle sizes. 

Special attention was paid to experiments on evaluation of the dynamic response of 
copper shells that are selected as an inertial confinement of explosive device. Application of 
96-channel Multi-Fiber Optical Probe (MFOP) technique [1-3] allows measurement of the 
perturbations at the shock field in PBX-driven confinement. 

Characterization of the ejecta scale in detonation flow and evaluation of perturbations 
that are caused in the inertial confinement by the PBX turbulent detonation offer considerable 
scope for further optimization of PBX and enhancement of the shaped charge performance. 
 
 
2. PBX COMPOSITIONS AND SAMPLE MICROSTRUCTURE 
 
 

PBX samples that were selected for this detonation study represent well mixed and 
closely packed HMX grains of different sizes (see Figure 1): large (“L”), coarse (“C”) and 
fine (“F”). HMX grains are bonded with energetic binder GAP or with the epoxy resin 
Araldite®. PBX formulations are presented in Table 1. PBXst refers to a standard PBX 
formulation.   
 

 
Figure 1: Micro-photos of HMX grains: large (a), coarse (b) and fine (c) fractions. 

 
All HMX components were taken from the batches delivered by DYNO Nobel, 

Norway. HMXC and HMXF represent the typical “class 3” with mono-modal (d50=204µm) 
particle-size distribution and “class 2” with bi-modal distribution (d25=3.28µm, d50=10.33µm, 
d75=34.38µm, d90=64.03µm, <1% of d=100µm).  

All PBX samples had very low porosity: density values were on the level of 97-99% 
of theoretical maximum density (TMD). In order to distinguish the probable effect of porosity 
upon the DF structure, pore-free samples (HMX-Water) were tested also. 

Micro-photos of PBX-1 and PBX-2 are presented in Figure 2 demonstrating the 
differences in microstructures.  

 
 
 



Table 1: PBX compositions. 
Filler  

Sample HE grains/d50/wt% Binder/wt% 
Density 

ρρρρ0 
[g/cm3] 

D 
[mm/µs] Ref. 

PBX-1 HMXC/204µm/65.4% 
HMXF/10.3µm/16.4% Epoxy/18% 1.67 8.19 This 

paper 

PBX-2 HMXF/10.3µm/82% Epoxy/18% 1.68 7.84 This 
paper 

PBXst HMXC/204µm/65.4% 
HMXF/10.3µm/16.4% GAP/18% 1.70 8.52 [2, 5] 

PBXL HMXL/424µm/82% GAP/18% 1.78 - [2] 
PBXF HMXF/10.3µm/82% GAP/18% 1.74 8.03 [2, 3] 
PMXM HMXM/165µm/82% GAP/18% 1.79 - [2] 

HMXL/Water HMXL/424µm/82% Water/18% TMD 8.56 [2] 
HMXF/Water HMXF/10.3µm/82% Water/18% TMD 8.57 [2] 

 
 

             
  

Figure 2. Micro photos of PBX-1 (a) and PBX-2 (b). Fine graduations in the attached scales 
are 10µm.  

 
 
3. OPTICAL RECORDING SYSTEM 
 
 

For diagnostics of mechanisms of shock ignition and micro-detonics with resolution in 
the scale of PBX coarse explosive grains we have developed (see [7]) a 96-channel fast 
optical analyzer – Multi-Fiber Optical Probe (MFOP). Our metrology is based on application 
of polymer (PMMA) multi-fiber optical bands (Figure 3,a) that are connected directly 
(without any intermediate optics) to electronic streak camera Thomson TSN 506 N. This 
optical method, up to present, remains a unique diagnostic technique that offers the best 
compromise between high temporal and spatial resolution (600 ps and from 250 µm up to 50 
µm respectively), large number of independent registration channels (96 channels for single 
slit streak records and up to 4 parallel slits with 96 channels each) and design simplicity. The 
MFOP allows characterization of the 3D shock or detonation flow within PBX, as far as a few 
mm behind the front, before it reaches the optical probe. This non-shocked layer of PBX (2-
2.5 mm of thickness) is partially transparent to the light that is irradiated at shock reaction or 
detonation. Resolution of spatial and temporal fluctuations of light irradiation from the 

 (a) 
 (b) 



reactive or detonation flow gives important information about reaction spot sizes (effects of 
energy localization) and oscillating regimes of shock reaction or detonation. 

Recently, MFOP was upgraded for the purpose of meso-scale study of detonation 
ignition phase [11, 12]. Large amount of registration channels allows parallel recording [1-
13], in the same experiment, of both anisotropic processes – light irradiation from the surface 
of detonation front (DF) and formation of shock field that is caused by detonation flow in 
multi-layer optical monitor (Kapton-stack monitor – KSM). Based on combination of these 
measurements we identify and quantify fluctuations in CRZ at process of shock-to-detonation 
transition and at self-sustained DW propagation in PBX.  We then analyze them as a function 
of HMX grain sizes, binders’ mass ratio and nature (inert/energetic) and global DF-curvature. 

 
            

            

 
Figure 3: Micro-photo of multi-fiber optical band (a) and experimental setup for fine 

resolution of the DF multiple ejecta.  
 
Application of the setup that is presented in Figure 3 (b, c) allows comprehensive 

resolution of the DF “roughness” and the scale of detonation “ejecta” [2] and perturbations. 
Diagnosis of local shocks is carried out through the side surface of MFOP (“Side Survey 
MFOP” - MFOPSS) that is installed flush with the surface of PBX charge. MFOPSS picks up 
the photons through the side surface of optical fibers. Photons penetrate inside the optical 
fiber only when the shock begins to attack its surface, rupturing the optical reflecting coating. 
When shock has crossed the fiber, penetration of photons through the shock zone terminates 
because the shocked zone of polymer PMMA fiber becomes opaque. Due to the precise and 
highly regular superposition of linear optical fibers inside the optical band the MFOPSS 
represents a precise scanner, or “light witness plate” [4], that allows identification of 
perturbations in the non-smooth shock-front surface and in the non-homogeneous shock field, 
as the front moves relative to the optical analyzer. Although the physical model for photon 
transmission through the shock barrier (transmission attended with scattering and absorption) 

(a) (b) 

(c) 



is not developed in detail, we accept, as a first approach, that intensity of transmitted light is 
in linear relation with the local stress that has arisen in the MFOPSS/shock-front tangent line.  
 
 
4. FINE RESOLUTION OF THE DF ROUGHNESS. EFFECTS OF DETONATION 
MICRO-EJECTA UPON THE INERTIAL CONFINEMENT 
 
 

Since PBX represents a heterogeneous medium based on homogeneously mixed HE 
particles and binder, local instabilities in detonation flow are expected, on the scale of the 
particle size in general terms, due to the known heterogeneities of the PBX system. However, 
in all our meso-scale experiments the formation of DS, clusters and cells in detonation flow 
was distinctly detected [1-10, 13]. Records of ultra-fast scanning of DF surfaces obtained in 
tests [2] with PBXst, HMXL/water and HMXF/water long cylindrical charges are presented in 
Figure 4, demonstrating existence in the DF of “ejecta”-type substructures whose size exceeds 
by 5-6 times the mean size of HE grains even in the case of pore-free compositions. This 
leads to two important conclusions: 

1. A cooperative effect takes place in shock reaction inside groups of particles; 
2. Experiments with HMX/water compositions point out to the fact that it’s the 

explosive grains that play a dominant role in origination of local instabilities, not 
the micro voids. 

Detonation cells whose scale exceeds by a few times the HMX-grain mean size result 
from reaction localization due to highly unstable kinetics of shock reaction of coarse grains. 
Formation of cells is attended with multiple “ejecta” of overdriven Mach micro-jets, with 
instantaneous velocity values on the level of 15-20 mm/µs. 
 

 
Figure 4: Ejecta from the detonation front (“roughness”) caused by DDS. PBXst (a), 

HMXL/Water (b) and HMXF/Water (c). 40-ns interval between marks. 
 

     
     

Figure 5: Tracks on the surface of inertial confinement caused by ejecta. PBXst (a) and PBXF 
(b). 



The mechanism by which the micro-ejecta arise was described in our previous 
experimental studies [2, 3, 5, 10] of shock-reaction kinetics and micro-detonics of HMX-large 
single crystals surrounded by inert (HTPB, Water, Epoxy) or energetic medium (GAP, 
PBXF). Further investigation [13] revealed that dissipation of a single micro-ejecta cell inside 
the PBX continues while the DF travels more than three characteristic sizes of the HMX 
grains.  

Both phenomena, transformation of the perturbation structure in DF and change of 
scale of fluctuations in CRZ, were also established at various HMX particle sizes [1, 2]. 
Results of simultaneous experiments with four 27.5-mm-long PBX charges, PBXSt, PBXL, 
PBXM and PBXF, of 5-mm diameter, all cased in PVC confinement, are presented in Figures 
6. Although all four selected PBX’s had the same formula and very close density values, 
detonation flows are strongly distinguished by substructures (DS and cells) and by the ejecta 
effects.  A detailed description of the results is provided in [2]. 
 

 
Figure 6: Streak patterns of detonation flow recorded in four PBXs distinguished only by 

grain sizes 
 

Effect of the grain sizes upon the scale of fluctuations in CRZ is clearly identified by 
experiments with PBXF and PBXst that were conducted by the scheme presented in Figure 7. 
Results demonstrate different scales of local instabilities in CRZ and their non-homogeneity. 
Fluctuations of shock field in CRZ are in 4-5 times bigger for the coarse-grained PBXst than 
for the fine-grained PBXF. A great difference in scales of perturbations is evidenced by 
comparison of detonation erosion patterns on the surface of inertial confinement presented in 
Fig. 5. 
 

 

 
 

Figure 7: Evaluation of scale of fluctuations in 3-D shock fields driven into KSM by 
detonation of PBXF (a) and PBXst (b). 

a) 

b) 



 
Scales of oscillations and effects of localizations of energy conversion behind the DF 

that were evaluated at meso-scale probing of CRZ allow two important conclusions. 1) Both 
multiple “ejecta” and multiple DS that arise in DW, originally called “DF roughness,” need to 
be recognized as a negative factor in detonation performance; and 2) even in case when PBX 
has high values of D and Pd, or “high performance” in conventional determination, both 
“ejecta” and detonation cells tend to cause high erosion (see Figure 5), superheating and 
losses of compressibility of inertial confinement. In the case of shaped charges, detonation 
“ejecta” may result in losses in jet performance (jet’s “crumbliness”, instability and earlier 
disruption). 

Variation of the HMX grains sizes can provide the way for adequate enhancement of 
the DW structure, especially in the case of PBX charges of small size. 

Our next goal, in terms of this study, is to evaluate the scale of perturbations caused by 
PBX detonations in inertial confinement. 
 
 
5. DIRECT MEASUREMENTS OF SCALE OF PERTURBATIONS AND THEIR 
DISSIPATION IN INERTIAL COPPER CONFINEMENT 
 
 

We have performed a set of experiments with coarse-grained PBX-1 and with fine-
grained PBX-2. Two clearly defined goals were pursued in this experimental study: 1) to 
determine parameters of detonation performance, in its conventional means, and then to 
correlate the DW performance data with scales of perturbations in shock field caused by CRZ; 
and 2) to evaluate the scale of perturbations caused by the DF ejecta/DS in inertial copper 
confinement. Experimental setup applied for the detonation performance testing and the 
obtained streak records are presented in Figure 8 (a) and (b) respectively.  
 
 

            
Figure 8. Experimental setup (a) and obtained streak record (b). 

 
 

Mean and instant values of detonation front velocities were measured from the z(t)-
diagrams recorded at DF run (see Fig. 9). 

 
 

a) b) 
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Figure 9. (z-t)-diagrams (a) and (Dlocal-z)- diagrams (b) of DF run in PBX-1 and PBX-2. 
 
Fragments of shock fields UsKapton(x, z, t) caused by CRZ in KSM are presented in 

Fig. 10 (a, b). Geometrical profiles of detonation fronts, measured at output to KSM, are 
presented in Fig. 10 (c). Comparison of these data allows this general conclusion.  Although 
the coarse-grained PBX-1 has a higher detonation velocity than the fine-grained PBX-2 
(DPBX-1 = 8.19 mm/µs and DPBX-2 = 7.84 mm/µs), lower mean value of the detonation front 
curvature and higher amplitudes of pressure in CRZ, detonation flow in PBX-2 is 
significantly less perturbed than in PBX-1. Both oscillations of D (see Fig. 9b) and 
fluctuations in shock field (see Fig. 10 (a, b)), as well as perturbations in the geometrical 
profiles of DF’s (see Figure 10c), are a few times bigger in PBX-1 than in PBX-2.  
 
 
 

        
  

Figure 10. Fragments of shock field in KSM caused by CRZs of PBX-1 (a) and PBX-2 (b), 
and measured geometrical profiles of DF (c). 

 
The measured ratio between scales of perturbation and conventional parameters of 

DW performance confirms our previous conclusions presented above. 
In order to evaluate scales of perturbations caused by turbulent detonation in inertial 

copper confinement (IC) we performed experiments with experimental setups presented in 
Fig. 11. 20-mm-thick and 100-mm-long explosive charges of PBX-1 and PBX-2 with 
rectangular and triangular prismatic shapes were applied in setups (a) and (b), respectively. 
 
             

a) b) 

a) b) c) 



                             
            Figure 11. Experiments with IC.  Setup scheme (b) represents the top view. 

 
Three thin 5-mm-wide and 70-mm-long copper bands with thicknesses of 90 µm, 205 

µm and 500 µm respectively were utilized as fragments of IC. In the setup presented in Fig. 
12 (a) the IC fragments were installed flush with the operating surface of PBX prisms, parallel 
to each other and along the direction of DW propagation, covering ¾ of the surface area. The 
rest of operating surface of the PBX charge was free of confinement. Then the MFOPSS was 
placed on the operating surface of the PBX charge, also along the direction of DW 
propagation. Optical fibers covered both zones, the zone with IC and the free zone. Air micro 
gap between MFOPSS and PBX charge was eliminated by filling with epoxy resin, with 
application of vacuum facility. For spatial/temporal calibration of the DF motion along the 
optical fibers, we traced, in the operating surface of the MFOPSS that is in contact with PBX, 
five straight micro-tracks with 5-mm distance between each other. Micro-tracks open 
microscopic windows on the fiber surface. When the DF crosses a micro track, a bigger 
amount of photons penetrates into the fiber. This effect is applied for comprehensive 
identification of the front arrival. 

In the first two experiments (see Fig. 11(a)) with the IC (one with PBX-1 and the other 
with PBX-2) we recorded, in parallel, four patterns corresponding to detonation flow (zone 
free of IC) and shock flow derived by detonations in the IC fragments of different thicknesses. 
Streak records obtained in these experiments are presented in Fig. 12. Application of MFOPSS 
with the marked calibrating micro-tracks allows simple conversion of streak images into the 
spatial patterns.  

First of all, in these experiments we obtained strong evidence that both detonation in 
fine-grained PBX-2 and shock flow that is caused in IC by this detonation is close to laminar. 
In contrast, in the case of coarse-grained PBX-1 detonation and shock field are strongly 
perturbed. Wavy structures are identified in shock and detonation fields for both cases. 
However, for PBX-1 the oscillating/wavy pattern has an explicitly pronounced structure. 

Obtained records contain an abundant amount of information about the state of 
detonation field and shock field in IC, on total surface area equal to 7.2 cm2. Taking the first 
steps towards quantification of obtained experimental data, we used computer software 
“Surfer 8.0” for numerical analysis of the local perturbations’ scale and spectrum. We thus 
created maps of perturbed irradiation-field patterns (caused by shocks). Zones selected for 
analysis are outlined on the streak records (see Fig. 12). Both streak records and maps of 
perturbed irradiation fields are presented in Figures 12 and 13.  

Even our initial analysis allows setting reliable and highly important conclusions. 
Field of perturbations in detonation flow and in the IC have a cellular structure. It propagates 
in wavy oscillating regime. There’s evidence for repetitive interferences of local waves. 
Longer waves caused by resonance of short waves penetrate inside the IC deeper than 0.5 
mm. Amplitudes of the local perturbations in case of coarse-grained PBX-1 are at least ten 
times higher than in case of fine-grained PBX-2. In both cases dissipation of local 
perturbations in the IC bulk takes place. Dissipation of local perturbations occurs through 
simultaneous decreasing of their amplitudes and cross-sections. Short waves (high-order 

a) b) 



harmonics) are caused by detonation ejecta. They are transversally localized and dissipate 
earlier than secondary resonance waves. In case of PBX-2, the dissipation rate of high 
harmonic perturbations is a few times bigger than in case of PBX-1. In the case of PBX-1, 
dissipation of perturbations is not completed even in 0.5 mm depth, although they are 
attenuated, at such a level, more than ten times. This means that the turbulent boundary layer 
in IC, near the interface with PBX-1, covers the range of at least the size of an elementary cell 
in detonation flow.  

In a third experiment with the PBX-1 charge (see Fig. 11(b)), the MFOPSS was 
separated from the IC with 1-mm air gap. Such PBX charge configuration refers to the 3D 
plane geometry fragment simulating the 76-mm-diameter shaped charge. The configuration of 
IC was similar to previous experiments. Main objective of this test was to evaluate the effect 
of initial acceleration of the IC driven by turbulent PBX-1 detonation, and the scales of 
perturbations and oscillating instabilities. Both photo-chronogram and spatial patterns of 
perturbation fields are presented in Fig. 13. Comparison between the spatial patterns obtained 
in experiments with PBX-1, with and without air gap, gives evidence that when IC accelerates 
inside 1-mm-air gap, perturbations in all its three parts, 90-µm-, 205-µm- and 500-µm-thick 
copper fragments, are not attenuating but are increasing.  
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Figure 12. Streak records and spatial patterns of perturbation fields obtained in experiments 
with PBX-1 (a) - (e) and with PBX-2 (f) - (j). (b): PBX-1 free of IC; (c), (d) and (e): PBX-1 
with 90-µm, 205-µm, and 500-µm Cu confinement respectively; (g): PBX-2 free of IC; (h), 

(i) and (j): PBX-2 with 90-µm, 205-µm, and 500-µm Cu confinement respectively. Red-zone 
fields correspond to high-intensity irradiation and shock. Black and blue isolines refer to 20% 

and 13.8% of light-intensity irradiation maximum level. Spatial scale are calibrated in µm. 

(a) (f) 

(b) (c) 

(d) 

(e) 
(i) (j) 

(g) (h) 



 
Conversion of energy of local waves in IC, inside the dissipation layer, due to the heat 

and local distortions of interface, leads to eroding and overheating of IC and to its “swelling”. 
That results in decreasing compressibility of the IC. In the case of the IC convergent motion 
and implosion, perturbations of IC caused by detonation ejecta and DS may represent the 
major initial source of oscillating instability, or Sakharov’s instability [14].  In the case of 
convergent flow as shown in [14], amplitudes of local perturbations (generators of oscillating 
instability) grow without limit prior to the IC focusing. We can predict that in the case of 
shaped charges, detonation ejecta may result in loss of jet performance, limiting its stability 
and causing earlier disruption. 
 
 

 

Figure 13. Streak record (a) and spatial patterns of perturbation fields ((b), (c), and (d)) 
obtained in experiment with the PBX-2-driven confinement trough the 1-mm air gap. (b), (c), 

and (d): 90-µm, 205-µm, and 500-µm Cu confinement. Blue isolines refer to 15.2% of the 
light-intensity irradiation maximum level.  Scale in spatial patterns is calibrated in µm. 
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6. CONCLUSIONS 

 
We presented experimental evidences for existence of ejecta and dissipative structures 

that arise in a detonation front and in the CRZ of PBX detonations. We characterized the scale 
of ejecta and DS as a function of HMX grain sizes. Direct measurements were performed of 
the scale of perturbations in shock field that are caused by detonation ejecta and DS in inertial 
confinement. Experimental results indicate that the negative effect of detonation multiple 
ejecta is related to their dominant role in origination of a wide spectrum of oscillating 
instabilities inside the inertial confinement. Results show that in case of conventional PBX, 
with bi-modal HMX grain-size distribution, inertial copper confinement is perturbed to the 
depth of more than 0.5 mm. This points to the fact that a turbulent boundary layer in IC, near 
the interface with PBX, extends over a range of at least of size of an elementary cell in 
detonation flow. 
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Abstract 
 

The generated impulse of detonating high explosive charges was measured with the 

Held impulse method in the near-field, where damage is generally caused. 

 

Beside the detailed description of the simple reproducible test method with the high 

polar angle resolution for cylindrical charge geometries results of different melt cast, 

cure cast and pressed charges will be presented. 
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Introduction 
 
The normalised blast wave of a detonating charge as a function of time is described 

by the arrival time ta, the maximum pressure pmax, the pressure duration of the 

positive phase t+ and of the suction or negative phase t- (Fig.1). For various reasons 

only the positive phase is mostly considered and not the negative or suction phase. 

With the impulse method it was found out that at few meters distance from a 1 kg 

detonating charge, the suction wave can influence remarkably the transferred 

impulse up to a zero value at 4 m distance. The pressure and impulse histories, 

measured in radial direction at 4 m distance from a 1 kg cylindrical charge with a L/D 

ratio of 2 are presented in Fig. 2 [1]. The damage is very often described in the so-

called p-I-diagrams (Fig. 3) [2]. If the pressure duration is remarkably longer than the 

own target frequency, then pmax is responsible for the damage. As soon as this 
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duration is shorter than the own frequency, then the impulse transferred to the target 

is responsible for the damage (Fig. 4) [3]. In the near distances the high explosive 

charges of about 1 kg give typically only pressure durations in the range of 1 ms (Fig. 

5) [4]. These times are shorter than the own frequencies of the most relevant targets 

and therefore mostly only the impulse is the damaging factor (Fig.6) [5]. If impulse is 

the damaging factor then the impulse should be directly measured, what is easier 

and possible with much more polar resolution, compared to electronic pressure 

transducers with their individual difficulties. The data from the literature of the positive 

and negative durations as a function of distance for 1 kg detonating spheres are 

presented in Fig. 7 [6]. 

 

 
Momentum test method 
 

This test method is already described in different publications, but it should be shortly 

summarised here again [7]. The blast wave of the detonating high explosive charge is 

pushing the momentum gauges arranged in selected distances which are levelled in 

the same height as the charge (Fig. 8). The falling time from 1 m height is equal to all 

momentum gauges, independent to their initial horizontal velocities (Fig. 9). 

Therefore their displacement D to the first impact on ground is directly proportional to 

the initial velocity υ  (Fig. 10). The mass m of the momentum gauges times velocity 

gives the transferred momentum M. This impulse M divided by the loaded area A 

gives the impulse density ID (= m ·υ /A) (Fig. 11). For the observation of such planar 

symmetric events the impulse contour at 2 distances can be determined in one firing 

by simply arranging the momentum gauges in two semicircles around the charge 

(Fig. 12). Zero degree is selected in the detonation direction and 180° in the opposite 

direction or from the initiation and booster side. 

 

 

Test results 
 

1 kg heavy cylindrical charges of a L/D = 2 ratio of HMX/B 90/10 and RDX/B 88/12, 

initiated from one end surface, give nearly equal typical impulse contours at 1 m and 

1,5 m radius (Fig. 13 and Fig. 14). The end surface opposite of the initiation plane 
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generates a concentrated blast fan which produces a large impulse value, but in a 

very narrow angle. Then the pressure contour drops down to a very small value in the 

polar angle range around 10° to 30°. From the interaction of the axial and radial 

expanding reaction products, a small maximum is achieved in the bridgewave zone 

at around 45°. From this the impulse load drops down to a second minimum at 60°. 

Then the impulse density rises up to the radial maximum at 90° polar angle. From 

this it drops again to small values, which is a little increased in the 135° direction. The 

minima in rearward direction are not so deep as in the forward sections. Finally the 

end surface creates some impulse in the counter detonation direction (180°). This 

described blast contour of the two different cylindrical charge types is typical for all 

tested high explosive compositions at these distances. 

 

Fig. 15 shows a comparison of a normal Composition B-charge, or exactly cast 

TNT/RDX 35/65 composition with DM12B1 (87% PETN and 13% lubricant) at the two 

distances of 1,0 m and 1,5 m, where Composition B has a little higher impulse 

density values than DM12B1. 

 

It is very surprising, that the aluminised cured plastic bonded charge with the 

composition RDX/Al/B 67/28/15 has at least in the larger distance of 1,5 m less 

impulse output than the cast TNT/RDX 35/65 charge 

 

Company Rheinmetall [8] has developed two different types of plastic bonded 

charges as RH26 with 90% RDX and 10% Polybutadiene binder and an aluminised 

charge RH29 with 20% aluminium content and 70% RDX. The charges were once 

initiated with a PETN/B Booster of 32 mm (Fig. 17) and in a second test with a  

PBX N 5 booster plate over the full 75 mm diameter (Fig. 18). The blast impulse 

contours were surprisingly a little different. With the less powerful initiation the 

aluminised charge has given a slightly reduced impulse output, whereas with the 

stronger initiation over the full diameter the aluminised charge shows a little higher 

values. These measurements demonstrate that also the initiation strength influences 

the blast output, especially of less sensitive high explosive charges, as the RH29 

charge. 
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From these two firings video pictures were made of the detonation of the charges 

(Fig. 19). The aluminised charge shows much brighter and longer light output from 

the reaction products compared to the charge type without aluminium. This means 

that the aluminium particles are only not contributing to the detonation energy, 

because the detonation velocities is reduced, not to a bigger push in fragment 

velocities [9], as also Gurney constants demonstrates, but not to the blast impulse in 

the near field, where damage is caused. But much later they are reacting with the 

products of explosives and the surrounding air, which creates  the stronger and 

longer light output.  

 

 

Summary 
 
Held Momentum Method is a simple quantitative diagnostic tool for the impulse 

distribution of detonating high explosive charges of non-spherical geometries at very 

high polar angle resolutions. 

 

Similar charge types give very reproducible blast contour impulse density results, 

which are not remarkably influenced by different charge compositions, containing 

also some aluminium powder. 

 

Cylindrical charges mainly cause damage only in the axial and the radial directions, 

where in the bridgewave regions at the nearfield the impulse densities are 1 to 2 

magnitudes lower. 
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New Insensitive Modular Charge Based on GUDN  
Berndt Gustafsson, Bofors Defence 

Johan Dahlberg and Per Sjöberg, EURENCO Bofors 
 
Introduction 
GUDN is a stable salt of dinitramide. The formula is C2N4OH7(N(NO2)2.  In contrast to the more well 
known dinitramide, ADN, it does not melt and it is significantly more thermally stable. The onset tem-
perature for decomposition is above 2050C.  The insensitivity is remarkably high.  It does not react in a 
fall hammer with the highest impact energy corresponding to 50 J. GUDN is  often referred to as FOX-
12 and was first synthesized and presented by the Swedish FOI.   
 
The development of gun propellants took a new turn in Sweden in 1999 when GUDN started to be pro-
duced on a larger scale at EURENCO Bofors.  Interesting with GUDN is its remarkable insensitivity. A 
research on insensitive gun propellants based on new ingredients was initially included in a government 
funded research program managed by the Swedish MOD, FMV. Preliminary and promising test results in 
2002 led to more founding from FMV and industry for large scale testing.  Today is GUDN tested as a 
main ingredient for a new modular charge system in Bofors Defence ARCHER Artillery System 08. 
 
 
ARCHER 
ARCHER is a self propelled 155 mm L52 howitzer.  It fires four different conventional projectiles; one 
HEER (High Explosive Extended Range) with a range of 40 km, one high explosive m77, an illumina-

tion shell MIRA ER and a smoke shell. It will also fire two intelligent 
shells, the antitank projectile BONUS and the long range and highly 
accuracy projectile Excalibur.   
  The system will be designed to meet the requirements put on the 
“EU Battle groups” and deliveries will start in 2008 to the Swedish 
and Danish armies.   ARCHER will be equipped with a new modular 
charge system, UNIFLEX 2, based on GUDN.  Due to the insensitiv-
ity for GUDN this will improve the tactical use and survivability for 
the artillery system.  
 

The Propellant Composition 
The propellant in UNIFLEX 2 is based on a mix of GUDN 
and RDX  with a binder system consisting of nitrocellulose 
plasticized with buthyl-NENA.  
A typical composition with 60% GUDN generates a burning 
rate of approximately 40 mm/s at 100 MPa with two differ-
ent burning exponents over the pressure regime as is shown 
in the burn rate versus pressure diagram to the left. 
Compared to a reference composition containing RDX as a 
replacement for GUDN, the ignition start up time is signifi-
cantly reduced for the propellant containing GUDN. The gun 
performance equals that of a single-base propellant but the 
flame temperatures are as low as 2200 K. The temperature 
dependence is somewhat higher than for a single base propel-

lant in the 155 mm gun.  The standard solvent-less manufacturing process for double base propellants is 
used for the GUDN propellants. This means that no investment in a production facility is needed since it 
is manufactured in already existing equipment. The picture to the right shows an extruded 19 hole perfo-
rated and  slotted rosette of GUDN propellant.  
  
GUDN is not an entirely new explosive.  It is already used for 
automotive safety and therefore produced in large scale at EUR-
ENCO Bofors.  GUDN is therefore an available substance that is 
produced to competitive price.  Actually the price level is  the 
same as it is for many conventional explosives and not discourag-
ing as is normally the case for new explosives. 
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UNIFLEX 2 - performance and utility 
 
The new modular charges system, UNIFLEX 2, with GUDN has been tested in Bofors Defence L52, 155 mm 
Howitzer at ambient temperature and at –40 and +63 0C.  Rounds with 6 ½ modules and down to only 1 mod-
ule where fired at the different temperatures. The pressure-time was recorded at three different locations in the 
chamber. The differential curves shows that a negative difference, when the pressure in the front region of the 

chamber is higher than in the rear, was only obtained for the high tem-
perature and it was also small. This is better than what is normally 
found with a conventional nitrocellulose propellant. In general the 
curves are very smooth with almost no fluctuations in the chamber 
pressure.  
It is interesting to notice that the required chamber pressure is obtained 
when using only one module with the same composition as in the high 
pressure range.  This means that only one type of modular charge 
needs to be used which importantly decreases the complexity in a com-

bat environment. When a nitrocellulose propellant is used there are two different types of modules.  A propel-
lant with a smaller web size, and thereby shorter burning time, is used at low pressure shootings. Since no high 
burning rate propellant has to be used in this modular system for low pressure firings there is no risk for dan-
gerous combinations of modules. 
  
The charge system consist of two types of sizes of the modules.  One full charge and one half.  Adding a ½ 
module will double the number of increments and thereby increase fire power in terms of MRSI (Multiple 
Round Simultaneous Impact).  The use of a ½ sized module will significantly reduce the barrel wear when the 
gun is in combat.  In this situations will most of the firings be made with the largest charge.  By using ½ mod-
ule can the number of shootings with the largest module be reduced.  The barrel wear is significant when de-
creasing the charge with ½ module.  The result is a significant decrease in ’tactical’ barrel wear when using 
UNIFLEX-2  
 
 
Uniflex-2, IM Properties  
 
Most important is the IM quality of the UNIFLEX 2 originating by the uniquely insensitive main ingredient 
GUDN.  The sensitivity of a propellant containing 60% GUDN is in general low in terms of the standard drop-
weight and friction test. Initiation tests also shows that no sustained detonation could be achieved axially along 
a 135 mm 19-perf propellant stick using a standard blasting cap and a 6 gram C-4 booster-charge. For some 
applications it is however interesting to improve the performance further by replacing a smaller percentage of 
GUDN with RDX. Preliminary testing shows that this can be done up to a percentage of 10% RDX without 
changing the insensitivity. 
The most severe IM test is the test where a shaped charge is exploded 
right at the test charge.  This was done on the UNIFLEX 2 using an 84 
mm shaped charge of Carl-Gustaf anti-tank round. This is a greater 
charge size and delivers a more energetic jet than normally used in IM 
tests.  A reference test was done with a module of the conventional 
UNIFEX module consisting of a NC-propellant. The reference module 
detonated.  The UNIFLEX-2 charge did not react violently.  The figures 
here shows the test set up with the shaped charge on top and the modu-
lar charge below on the witness plate.  Between is a tube to define the 
stand off.  The picture to the right shows the witness plate after the test 
which clearly shows the hole for the jet but no sign of any detonation of 
the modular charge. The picture below shows the witness plate after the 

test was done on a conventional 
modular charge based on a nitro-
cellulose propellant.  Most of the 
witness plate was fragmented into 
small pieces clearly indicating a 
detonation or at least a partial 
detonation. 
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Abstract 

 This paper is the third of a series of publications on the determination of the 

chemical and ballistic stability of a double base rolled propellant ammunition.  It 

focuses on the investigation of the ballistic stability by closed vessel tests and on the 

correlation between closed vessel tests, ballistic firing and deterrent migration.  The 

mains conclusions are: 

• The ballistic stability can be monitored by closed vessel tests if an appropriate 

ignition system is used. 

• There is a very good correlation between activation energies obtained from IR 

microscopy (154 ± 15 kJ/mol), ballistic firing (155 ± 12 kJ/mol) and closed 

vessel tests (157 ± 15 kJ/mol). 

• A scale based on the deterrent diffusion can be established.  This scale should 

permit to characterize the ageing of an unknown sample. 

 

1 Introduction 
 
 Rolled Ball propellants are used in many small caliber applications.  They can 

be specifically designed for different ammunition types by modification of their 

surface.  The surface modification usually consists of an impregnation by a 

combustion moderator (called deterrent), which is only present along the surface up to 

a certain depth.  The deterrent gradient results in a larger pressure peak during the 

combustion process, compensating for the decreasing burning surface by an 

increasing burning rate. 



 

 The disadvantage of this special design is the migration of the deterrents 

throughout the propellant.  When this diffusion process occurs, the burning rate of the 

first propellant layers increases accounting for increasing maximum chamber 

pressure, which can damage the weapon or give rise to malfunction of the 

ammunition.  Another disadvantage of ball propellants is the relative incompatibility 

between the stabilizer diphenylamine (DPA) with nitroglycerin [1], which can lower 

the service life of the propellants.  

 To determine the effects of migration and decomposition processes in ball 

propellants on the service life, we have started a trilateral investigation programme 

between Germany, Belgium and France, which is a follow-up of the studies on a 9 

mm ammunition [2].  In Part I [3] results about the propellant chemical stability have 

been presented.  Part II [4] focused on the propellant ballistic stability.  The 

temperature and time dependence of deterrent migration has been investigated by IR 

microscopy and ballistic firing have been performed. 

 In this part, results from closed vessel tests will be presented.  This test has the 

advantage to be relatively easy to handle and fast by comparison with infrared 

microscopy (highly time consuming) and ballistic firing (fast but needs appropriate 

laboratory conditions).  Therefore it will be interesting to assess the ballistic stability 

by closed vessel tests.  For this reason, closed vessel tests of aged propellants have 

been performed and correlations with infrared microscopy and ballistic firing have 

been studied. 

 
2  Samples and materials 
 

The propellant, which is used for the investigation, is the double base ball 

powder propellant K 5810, lot 02MQ.  It is a flattened propellant which can be 

geometrically modeled by an ellipsoid with a great axis of 660 µm and with two small 

axis of 360 µm.  It contains around 10% of nitroglycerin.  It is stabilized with DPA.  

The deterrent applied on the surface is dibutylphthalate (DBP).  The average 

concentration of DBP is 4.5%. 

For the ballistic firing a 5.56 mm cartridges produced in the UK with a lead 

containing primer is used. 



 

3 Experiments and work program 

 
 Closed vessel tests 

Closed vessel experiments were carried out in a vessel of 140 cm3 using a 

piezoelectric transducer (Kistler 6201 B) for recording the pressure.  The output 

voltage of the pressure gauge was transferred to a data acquisition system (Nicolet 

Multipro, resolution 12 bit, sampling frequency 250 KHz).  The ignition system 

consists of two electrodes, which are connected with a nickline hot wire.  The vessel 

is equipped with a valve to introduce the gaseous ignition mixture.  The partial 

pressures of this mixture are measured with a piezoelectric transducer (Kistler 4070).  

The composition of the used ignition mixture is 1 bar CH4 - 1.4 bar O2.  For the actual 

composition, the initial atmospheric pressure must be added.  The used loading 

density is 0.15 g/cm3. 

 

 Infrared microscopy 

 The deterrent concentration profile is measured by InfraRed (IR) microscopy: 

the propellant grain is placed into an adhesive, cut by a microtome into small slice (7 

µm) and analysed by IR microscopy.  A Bruker Hyperion infrared microscope 

mounted on a Vector 33 fourier-transform spectrometer is used in this study.  A 

medium-band MCT (HgCdTe) detector in the microscope gives high sensitivity in the 

4000-600 cm-1 range.  The IR spectrometer is operated at a resolution of 4 cm-1 and 

32 scans are acquired for each measurement position.  The measuring window has an 

aperture of 10 µm x 50 µm, the larger side of the aperture is placed perpendicularly to 

the measured diameter.  The step of each data point is 3 µm.  The quantitative DBP 

concentration is obtained using the ratio of two IR bands, one typical of the DBP 

(1720 cm-1) and one typical of the nitrocellulose (1160 cm-1). 

 

 Ballistic firing 

 The ballistic experiments are performed with unaged and aged ammunitions.  

The chamber pressure, case mouth pressure, the port pressure and the velocity of the 

projectile are measured. 

 



 

 Propellant ageing 

 The ageing plan of the propellant and of the cartridge are presented in Table 1.  

Throughout this paper “K” stands for the propellant alone and “E” for the UK 

ammunition.  The two numbers behind the first letter describe the ageing temperature 

whereas the last letter describe the ageing stage (see table 1).  By example, K80B 

corresponds to a propellant aged at 80°C during 1.81 days. 

 
Table 1: Ageing plan of the UK ammunition and of the propellant K5810.  The propellant alone has 
only been aged for some time and temperature; its aged conditions are the italic numbers in the table.  
The last row indicates the energy release at each decomposition stage derived from Heat Flow 
Calorimetry (HFC) experiments at 80°C. 
T [°C] A B C D E F G H 

80 1.20 1.81 2.41 3.61 5.41 7.22 9.02 10.83 

70 4.83 7.25 9.66 14.50 21.74 29.00 36.23 43.48 

65 10.00 15.00 20.00 30.00 45.00 60.00 75.00 90.00 

60 21.06 31.61 42.12 63.22 94.79 126.4 158.0 189.6 

50 100.7 151.0 201.4 302.0 453 605 755 907 

40 532 798 1064 - - - - - 

Q [J/g] 2.79 3.56 4.28 5.70 8.08 12.43 22.75 33.45 

 
 The temperature dependence was derived from HFC measurements at 80°C 

where a decomposition energy of around 140 kJ/mol was found.  This means that all 

samples in one column have about the same decomposition degree. 

 

4 Results and discussion 

4.1 Closed vessel tests 

 

The two chemical components of a deterred propellant can be observed in 

closed vessel tests if an appropriate gaseous ignition system is used.  The influence of 

the ignition system on the obtained combustion rate has been extensively discussed 

elsewhere [5-6].  Figure 1 shows the obtained combustion rate of the propellant before 

ageing and the corresponding derivative of the pressure versus time.  The pressure 

derivative permits to distinguish clearly two phases in the combustion process, in fact 

two different positive slopes can be observed during the combustion process.  For the 

sake of clarity, these slopes have been emphasized by the two drawn lines. 
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Fig.1: Combustion rate of the propellant without ageing and the corresponding 
derivative of the pressure versus time. 
 

 Figure 2 shows the variation of the combustion rate with ageing for an ageing 

temperature of 80°C and the derivative of the pressure versus time of propellant 

K80A and K80H.  It can be observed that the discontinuity is no more present in the 

derivative curve for the propellant K80H.  This is due to the deterrent migration; the 

transition between the deterred part and the center part is smoother (no abrupt 

variation of the deterrent concentration) and by consequence the difference between 

the two different chemical compositions is no more observable by closed vessel tests. 

0

2

4

6

8

10

12

14

0 50 100Pressure (MPa)

Co
m

bu
sti

on
 ra

te
 (c

m
/s)

without ageing

K80A, K80B,K80C, 
K80D

K80E, K80F
K80G, K80H

0

20

40

60

80

100

120

-4 -2 0 2
time (ms)

dP
/d

t (
M

Pa
/m

s)

K80A

K80H

 
Fig.2: (1) Combustion rate of the different aged propellant at 80°C. (2) Derivative of 
the pressure versus time of propellant K80A and K80H (gray line). 
 

 The combustion rate varies with the propellant ageing; the combustion rate 

decreases with ageing for the high values of pressure and decrease for the low values 

of pressures.  This can be correlated with the deterrent concentration profiles obtained 



 

by IR microscopy (fig.3).  In this figure, the variation of the combustion rate at 20 

MPa, 42 MPa, and 75 MPa as a function of ageing time are also represented.  The 

pressure values can be correlated with the burnt mass fraction (z) and to the burnt 

thickness.  The burnt mass fraction is defined by eq. 1 where V is the propellant 

volume and V0 is its initial value and can be approximated by the ratio of the pressure 

to the pressure maximal value.  As the burnt mass fraction is related to the propellant 

volume, the burnt thickness can be calculated. 

0

1
V
Vz −=                                                          (1) 

In fig. 3, the burnt thickness corresponding to 20 MPa (12µm), 42 MPa (25µm) and 

75 MPa (50µm) are represented by a vertical line.  At 20 µm the deterrent 

concentration decreases with the ageing, this is translated in the combustion rate by an 

increase of the combustion rate at 20 MPa.  At 25 µm, the deterrent concentration stay 

more or less constant, therefore the combustion rate at 42 MPa does not vary with the 

propellant ageing.  At 50 µm, the deterrent concentration increases with the ageing, 

this corresponds to a decrease of the combustion rate at 75 MPa. 
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Fig.3: (1) Concentration profiles of DBP in the propellant for different ageing 

durations at 80°C.  The vertical lines represented the burnt thickness at different 
characteristic pressures. (2) Variation of the combustion rate with the ageing time at 

80°C for different pressure as a function of ageing time 
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 As the combustion rate at 20 MPa is related to the variation of the DBP 

concentration in surface, and therefore its diffusion; a characteristic activation energy 

can be calculated from its variation using Eq.2.  A value of 153 ± 16 kJ/mol has been 

obtained (see fig. 5). 

RT
Ecst

dt
dr aMPa −= )ln(ln 20                                         (2) 

 

4.2 Correlation between closed vessel tests, ballistic firing and IR microscopy 

 

Different values from these experimental techniques can be correlated.  In 

figure 4, the combustion rate at 20 MPa is plotted as a function of the DBP 

concentration in surface.  In ballistic firing, the maximal pressure in the cartridge can 

also been correlated with the combustion rate at 20 MPa. 
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Fig. 4: (1) Variation of the combustion rate at 20 MPa with the percentage of 

DBP in surface.  (2) Variation of the maximal pressure in the cartridge with the 

combustion rate at 20 MPa. 

 

4.3 Comparison of the activation energy obtained with the different experimental 

techniques 

 

 The diffusion activation energy can be obtained directly from the IR 

microscopy measurement using a Fick’s diffusion law [7] (eq.3). 
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With an appropriate mathematical processing, the diffusion coefficients can be 

obtained from the deterrent concentration profiles  [4] and the diffusion activation 

energy is calculated (eq.4). 

ln D=  ln D0 – ED/RT                                                (4) 

 During the ballistic experiments [4], it has been observed that the maximal 

pressure in the cartridge is related to the deterrent diffusion.  From the variation of the 

maximal pressure in the cartridge as a function of the ageing time, a characteristic 

activation energy is calculated using Eq.5. 

ln dP/dt = ln(cst) – Ea/RT                                           (5) 

 As it has already be mentioned, a characteristic activation energy can also be 

obtained from the closed vessel measurements. 

 In figure 5, the different Arrhenius plots are represented with the different 

obtained activation energy.  The different obtained activation energies are in very 

good agreement.  This express the fact that a fundamental molecular process, the 

deterrent migration, measured by IR microscopy can be very well correlated to more 

global measurement, as the combustion in a closed vessel or the real ballistic process. 

IR microscopy
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Fig. 5: Arrhenius plot of the activation energies obtained with the different 
experimental techniques 

 
4.3 New characteristic scale of the deterrent diffusion 

 

The deterrent migration is the fundamental process of the ballistic ageing.  It is 

interesting to correlate this process to more global process as ballistic firing and 

closed vessel tests.  For this purpose a scale characteristic of the diffusion has been 



 

established.  The scale must be independent of the temperature and of the time.  All 

samples which are characterized by the same deterrent migration must be described 

with one value.  Such scale can be obtained by multiplying the diffusion coefficient 

by the ageing time.  The diffusion coefficient depends on the temperature, and to have 

a same Dt value at another temperature the ageing time must be different.  Figure 6 

shows the variation of the combustion rate at 20 MPa and at 75 MPa as a function of 

the ageing time and as a function of this characteristic scale.   
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Fig. 6: Variation of the combustion rate at 20 MPa and at 75 MPa as a function of the 
ageing time and of the scale characteristic of the deterrent diffusion. 

 
 

This scale characteristic of the deterrent diffusion can also been used for the 

results from the ballistic firing.  Figure 7 shows the variation of the maximal pressure 

in the cartridge and of the port pressure as a function of ageing time and of the scale 

Dt. 



 

 

340
360
380
400
420
440
460
480
500

0 100 200 300

Ageing time (day)

Pr
es

su
re

 in
 th

e 
ca

rtr
id

ge
 (M

Pa
)

T = 80°C
T = 70°C
T = 65°C
T = 60°C

340
360
380
400
420

440
460
480
500

0.00E+00 5.00E-10 1.00E-09 1.50E-09
D *t (m2)

Pr
es

su
re

 in
 th

e 
ca

rtr
id

ge
 (M

Pa
)

T = 80°C
T = 70°C
T = 65°C
T = 60°C

 

90

95

100

105

110

115

0 100 200 300
time (day)

Pm
ax

 p
or

t (
M

Pa
)

T = 60°C

T = 65°C

T = 70°C

T = 80°C

90

95

100

105

110

115

0.00E+00 5.00E-10 1.00E-09 1.50E-09
D*t (m2)

Pm
ax

 p
or

t (
M

Pa
)

T = 60°C
T = 65°C
T = 80°C
T = 70°C

 
Fig. 7: Variation of the maximal pressure in the cartridge and the maximal 

pressure at the port position as a function of the ageing time and of the scale 

characteristic of the deterrent diffusion. 

 

As well the values from the closed vessel tests than the values from the 

ballistic firing superimposed relatively well if the scale characteristic of the deterrent 

diffusion is used.  Such a scale can be very useful for the ageing characterization of 

unknown sample.  If a sample aged at a not constant temperature and during an 

unknown time has to be characterized, from the results of its ballistic firing by 

example, it can be said that this sample has sustained an ageing equivalent to x days at 

y temperature.  As the ageing at constant temperature has been studied, the ballistic 

life of this unknown sample can be estimated. 



 

6 Conclusions 

 

The ballistic stability of a deterred propellant can be monitored by closed 

vessel tests if a gaseous ignition system of 1 bar CH4 – 1.4 bar O2 is used.  The 

combustion rate at low pressure increases with the propellant ageing; this is related to 

the decrease of the deterrent concentration in surface.  The combustion rate at high 

pressure decreases with the propellant ageing, this corresponds to the increase of the 

deterrent concentration in the center part of the propellant particle. 

From the variation of the combustion rate at low pressure with ageing, a 

characteristic activation energy is calculated.  This value is very well correlated with 

the activation energies obtained from IR microscopy and ballistic firing. 

A scale characteristic of the deterrent diffusion has been established.  Values 

from ballistic firing and closed vessel tests obtained at different ageing time and 

ageing temperature superimposed relatively well in this scale.  This could permit to 

characterize the ageing history of an unknown sample. 

The correlations between the fundamental process of ballistic ageing of this 

propellant, i.e. the deterrent migration measured by IR microscopy, and the use in real 

conditions of the aged propellants, i.e. the ballistic firing, with the closed vessel tests; 

assesses that this experimental technique can be used for ballistic stability control.  

This is very interesting as closed vessel tests are fast and relatively easy to handle.  By 

comparison, IR microscopy is high time consuming and for ballistic firing appropriate 

laboratory conditions are needed. 
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ABSTRACT 
 

 This paper addresses the degradation behavior of M10 propellant and 

M42 and M46 grenades.  An experiment using accelerated testing was designed 

for the grenades and the propellant in order to provide shelf life estimates at 21.1 

°C. 

M10 flake propellant is a single base propellant which is used in the 

expulsion assembly of the M864A1 155 mm artillery projectile.  It is used to 

generate pressure to push the cargo of grenades (M42 and M46) out the back 

end of the projectile at a critical distance in order to kill enemy troops underneath 

the release point.  The M42 and M46 grenades are high fragmentation grenades 

which are anti-personnel.  A total of 72 grenades are carried in each round. 

In this paper the results of the accelerated aging programs are discussed 

and the data is correlated using two methodologies.  At each temperature the 

accelerated testing data has been correlated using mathematics.  Variables data 

(concentration of DPA in the M10 propellant as a function of time) have been 

correlated using principles from reaction kinetics.  Attribute data (Go and No-Go 

for M46 grenades) have been correlated using statistical distribution theory.  The 

M42 and M46 grenades were subjected to accelerated aging and then functioned 

statically.  Some of the grenades did not function.  They either failed under the 

testing conditions or they did not function when tested for static penetration and 

fired with an electric detonator. 

 

 



M10 Flake Propellant 
 

Generally, propellant shelf life is based on remaining stabilizer.  The 

performance of the propellant is not generally affected until after the stabilizer 

has been depleted.  In this example a study on the stabilizer depletion rates has 

been conducted.  The propellant is stabilized with diphenylamine.  The 

experiments were conducted at four temperatures. Models have been formulated 

to correlate reactant concentration as a function of time for the primary stabilizer.   

Data obtained from the experiment have been well correlated using those 

models.  The service life has been expressed as a function of time and 

temperature using a simple reaction kinetic model and the Arrhenius equation.  

  

Description of Stabilizer degradation 
 

The mechanism that propellant stabilizers use for stabilization of 

propellant is based on the affinity of the stabilizing molecule to react with the 

decomposition species which result from the degradation of the energetic 

materials used in propellant. M10 propellant is a single base propellant and the 

energetic material present is nitrocellulose. 

The nitrocellulose gives off decomposition products.  In this paper these 

are referred to as NOx species.  Autocatalytic decomposition of propellants 

occurs when NOx species remain inside the propellant grain.  The species attack 

the energetic materials and cause further decomposition.  This is an exothermic 

process and unless the heat is removed at a sufficient rate to keep the grain 

temperature constant, the temperature of the grain will rise.  This in turn will 

speed up the decomposition process.  Eventually the propellant will heat up to its 

explosion temperature and self-ignite.  This is the purpose of adding stabilizers to 

propellant.  The stabilizers are added to prevent the autoignition phenomenon.  

The level of stabilizer that has characteristically been chosen as the “safe” level 

for propellants is .2 weight percent DPA.  This was done many years ago before 

the advent of the HPLC technique, and was based on DPA but did not include 

the nitro diphenyl amines.  A number of higher nitrated DPA species are also 



formed in the reaction sequence (Urbanski, 1967).  Note that in double base 

propellants 2NDPA is often added as the main stabilizer. 
 
Reaction Kinetic Models for Stabilizer Depletion 
 

Reaction kinetic (Fogler, 2000 and Levenspiel, 1972) models have been 

used to correlate the data shown in Table I for the DPA.  Reaction kinetics is 

based on the development of rate expressions.  The rate expressions are used to 

model the progress of the reaction as the concentration of each component 

changes with time.  A generalized reaction scheme for the degradation of DPA in 

the presence of NOx is shown in Equation (1) where A represents the DPA and 

R represents a product that results from the reaction of DPA and the NOx 

species generated by the decomposing nitrocellulose molecules. In this scheme 

it is assumed that the NOx gases are present at a constant level throughout the 

DPA reaction process. Only the concentration of DPA appears in the reaction 

kinetic equations.  The mathetmaical description of this situation is shown in 

equations (2) through (4).  The symbol CA is used to represent the concentration 

of A in weight percent. 

            k1’ 

A                          R        (1)  

 

dCA/dt = -k1’∗CA ∗ [NOx]       (2)  

  
[NOx] = f(T) alone, not t       (3)  

 

dCA/dt = -k1∗CA  where k1 = -k1’ ∗ [NOx]    (4)  

 

CA = CA0∗exp (-k1∗t)       (5)  

 

Equation (4) is a simple first order rate expression which when integrated 

yields Equation (5).  Equation (5) was used to correlate the experimental data for 

the DPA reaction rate in M10 propellant.  The rate constants obtained by 



application of Equation (5) are shown in Table V for each of the experiments.  

Equation (6) is the Arrhenius equation which was used to correlate the rate 

constants with temperature for the DPA. 

 

 k1 = k0 * EXP (-Ea/RT)       (6)  

 

Correlation of experimental Data 

 

 The experimental data for the depletion of DPA is shown in Table I below 

for each of the four accelerating temperatures.  The concentration of DPA was 

obtained using HPLC analysis of the aged propellants.  The correlation of those 

data results in the rate constants in Table II.  The correlation coefficient for each 

data set is also shown in Table II.  A fitted curve is shown in Figure 1 for the 70 

°C data. 
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Figure 1.   DPA depletion in M10 Flake at 70 °C 

 

Table I:  DPA Concentrations in weight percent in aged M10 Propellant 

80 °C DATA 70  °C DATA 60  °C DATA 50  °C DATA 
DAYS DPA DAYS DPA DAYS DPA DAYS DPA 

        



80 °C DATA 70  °C DATA 60  °C DATA 50  °C DATA 
DAYS DPA DAYS DPA DAYS DPA DAYS DPA 

0 0.9 0 0.9 0 0.9 0 0.9 
7 0.34 14 0.59 28 0.68 42 0.86 
7 0.34 14 0.59 28 0.68 42 0.87 
14 0.17 28 0.37 56 0.41 84 0.78 
14 0.17 28 0.36 56 0.4 84 0.76 
21 0.15 42 0.24 84 0.12 126 0.72 
21 0.15 42 0.23 84 0.11 126 0.72 
28 0.13 56 0.17 112 0.06   
28 0.13 56 0.17 112 0.07   
35 0.11 70 0.12     
35 0.12 70 0.12     
42 0.11 84 0.11     
42 0.11 84 0.11     
49 0       
56 0       
63 0       
70 0       
77 0       

 

Table II:  Rate Constants and R values for the rates of disappearance of 

DPA in the M10 propellant aged at four temperatures 

Temperature Rate Constant, k1 
in day-1 

R 
 Correlation Coefficient 

   
50º C 1.7224e-3 .953 
60º C 0.0169 .983 
70º C 0.0303 .998 
80º C 0.1078 .996 

21.1º C* .00002584 Predicted Value 
 
 The rate constants in Table II are correlated using the Arrhenius equation.  

The square of the correlation coefficient for the regression and the values for the 

Arrhenius parameters are shown in Table III.  The Arrhenius plot is shown in 

Figure 2  Once the kinetic parameters have been correlated using the Arrhenius 

equation, the rate at 21.1 °C can be determined.  Then the time until the DPA 

concentration reaches .20 weight percent can be calculated using Equation (5).  

That time is about 160 years for this example.  Note that the calculated lifetime is 

highly dependent on the reaction kinetic model used to represent the data.  



Correlating the same data using a zero order reaction kinetic model (Fogler, 

Levenspiel) yields a lifetime estimate of about 22 years. 

 

Table III.  Arrhenius Parameters for M10 Flake Propellant 

 

  

Log10 k0 17.39 

(-Ea/R) -6467.18 

r ² 0.9479 
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Figure 2.  Arrhenius Plot for DPA depletion using first order rate constants 

 

M42 and M46 Grenades 
 

The M42 and M46 Grenades were placed inside glass reactors which 

were placed inside isothermal chambers in three different experiments.  The test 

method used to evaluate the M42 and M46 grenades involved static functioning 

of the grenades into a mild steel plate.  They were fired using an RP-87 

detonator.  The static penetration data remained unaffected in these 

experiments.  All of the M42 grenades functioned, however, a number of the M46 

grenades did not function.  They either failed to function when the electric 



detonator was fired into their leads (No-Go or Dud) or the leads could not 

withstand the internal grenade pressure built up during the accelerated testing 

and they ruptured or blew out of the grenade body.  A picture of two M46 

grenades in which the leads ruptured is shown in Figure 3.  In between the 

grenades is a bottle of COMP A5 which shot out of the leads and was collected 

from the reactors. 

 

 
 

Figure 3.  Two M46 grenades with blown leads and a bottle of Comp A5 

collected from the reactor in which the experiment was conducted. 

 

Reliability Life Modeling of Attribute Data 

 

 Attribute data is obtained when a component or system either functions 

properly or fails to function.  Attribute testing is commonly used in accelerated 

aging programs to characterize the response of a system or component during 

an accelerated aging experiment.  The analysis of systems or components based 

on attribute data is called reliability life analysis and is discussed in a number of 

references (Nelson 1982, 1990). 



 Attribute data is commonly analyzed using statistical distributions.  A 

number of failure distributions are used to characterize product degradation.  The 

particular distribution used depends on the type of product, the nature of the 

failure rate and other factors.  The failure distribution used to correlate the M46 

grenade data is the lognormal failure distribution.  Note that log( ) is used 

throughout for the common (base 10) logarithm. The lognormal cumulative 

distribution function for the population fraction failing by age y is 

 

F(y, T) = Φ{[log(y)- µ(T)]/σ},   y>0        (7)  

 

Here Φ( ) is the standard normal cumulative distribution function.  The 

parameter µ(T) is the mean of the log of life and is called the log mean.  It is a 

function of the accelerated aging conditions to which the item is exposed.   For 

the system described in this paper the variable, µ, is a function of temperature.  

The survival function or reliability function and the cumulative distribution function 

are related by Equation (8): 

 

R(y, T) = S(y, T) = (1 – F(y, T))         (8)  

  

In equation (8) R(y, T) represents the reliability function which is also called the 

survivability S(y, T)), and F(y, T) is the cumulative distribution function 

(cumulative probability) given in equation (7).   The median time to failure is given 

by the following expression. 

 

τ.50 = 10 (µ(T))            (9)  

 

The symbol, τ.50, represents the median time to failure for the lognormal 

distribution.   A generalized expression for τ.50 is given in equation (9) which 

shows that τ.50 is a function of temperature.  The log mean or the median of a 

lognormal distribution can be correlated with temperature using the Arrhenius 

equation shown in Equation (10). 



 

µ(T) = a + b/T            (10)  

 

In Equation (10), µ(T) is the log mean at temperature, T, and T is the 

absolute temperature and a and b are constants.  Note that Equation (10) and 

Equation (6) are both expressions for the Arrhenius equation. 

 

Correlation of Experimental Data 

 

 The experimental data for the M46 grenades which were subjected to 

accelerated testing are shown in Table IV.  Note that the data have the property 

of shorter failure times as the temperature increases, and also the property that 

all the items fail at a given temperature as time progresses.  These properties are 

fundamental to generating reliable data for these types of studies. 

Table IV.  Failure Data for M46 Grenades 
205 °F Data 230 °F Data 238 °F Data 

      
DAYS Attribute DAYS Attribute DAYS Attribute 

   
4 GO 1 GO 7 GO 
8 GO 3 GO 9 DUD 

10 GO 5 GO 9 DUD 
17 DUD 5 GO 13 DUD 
25 GO 8 DUD 13 DUD 
32 GO 12 GO 14 DUD 
58 DUD 12 GO 20 DUD 
58 DUD 14 GO   
58 DUD 19 DUD   
81 DUD 19 DUD   

  27 DUD   
  27 DUD   

 

The Mean and standard deviation of the lognormal distribution are shown 

in Table V.  Table V also shows the Log Mean and the Log standard deviation as 

well as the median of the lognormal distribution.  The statistical parameters for 

the lognormal distribution have been estimated from the data using maximum 



likelihood techniques (Nelson, 1982).  The data at 230 °F are plotted in Figure 4.  

Note that only the failures appear as points on the graph. 

 

Table V.  Statistical Parameters of the lognormal distribution for the M46 

grenades at three temperatures 

Temperature Mean Standard 
Deviation Median Log mean 

Log 
Standard 
Deviation 

      
238 °F 13.082 3.61391 12.6097 1.1007 0.117 
230 °F 21.4618 9.34196 19.67837 1.2939 0.180 
205 °F 82.9769 21.7635 80.26208 1.9045 0.112 

 

Figure 4   Cumulative Probability at 230 °F for M46 grenades 
 

The median times to failure in Table V have been correlated using the 

Arrhenius equation and are plotted in Figure 5.  The Arrhenius parameters and 

the square of the correlation coefficient obtained from using the Arrhenius 

equation to correlate the median times to failure are shown in Table VI.  The 

Arrhenius parameters can be used to provide a shelf life estimate at 21.1 °C of 

more than 4600 years.  This indicates an extremely slow degradation rate at that 

temperature for the phenomenon observed during the accelerated testing 

program for the M46 grenades. 
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Table VI  Arrhenius Parameters for M46 Grenades  

  

a -15.05118 

b 6261.5370 

r ² 0.9999 
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Figure 5   Arrhenius Plot of Median Lifetimes for M46 Grenades 
 

NOMENCLATURE 

 

a, b  parameters of the Arrhenius Equation in Equation (10) 

A  Symbol for (Diphenylamine) in rate expressions 

CA0  Initial value of reactant A in weight percent 

CA  Concentration of reactant A in weight percent 

DPA  Diphenylamine 

-Ea/R Activation Energy divided by Gas Constant in the Arrhenius 

Equation 

F(y, T)  Cumulative distribution function or cumulative probability 

k0  Pre-exponential factor used in the Arrhenius Equation 

k1  First order rate constant in day-1 



NOx Decomposition products of the nitrocellulose in the propellant  

R(y, T)  Reliability 

S(y, T) Survivability (same as reliability) 

T  Absolute temperature in Kelvin 

t  Time in days for kinetic models 

y  Time in days for the statistical models 

2NDPA 2-nitrodiphenylamine 

4NDPA 4-nitrodiphenylamine 

Φ( )   the standard normal cumulative distribution function 

µ(T)   mean of the log of life called the log mean.   

τ.50  median time to failure for the lognormal distribution 

 

REFERENCES 

1. Octave Levenspiel, 1972, Chemical Reaction Engineering, New York, 

John Wiley & Sons.  

2. H. Scott Fogler, May 2000, Elements of Chemical Reaction Engineering, 

New Jersey, Prentice Hall.  

3. T. Urbanski, 1967, Chemistry and Technology of Explosives, Volume III, 

New York, Pergamon Press. 

4. Nelson, Wayne, (1982), Applied Life Data Analysis,  John Wiley & Sons, 

New York  

5. Nelson, Wayne, (1990), Accelerated Testing, John Wiley & Sons, New 

York. 

ACKNOWLEDGEMENTS 

 The author wishes to thank the following colleagues:  Dave Kondas, Fun 

Ark, Diana Herbst, Pat O’Reilley, Dan Schaller and Nathan Zink without whose 

support this work could not have been accomplished.  

 





FRICTIONAL HEATING AND IGNITION OF ENERGETIC MATERIALS

Peter Dickson, Gary Parker, Laura Smilowitz, Jon Zucker & Blaine Asay

Los Alamos National Laboratory, Los Alamos, New Mexico, USA.

ABSTRACT

For many years, powder friction tests have been an integral part of explosives sensitivity and

safety testing.  More recently, oblique impact tests have been used in the hazard assessment

of monolithic charges.  However, these tests are simply threshold tests for reaction, and

relatively little work has been done to try to examine the processes that lead to frictional

heating and ignition of energetic materials.  We report the results from a series of

experiments in which energetic materials are subjected to frictional heating under closely-

controlled conditions (normal load, sliding speed, grit quantity and composition, substrate).

The response of the energetic material and grit, if present, is observed by optical and infrared

high-speed photography to determine the nature of the interactions between the test material,

grit and substrate, and the mechanisms by which the energetic material may be heated to

ignition.

INTRODUCTION

The effect of grit properties on the frictional ignition of powder explosives was first

investigated by Bowden and Gurton (1948).  In a series of elegant experiments they

demonstrated that during the frictional interaction of two surfaces in the presence of grit,

enhanced heating occurs at grit particles, and that the maximum temperatures achieved at

such hot spots are dependent on the melting point of the grit.  Grit only sensitizes explosive if

the melting point of the grit is higher than the ignition temperature of the explosive.  The

results are relatively insensitive to grit hardness.  Dyer and Taylor (1970) extended this work

to examine the frictional interaction between pressed or cast explosives and various surfaces.

When rubbed against a metal file or another piece of explosive, no ignitions were observed.

With sand bonded to steel, ignition was enhanced by increasing the normal load or sliding



speed, but the biggest factor was the presence of loose grit.  They concluded that rubbing an

explosive against a rough surface in the absence of grit is generally not effective in causing

ignition, which most readily occurred at hot spots produced by grit on grit or grit on substrate

interactions.

Frictional ignition of explosives is of considerable concern from a safety point of view, and

has been implicated in a number of accidents involving the handling of explosives, but little

further work has been done to investigate the details of the process.  Of particular interest is

the precise nature of the interaction between the grit, explosive and surface during such an

impact.  The experiments referred to above inferred mechanisms, but did not permit direct

observation of these interactions.  The experiments described here are an attempt to make

such observations with the plastic-bonded explosive PBX 9501 (95% HMX, 2.5% estane,

2.5% BDNPA/BDNPF) using transparent substrates and high-speed visible and infrared

photography.  The objectives are to observe the response of the grit during the impact

(fracture, translation and rotation), and to measure hot spot size, temperature and interaction

(if any).  Experimental variables are grit composition, size, morphology, and distribution,

together with sliding speed, normal load and duration of contact.  A pulsed copper vapour

laser is used to provide illumination for visible imaging, and a Nd:YAG laser is used to probe

the HMX β – δ phase change.

METHOD

Bowden and Gurton, and Dyer and Taylor, used a technique whereby the explosive was pre-

loaded against the substrate, which was then rapidly moved.  In these tests we use an

alternative approach in which the substrate, a rotating disk of toughened glass or vitreous

alumina (sapphire), is moving relative to the sample before contact is made.  The intention is

to make this test more representative of a glancing impact.  Alumina is the substrate of choice

for the purpose of infrared imaging as it is quite transparent at the wavelengths of interest, but

it has the drawback of a very high thermal conductivity compared to glass, and tends to

quench frictional hot spots.  Figure 1 shows a schematic of the apparatus. The rotating disk is

152 mm in diameter and 19 mm thick.  A 10 mm diameter disk of PBX is placed in the

sample holder, which is then brought into contact with the spinning disk by the pneumatic



actuator.  Sliding speed is determined by the rotational speed of the disk (present range 2.5 –

15 m s-1), and normal force is controlled by the pneumatic pressure (0 – 450 N).  The

duration of the contact is determined by the control signal to the actuator, with a practical

minimum of around 0.1 s.  Time-resolved records of both normal and frictional force are

obtained from force transducers.  Rotational speed is measured by laser reflection from a

stripe-coded strip around the edge of the rotating disk.  Single or multiple grit particles are

placed in advance on the explosive sample, and may be embedded or loose.

Figure 1.  Schematic view of friction apparatus

High-speed visible photography is achieved using a Vision Research Phantom high-speed

digital video camera synchronized to the copper vapour laser.  Infrared photography is

performed with a Santa Barbara Focal Plane IR camera, which is calibrated to enable

temperatures to be estimated to +/- 20 ˚C.  The cameras view the event from above through

the rotating substrate.



Several different grit materials have been used, including spherical silica (400 µm and 800

µm particles) and zirconium (200 µm), but so far the focus has been on ordinary sand, which

is commonly defined as 60 – 2000 µm β quartz  (SiO2).  Table 1 shows the physical

properties of sand.

density 2500 kg m-3

molecular weight 60

melting point 1713 ˚C

thermal conductivity 6 – 12 W m-1 K-1 (temperature dependent)

specific heat capacity 40 – 65 J mol-1 K-1 (temperature dependent)

Table 1.  Properties of common sand.

RESULTS

Figure 2 shows a typical record of normal force, lateral force and calculated coefficient of

friction during a 0.5 s contact with a sample of PBX 9501 and several grains of sand at a

sliding speed of approximately 14 m s-1.  The oscillation in the normal force, also reflected in

the lateral force, is due to a very slight wobble in the rotation of the disk.  The frequency of

oscillation is equal to the angular frequency of rotation.  During the impact, the grit is pushed

into the explosive sample and so the normal and lateral forces represent a combination of

those arising due to the explosive and the grit.  The calculated coefficient of friction is a little

lower than for a simple sand on glass or sand on alumina interaction.

Figure 3 shows a sequence of visible and infrared images from a 0.5 s contact between PBX

9501 and sand particles (0.5 – 1 mm).  The direction of motion of the rotating disk as viewed

relative to the sample is upwards.  The first pair of images is at impact, and it is apparent that

substantial heating occurs very soon after contact is made.  The sand particles do not appear

translate much relative to the sample (less than one particle diameter), but they are pushed

into the sample and in some cases rotate slightly in the process.  Subsequently, some

noticeable pulverization of the particles does occur.  Softening and melting of the binder is

evident around some of the particles, and migration of liquid binder probably leads to some

lubrication at the interface.  Figure 4 shows the temperature distribution across one of the grit



particles, indicating that  while the explosive surface is being heated directly, these particles

do constitute significant hot spots.
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Figure 3.  Visible and infrared images during an impact.



This sample did not undergo a propagating reaction, but subsequent inspection showed that

decomposition had occurred in the vicinity of the grit particles.  Examination of the surface

by probing with a 1064 nm laser indicated that HMX crystals across much of the surface had

undergone the β – δ phase change, which occurs at around 170 ˚C.

Figure 5 is a compilation of data by Henson (2001), showing the time-to-ignition for HMX as

a function of temperature.  A temperatures in excess of 400 ˚C, as recorded in these tests,

HMX would be expected to reach ignition in a few tenths of a second, which is consistent

with the observed behaviour.
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Figure 5.  Ignition times for HMX / PBX 9501 as a function of temperature.



CONCLUSIONS

Direct observations of the frictional interaction of explosive, grit and substrate have been

performed, showing that under the conditions of these experiments, the grit tends to embed in

the explosive and is preferentially frictionally heated, as might be expected.  Temperatures

sufficient to achieve ignition in times of the order of 10-1 s are rapidly reached, and the onset

of decomposition has been observed.  Further experiments are needed to improve the

temperature resolution and expand the range of grit materials and sizes tested.

REFERENCES

Bowden, F. P. & Gurton, O. A., 1948, Nature, Lond., 162, 654

Dyer, A. S, & Taylor, J. W., 1970, Initiation of detonation by friction on a high-explosive

charge, In Proc. 5th Int. Symp. on Detonation, Pasadena, CA, pp. 291–300. Arlington, VA:

Office of Naval Research.

Henson, B. F., Asay, B. W, Smilowitz, L. B., & Dickson, P. M., Ignition chemistry in HMX

from thermal explosion to detonation. In Shock Compression of Condensed Matter—2001

(ed. M. D. Furnish, N. N. Thadhani & Y. Horie). AIP Conference Proceedings, vol. 620, pp.

1069–1072. Bethlehem, PA: American Institute of Physics.







HIGH PERFORMANCE SIMULATIONS OF FIRES AND EXPLOSIONS 
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ABSTRACT 

Computational models have been developed for use in high-performance computer simulations of 

combustion and explosion of energetic materials such as HMX.  The objective of the models is to cause 

the simulation behavior at the resolved grid scale properly reflect properties and processes that occur on 

the micro-scale.  Specifically, the dynamics of gas and heat generation must properly reflect flame 

structure and reaction rates, even though the overlying simulation code cannot resolve those scales of 

length and time.  Our approach to solving this problem has been to adapt a successful model of steady 

combustion developed by  Ward, Son and Brewster (WSB) to compute dynamic rates of combustion 

within each grid element of the simulation.  This WSB model is computationally simple, and therefore fast, 

but also retains enough elements that are descriptive of the underlying physical and chemical processes 

to be extended to simulate unsteady combustion behavior in the nonlinear regime (e.g., beyond QSHOD).  

In this paper we describe the mathematical and computational framework of how the WSB model has 

been adapted for use in these simulations, as well as preliminary results.  

INTRODUCTION 

Any computer program designed to simulate combustion and explosion of energetic materials 

must satisfy at least the following important criteria 

• It must be able to describe the extremely non-linear response of gas and heat generation 

from the energetic material as a function of temperature 

• It must have a method of treating the close mechanical coupling of gases and solids in order 

to treat ignition and explosion that occurs at interfaces where there is initially no gas (i.e., at 

the interior surface of a metal container packed with a plastic-bonded explosive). 

• It must be able to describe accurately the large deformations that occur to structures at high 

strain rates associated with explosions in a way that maintains separate flow fields for 

different materials. 

• It must be able to describe the initiation of damage, fracture and rupture of a container, a 

process that releases compressed gases from one part of the domain into another with 

associated mixing, reaction and transfer of momentum and energy. 

Although traditional methods of performing large-scale time-dependent simulations with finite element 

techniques are well established for problems that involve linear departures from equilibrium states, these 



methods are not well suited to describing explosions.  The University of Utah C-SAFE program chose to 

develop the Material Point Method for describing the evolution of solid structures in the context of a finite 

volume CFD code, in which exchange of mass, momentum and energy takes place on a 3D regular 

structured grid.  

In this scheme, solids have a dual representation.  First, each solid material is represented as a 

collection of Lagrangian material points located at discrete positions in the domain.  Each point is 

associated with a set of state variables (position, mass, momentum, density, temperature, chemical state, 

material properties, contact properties, etc.).  At each time step of the simulation, these properties are 

interpolated to a structured Eulerian grid, which also tracks the properties of gases in the domain.  A 

compressible multimaterial computational fluid dynamics module allows materials to interact on the 

Eulerian grid (i.e., exchange mass, momentum and energy between grid elements).  Each material type 

has its own flow field, so multi-phase flow becomes a natural part of the simulation.  After the exchange 

calculation, the properties of the solid material points are interpolated back to the domain, which allows 

the material points (particles) to move within the domain.  This method requires no explicit boundary 

tracking algorithms, so rupture of containers and associated release of gases from one region of the 

domain into another occurs naturally. 

 

 

 

 

 

 

Combustion of energetic materials can be treated as a process that transforms one material 

(solid) into another (gas), with appropriate evolution of heat energy.  Chemical reactions are thereby 

implemented as sources and sinks of different types of matter, subject to the usual conservation laws.  

The subgrid-scale computational modules that perform these transformations are called at each time 

step.  For our initial implementation of WSB burn models we chose to perform the mass/energy exchange 

on the Eulerian grid rather than on individual particles.  

WSB COMBUSTION MODEL 

The WSB model1 is a set of algebraic equations that describe the overall combustion process in 

terms two chemical reactions: 

A (solid) → B(gas) 

B (gas) → C(gas) 

A B C

 
Figure 1. Schematic representation of the Material Point Method (MPM) algorithm.  



The first step is a condensed phase chemical reaction (zero-order kinetics, mildly exothermic and with a 

large activation energy), whereas the second is a gas phase chemical reaction (second-order kinetics, 

highly exothermic and zero activation energy).  The overall rates of the two reactions are related to a 

common surface temperature. In fact, the solution of the steady combustion problem at a specified 

pressure P involves solving the two coupled equations iteratively until a self-consistent surface 

temperature is obtained. 

The condensed phase reaction parameters appropriate for HMX are: 

 

 

 

 

and the steady-state condensed phase mass transfer rate from solid to gas is related to the surface 

temperature T by 

 

 

 

 

 

 

where κc, Cp, and Vc are the condensed phase thermal conductivity, specific heat and specific volume, 

respectively, and T0 is the initial (bulk) temperature of the solid far from the surface. 

The gas phase flame reaction is modeled as a free-radical chain reaction that has essentially 

zero activation energy, but is pressure-dependent.  This reaction is second-order overall and first-order 

with respect to the chemical intermediate B: 

 

 

 

 

where Yb is the volume fraction of gas represented by the intermediate B.  In this scheme, the surface 

temperature can be computed from the gas phase pressure by the expression 
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where the gas phase and condensed phase heat capacities are assumed to be equal.  The iterative 

solution to these equations is obtained by plugging the new surface temperature back into the function 

mc(T) until a self-consistent temperature is obtained.  Using these parameters, the pressure dependence 

of the self-consistent surface temperature and mass transfer rate is shown in Figure 2. 

 

 

 

 

 

 

 

 

 

 

 

 

RESULTS AND DISCUSSION 

EXTENSION OF WSB TO A STEADY BURN MODEL FOR MATERIALS 

For practical purposes, we shall define a threshold ignition temperature, below which the 
energetic material in each cell is extinguished.  The WSB model provides a convenient mechanism to 
define the ignition temperature.  Examination of the mass transfer rate equation reveals that this function 
is undefined if the surface temperature is less than the bulk solid temperature plus the temperature rise 
attributable to the solid state reaction by itself: 

T T 0
Q c
2 Cp⋅

−>
 

Furthermore, the function mc(T) has a minimum at low temperatures, as illustrated in Figure 3. 
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Figure 2. Self-consistent surface temperature (Kelvins, left panel) and mass transfer rate (kgm-2K-1, right panel) 
as a function of pressure computed using WSB parameters appropriate for HMX. 
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We can solve for the temperature of this minimum and use it to define the condition for ignition of the 

solid: 

T ig
1

4 Cp⋅
2 Q c⋅ 2 E c⋅ Cp⋅− 4 T 0⋅ Cp⋅+ 2 Q c

2 4 Q c⋅ T 0⋅ Cp⋅+ E c Cp⋅( )2+ 4 T 0 Cp⋅( )2⋅+⎡
⎣

⎤
⎦

1

2
⋅+

⎡
⎢
⎢
⎣

⎤
⎥
⎥
⎦⋅:=
 

Thus, the ignition temperature is dependent only on the initial (bulk) solid temperature in the cell, the 

activation energy and exothermicity of the condensed phase reaction, and the specific heat of the solid. 

Once the material in a grid cell has been ignited, the simulation tracks a separate surface 

temperature of the solid for the purpose of computing the steady burn rate.  This is necessary because 

the spatial resolution of the grid (typically 3 mm) is too coarse to resolve the flame structure of the 

combustion.  On the grid scale, the temperature of the solid is typically low (300-450 K), the surface 

temperature is intermediate (700-800 K, depending on the pressure), and the gas phase adiabatic flame 

temperature is high (2700 K).  On the spatial scale of the grid, it appears that cold material is evolving hot 

gas, and only the surface temperature is tracked as an intermediate property that connects the two. 

At each time step in the simulation, the surface temperature of burning material in each grid 

element is computed based on the self-consistent solution of the WSB equations for the condensed 

phase and gas phase regions.  The steady mass-burning rate is thereby determined, and the temperature 

of the evolved gas is assumed to be the adiabatic flame temperature for the combustion. 

A practical problem arises at the point of ignition of each grid element because the algorithm 

implicitly requires that each cell transition from extinguished to steady burning in a single time step.  In 

finite volume calculations this introduces a sudden pressure in every newly ignited cell, which tends to 

destabilize the pressure equation in the overall simulation.  To avoid this situation, we the increase in 

pressure to be distributed over several time steps following ignition by requiring that the surface 

temperature be computed as a running average: 

Ts
N 1−( ) Ts⋅ Tsteady+

N  

In this way, the surface temperature artificially approaches the steady value computed with the WSB 

equations with a characteristic delay of N simulation time steps. 

EXTENSION TO UNSTEADY COMBUSTION 

The WSB model, though originally developed for describing steady combustion and extended to 

treat only linear dynamic response, nevertheless provides a convenient framework for extending the 

subgrid-scale computational models to allow dynamic burning response in simulations.  The principal 

reason this works is because the response of the gas phase flame structure to changes in pressure (e.g., 

acoustic oscillations) occurs much faster than the thermal equilibration of the heated zone in the solid 



material.  The WSB model describes the overall combustion process as one condensed phase reaction 

(with slow dynamic response) and one gas phase reaction (with fast response).  Therefore, the method is 

naturally suited to decoupling the reactions and simulating nonlinear oscillatory response of the 

combustion to changes in pressure. 

For steady burning, heat evolved at the surface is transferred to the solid, and this is balanced by 

regression of the surface as the material is burned away.  The steady state condition is an exponential 

decrease of the temperature inside the solid, approaching the bulk temperature: 
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This distribution is shown in Figure 4 for the case of steady burning of HMX at 20 atm, for which the 

surface temperature is 700 K.  The characteristic thickness of the heated layer is 

d T s( )
κ c

m c T s( ) Cp⋅
:=

 

Because the rate of the condensed phase chemical reaction is extremely temperature dependent, 

almost all of the reaction is predicted to occur in a surface layer that is thin in comparison to the thickness 

of the heated layer.  In this approximation, the temperature distribution is linear, with a characteristic 

temperature gradient β 

β T s( )
T s T 0−( ) Cp⋅ m c T s( )⋅
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Figure 4. Predicted temperature distribution in solid 
HMX for steady burning at 20 atm 



The overall rate of the condensed phase reaction can be expressed in terms of the surface temperature 
and temperature gradient 
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We may thereby develop an approximate model for unsteady burning by using the temperature gradient β 

to represent the temperature distribution in the solid and the surface temperature Ts to determine the 

properties of the gas phase flame.  At each time step in the simulation, the downstream pressure and 

bulk solid temperature are used to compute the hypothetical steady-state surface temperature and 

temperature gradient β.  The actual value of β is computed as a running average 

β
n 1−( ) β⋅

n

T s T 0−( ) m c T s( )⋅ Cp c⋅

κ c n⋅
+

 

where the value of n is given by 

n
κ c

Cp tStep⋅ Vc⋅ m c T s( )2⋅
 

where tStep is the time advanced in one step of the simulation, and n is the number of time steps 

required for the solid to regress through a distance equal to the thickness of the heated zone.  The actual 

mass transfer rate is computed using the steady surface temperature and the running average value of β.  

This algorithm has been tested in 1D simulations of HMX combustion and has the attractive properties of 

being numerically stable and correctly predicting the overshoot in burning rate that occurs with positive 

pressure excursions and the undershoot that occurs upon sudden depressurization of the burning 

material. 

PRELIMINARY SIMULATION RESULTS 

The overall objective of the simulations is to use validated models to understand some of the 

underlying physical and chemical behavior of combustion and explosions, and to exploit this knowledge 

for designing strategies to mitigate the dangers associated with accidents during manufacture, 

transportation and storage of materials and devices.  An example of this type of simulation, using a 

simplified version of the burn model described above, is shown in Figures 5 and 6.  Using the Uintah 

software developed by the University of Utah Center for Simulation of Accidental Fires and Explosions, 

we have simulated the effects of igniting filled and hollowed out models of a plastic-bonded explosive 

(PBX9501, which contains 95% HMX and has similar combustion properties) in a cylindrical steel 

container.  The container in Figure 5 is initially filled completely with PBX9501.  Following ignition at the 

PBX/steel interface, it undergoes rapid pressurization and rupture of the container under conditions where 

only a small fraction of the PBX has been consumed in the reaction.  The results are somewhat different 



when the container is loaded with a smaller amount of PBX by incorporating a hollow bore, as shown in 

Figure 6.  The initial combustion of the PBX causes the material to collapse into the center of the 

container and allows time for a much higher fraction of the PBX to be reacted prior to rupture of the 

container.  This effect results in a more violent explosion and higher velocity fragments. 

 

 

 

 

 

 

 

 

 

 

 

 
 

 

 

 
 
Figure 5. Cross section of a simulated explosion of a cylindrical steel container filled with PBX.  Ignition at the 
PBX/steel interface causes the steel to stretch and rupture.  Most PBX is unreacted. 
 

 
 
Figure 6. Simulated explosion of PBX containing a hollow bore.  Ignition at the PBX/steel interface causes the PBX 
to collapse, resulting in a delayed explosion, greater consumption of the PBX, and higher velocity fragments. 



SUMMARY AND CONCLUSIONS 

The Ward, Son, Brewster algebraic model of propellant combustion provides a convenient and 

physically meaningful starting point for development of computational models of combustion for use in 

large-scale three-dimensional computer simulations.  The method is especially well suited to use with the 

Material Point Method for describing the temporal evolution of materials in close contact with gases under 

conditions where large deformations occur at high strain rates (i.e., in explosions).  A simple 

implementation of the algorithm allows the grid-scale behavior of the simulation to reflect the underlying 

(simplified) chemical kinetic equations, while utilizing a single variable (surface temperature) to connect 

the properties on the resolved scale to those of the underlying fundamentals.  We have described a 

proposed extension of this approach to simulate unsteady combustion of propellants and explosives that 

requires only one extra variable (condensed phase temperature gradient at the surface) to be tracked.  

The WSB approach provides a convenient way of describing the relatively fast response of the gas phase 

flame reaction and the much slower response of the condensed phase temperature distribution to 

reproduce much of the essential physics associated with unsteady combustion behavior.  Initial simulation 

results indicate that the method has promise for understanding the fundamental aspects of explosion 

violence and its dependence on heating rate, environmental conditions and mechanical geometry. 
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Abstract
We present our approach to develop a predictive capability for hazards – thermal and non-shock impact – response of

energetic material systems based on: A) identification of relevant processes; B) characterization of the relevant

properties; C) application of property data to predictive models; and D) application of the models into predictive
simulation. This paper focuses on the first two elements above, while a companion paper by Nichols et al focuses on the

final two elements. We outline the underlying mechanisms of hazards response and their interactions, and present our
experimental work to characterize the necessary material parameters, including thermal ignition, thermal and mechanical

properties, fracture/fragmentation behavior, deflagration rates, and the effect of material damage. We also describe our

validation test, the Scaled Thermal Explosion Experiment. Finally, we integrate the entire collection of data into a
qualitative understanding that is useful until such time as the predictive models become available.

Introduction
The response of energetic materials when subject to stimuli such as heat or impact is a key element in determining the

hazards presented by systems containing energetic materials. Even limiting our consideration to the above stimuli of heat

or impact (or combinations of these), the wide range of energetic materials and the many different configurations in
which they are used makes it difficult to fully assess the hazards through simple experimentation. For example, the

behavior will often be quite different for fast and slow heating, for impact with objects of different shapes and velocities,

and for the same energetic material in systems with different heat flow paths and impact attenuators.

Our goal is to develop a predictive capability for hazards response of energetic material systems based on: A)

identification of the relevant processes in chemical reaction, heat flow, and material motion that govern the hazards
response; B) characterization of the relevant properties of the energetic material; C) application of these data to develop

predictive mathematical models of the material behavior; and D) incorporation of the models into modern high-fidelity

computer codes to allow predictive simulation of the behavior of actual systems containing these materials. In this paper
we discuss our overall approach, with a primary focus on the first two elements. Our efforts are focused on non-shock

impact response and on thermal response of energetic materials; shock response has been relatively-well studied in the
past and is not included here. A companion paper by Nichols et al focuses on the last two elements.

In this paper we outline the underlying chemical and physical processes that control hazards response of energetic

materials. We will then describe our experimental activities to characterize energetic materials behavior in these
processes, including thermal ignition, thermal and mechanical properties, and fracture/ fragmentation behavior. We will

present our current results on deflagration reaction rates and change in material properties through damage. Finally we



will show results from our validation test which serves to integrate these effects into an overall measure of system

response. Within our overall framework of understanding, our experimental results provide a means to qualitatively
assess the nature of expected hazards response based on comparison of properties with those of other materials for which

a significant level of experience has been developed. This is useful until such time as the predictive models become
mature and productive. We will discuss insights we have developed along these lines.

Mechanisms Relevant to Hazards Response
At the most basic level, hazards response is driven by chemical reactions of the energetic material, which are initiated by
high temperature. High pressure generally accelerates reactions, but most often does not initiate them, as shown by the

fact that energetic materials are routinely pressurized to 200 MPa in pressing operations and have been studied at
pressures in excess of 10 GPa in a diamond anvil cell.1 Therefore, critical factors in the onset of reaction are those that

generate, concentrate, and dissipate heat. For materials at high temperature, heat is generated by exothermic

decomposition and dissipated by thermal conduction, and the balance between these determines when an explosion is
ignited. For materials under impact, heat may be generated through mechanisms such as crushing or shearing of materials

or frictional work along material boundaries, and may be concentrated through the formation of hot spots as in energetic

materials under shock. Once reaction is underway, the speed with which the reaction propagates through the materials
(and hence the rate at which energy is released) determines the violence of reaction. The speed is determined by the

chemical reactions themselves, the physical condition of the energetic material (e.g. increased surface area leading to
faster reaction), and the physical nature of the complete system (e.g. high confinement leading to high pressures and

faster reactions). The nature and extent of damage that the energetic material has sustained can play a determining role in

the violence of the ensuing reaction. The interactions among these mechanisms are illustrated in Figure 1.

Figure 1. Physical and chemical steps in hazards response of energetic materials, and their interactions.

The reactions represented in Figure 1 are initiated either with a mechanical or thermal stimulus, as shown at the left side

of the figure. Once beyond the specific stimulus, the same underlying processes govern the response to both mechanical
and thermal stimuli. This is because the chemical reactions leading to an energetic response are initiated by high

temperature, as explained above. This is a very important observation, because it allows us to apply the considerable

body of work on thermal explosion to the associated problem of mechanical impact.

A brief description of each step in Figure 1 will lay the foundation for our experimental activities, which are focused on

identifying and characterizing the material properties and reactions that control these steps. While thermal ignition is
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caused by a high temperature thermal stimulus in a fairly straightforward way, a non-shock mechanical stimulus may

create high localized temperatures leading again to thermal ignition via several mechanisms such as friction between the
energetic material and container, shear within the energetic material, fracture and intergranular friction in the energetic

material, or compaction with void collapse and heating. The challenge is to relate heat localization to mechanical
properties in simulations, and the mechanical behavior of the energetic material before, during, and after material failure

is key. Material damage may be caused by mechanical or thermal stimulus, and will be different in nature for these two

cases. In the event of a slowly-developing thermal or mechanical insult, the damaged state of the energetic material will
change throughout the duration of the event and the material damage is an integral part of the overall response. In most

cases the damaged material is expected to be more reactive. Damage may be characterized by surface area, porosity, and
permeability to gas flow. The flame spread over available surfaces and into cracks may be much faster than propagation

of a flame into the interior of the material, and will be strongly affected by material damage – greater damage indicates

greater porosity and permeability and hence greater opportunity for flames to spread over more surface area. The ignited
surface will undergo combustion at a rate characteristic of the material and its environment, and may lead to more

material damage. The combustion releases hot gaseous products which cause pressure build-up in the system

surrounding the energetic material, accelerating the flame spreading and combustion reactions until the system fails
mechanically with relief of the pressure or until the system proceeds to a runaway explosion with violent structure

response and damage. A major goal of this work is the quantitative prediction of the violence of the ultimate structural
response under thermal or mechanical insult. This offers several technical challenges, including developing appropriate

measures of violence. An additional challenge is that some energetic materials are known to exhibit a broad range of

reaction violence to nominally the same stimulus. (Composition B is one such material that exhibits an occasional violent
response.)

Characterization of Energetic materials Behavior
In the following section we describe our experimental characterization of energetic materials, designed to address steps in

the overall reaction mechanism in Figure 1. We present results on a family of RDX-based energetic materials to illustrate

our approach: Composition B (~64% RDX, ~36% TNT), Composition C-4 (91% RDX, 9% oil), and PBXN-109 (64%
RDX, 20% Al, 16% HTPB binder).

Thermal Ignition
We measure thermal ignition kinetics using the One-Dimensional Time to Explosion (ODTX) test, as described by

McGuire. 2 In this test, a spherical sample 12.7 mm in diameter is held with a high-temperature isothermal boundary

temperature and the time to explosion is measured; the results over a wide range of temperatures provide the kinetic
information needed to develop a multi-step thermal ignition model. The experiments are conducted either with

mechanical and pressure confinement of 150 MPa or with only mechanical confinement (gases are allowed to leak out).
Samples are prepared by pressing (RDX, TNT, Composition B) or hand forming (PBXN-109, C-4). Results are shown in

Figure 2, along with data for pure RDX and pure TNT for comparison.

An inspection of the data shows several features. In general, the ignition times at low temperatures are fairly close for all
materials. At high temperatures there is a considerable spread in ignition times, with C-4 and PBXN-109 having longer

ignition times. In addition, the ignition times for PBXN-109 are not dependent on the confinement of gas. The

convergence of behavior at low temperatures occurs because, at these long ignition times, the samples have more or less
reached thermal equilibrium, the importance of thermal transport is reduced, and ignition is governed by the reaction



kinetics of RDX. At high temperatures thermal transport becomes important, in that a material with high thermal

conductivity (such as aluminum-loaded PBXN-109) dissipates the exothermic heat of reaction and therefore requires a
higher ignition temperature than a material with low thermal conductivity (such as RDX).

Figure 2. ODTX data for the family of RDX-based energetic materials. TNT is included as the “binder” in Comp B.

We use the data shown in Figure 2 to create thermal ignition models for each energetic material. The methodology is
described by Nichols et al in a companion paper at this conference and by McClelland.3,4 The models are directly

applicable to the ignition step in Figure 1, and qualitative observations as described above provide immediate

understanding of the relative behavior of materials.

Mechanical Ignition
Ignition from mechanical deformation is not well understood. As mentioned above, there are several possible

mechanisms, including friction between the energetic material and container, shear within the energetic material, fracture
and intergranular friction in the energetic material, and compaction with void collapse and heating. Most current

experimental activities are aimed at identifying the relevant mechanism, not parameterizing a model, since the
mechanisms are so poorly known.

One approach is the recent measurement of friction of energetic materials with different materials including itself,

reported by Hoffman.5 This work was done with an 85% HMX / 15% Viton energetic material (LX-04) and aluminum,
steel, and PTFE. The coefficients of friction were reported as a function of temperature, and decreased with increasing

temperature, as expected, except with aluminum; in that case it was postulated that the Viton fluoroelastomer abraded the
protective oxide coating from the aluminum and reacted with the exposed aluminum. This work was done to help

parameterize a frictional work model for mechanically-induced ignition, as reported by Chidester.6

Thermal and Mechanical Properties
Thermal properties of particular importance are specific heat, thermal conductivity, and coefficient of thermal expansion.

Most often we use room temperature values of these properties with pristine materials, but to improve the fidelity of
simulations we are measuring these parameters as a function of material temperature and damage state. Specific heat and

thermal expansion measurements for pristine PBXN-109 were reported by McClelland,3 and results are shown in Figure



3. The specific heat increases by 25% from 40°C to 140°C, showing the importance of accurately measuring such

properties over a range of conditions. We are just now obtaining the capability to measure thermal conductivity of
energetic materials over a wide range of temperatures. Similar measurements have been or are being made on other

materials of interest. Characterization of damaged materials is discussed below.

Figure 3. Thermal expansion (left) and specific heat (right) measurements for PBXN-109 at temperatures up to 130°C.
Details of the methods are given by McClelland.3

The effects of a non-shock mechanical deformation are critical in determining ignition from mechanical stimuli. As
described above, the challenge is to relate heat localization to mechanical properties in simulations, and the mechanical

behavior of the energetic material before, during, and after material failure is key. Mechanical properties of importance

include shear modulus, bulk modulus, elastic modulus, and Poisson’s ratio, again over a wide range of temperatures and
material damage. Measurement of the shear and bulk moduli, and estimation of the elastic modulus and Poisson’s ratio,

were reported by McClelland. 3 Results for the shear and bulk moduli are shown in Figure 4. As expected, the shear
moduli decrease with increasing temperature, although the effect is low. We do not have compressive strength and bulk

moduli as a function of temperature.

Figure 4. Shear moduli for PBXN-109 as a function of temperature (left), and compressive stress and bulk modulus for
PBXN-109 at 22°C. The shear moduli were measured at 1 cycle/sec and 0.5% strain. Details are given by McClelland. 3

The thermal and mechanical data for PBXN-109 represent the type of data needed to develop models for the mechanical

stimulus and thermal stimulus steps in Figure 1. These models will also be important in other steps in the overall
mechanism, such as the effect of mechanical properties on the behavior of the material during dynamic pressurization

such as explosion.



Fracture / Fragmentation Behavior
The fracture behavior of energetic materials under mechanical stimulus is a critical element in the understanding of
response to mechanical impact. During mechanical deformation and fracture the energetic material components may

undergo frictional heating from interactions between fragments. Once ignition has occurred, fragmentation leads to
greatly-increased surface area in the energetic material and hence a much higher effective burn rate in terms of energy

release and gas production. The extent of surface area increase from fragmentation is therefore very important.

Our current model for energetic material fragmentation is based on the simple hypothesis that the local fragment surface
area depends on strain and on strain rate. As a result, our model allows fragmentation to occur even though gas pressure

from decomposition products keeps the pressure compressive. With this model, we have captured the particle size
distribution and its dependence on impact velocity that results from the shotgun test of propellants with the same binder

as PBXN-109 (AP/Al/HTPB propellants). The linear strain-rate dependence of our model predicts that large pieces of

energetic material will produce the same number of fragments as small pieces, provided that the impact velocity is the
same. This result is in qualitative accord with observation, but requires detailed analysis of the fragments resulting from

large scale impacts to be proven quantitatively accurate; this latter step is made more difficult by the fact that larger

pieces tend to react in impact tests.

The shotgun test test comprises a two-step procedure for measuring the damage to rocket propellants that results from

impact. In one version of this test, 7 8-gram samples of energetic material are fired from a 12-gauge shotgun at a thick
steel plate. The impact debris are recovered and burned in a closed combustion bomb, with the pressure recorded during

the burn. The rate of pressurization of damaged energetic material depends on the laminar burn rate, which is a property

of the energetic material, and on the surface area, which is a measure of damage. By measuring the burning rate of
undamaged propellant, the surface area of damaged propellant can be determined. 7 Impacted samples using a

representative propellant are shown in Figure 5.

Figure 5. Results of shotgun tests on a representative HTPB propellant with impact velocity 92 m/s (left), 151 m/s
(center), and 214 m/s (right). Figure from Atwood. 7

Our model for fragmentation is consistent with the ideas of comminution. 8 From that perspective, materials are ground

finer by the application of energy, transforming mechanical work into surface energy. The basic idea, then, is that the

local strain energy is used to produce the local fragmentation - the higher the strain energy, the smaller the fragments.
Following this idea, we model the surface to volume ratio of a material under a specific stress state as:

    
S
V
 
 0

= A(ε − ε0 ) ˙ ε 
Eq. (1)



where the subscript 0 indicates that this is the initial S/V ratio before burning starts. The equivalent plastic strain, ε, must

exceed a threshold value, ε0, which corresponds to the strain where little damage occurs. (See Figure 5) The S/V ratio is

also proportional to the average plastic strain rate. This is the method we chose to describe the effects of scale, wherein

the number of fragments produced in two geometrically scaled impacts will be the same. The result that impacts of big
objects make big pieces is qualitatively supported by observation. We chose a specific form for the average strain rate,

    

˙ ε =

˙ ε ( ′ t ) ˙ ε ( ′ t )d ′ t [ ]
0

t

∫
˙ ε ( ′ t )d ′ t 

0

t

∫ Eq. (2)

which we call the strain-averaged strain rate. We separate the numerator integrand, which is the square of the strain rate,

to highlight the structure. The bracketed factor is just the differential of the strain. The reason for our choice of weighting

is that the value of our average strain rate will stay constant after a transient impact. If the strain doesn’t increase, the
average strain rate won’t change. With a simple time-averaged value, the average strain rate will decrease after the

impact, depending on how long one waits. Without averaging of some kind, the finite-difference analog of the strain rate
will be noisy, and have artificially high value.

To fit this model to shotgun test results, we calculated the strain history in the samples during impact and compared this

with the pressure data from the closed bomb burner. From this we calculated parameters ε0 = 0.1, A = 700 µsec/mm for a

range of HTPB propellants under study. The fit was reasonably good; the model predicted the end piece of the sample
impacted at intermediate velocity would remain intact, as in fact it did (Fig. 5).

This model is being extended to a wider range of materials, and its applicability for these remains to be demonstrated.
Nonetheless it is a practical model to estimate the increase in surface area of an energetic material sample under

mechanical deformation.

Deflagration Behavior
Deflagration behavior of the energetic material (combustion in Figure 1) determines the rate of energy release and hence

is a key factor in overall reaction violence. We measured the deflagration rate of PBXN-109, Composition B and
Composition C-4 at high pressures (10-700 MPa) and temperatures (20 – 180°C), using the LLNL high pressure strand

burner. This instrument, shown schematically in Figure 6, combines the features of a traditional closed-bomb burner with

those of a traditional strand burner.  The LLNL high-pressure strand burner contains a burning sample in a small volume,
high-pressure chamber. We measure  temporal pressure data and burn front time-of-arrival data to get the laminar burn

rate for a range of pressures in one experiment. We use a pressure transducer and a load cell to measure the temporal

pressure in the bomb, and detect the arrival of the burn front by the burning-through of thin wires embedded in the
sample. High speed digital scopes capture the data for subsequent analysis. In contrast, with a standard closed-bomb

burner, pressure in the combustion chamber is the only measurement; calculation of the burn rate requires accurate
knowledge of the equation of state of the product gases and accurate treatment of heat losses. There is no measure of the

surface regression rate to check combustion uniformity, so data from samples that burn erratically are particularly hard to

interpret. The standard strand burner provides direct measurement of the surface regression rate in a large volume at
constant pressure, giving only one pressure/rate data point in each experiment; furthermore, the large volume required for

isobaric operation means that operation at high pressures is generally not practical. Further details on this apparatus are
given by Maienschein. 9,10



a

b

c

d

e

f

g a - nine-segment burn sample, with burn wires
between segments ( only two wires shown
for clarity) and ignitor on top;

b - top plug with inlet and outlet ports and
pressure transducer in center;

c - load cell;
d - pressure vessel;
e - bottom plug with wire feedthroughs;
f - signal wires to electronics;
g - load frame (top and bottom)

Figure 6. Schematic of LLNL strand burner

The deflagration behavior of the three materials at room temperature is shown in Figure 7-9. Results at high temperature
are reported by Maienschein. 10The deflagration behavior of PBXN-109 in Figure 7 is remarkably stable over the entire

pressure range, with data showing smooth and consistent increases with pressure within each run and from run to run.

Also shown in Figure 7 are data at the lower end of our pressure range measured at NAWC. 11 The LLNL and NAWC
results show excellent agreement. Our burn rate data show a slope change around 135 MPa. Power-law parameters and

line fits are shown for the low-pressure and high-pressure regions. The pressure exponent decreases significantly at
pressures above 135 MPa from greater than 1 (1.32) to less than 1 (0.85).

Composition B exhibited deflagration behavior unlike that of other materials that we have tested. In virtually every case

(Figure 8), the first few pellets burned relatively slowly and with apparent uniformity, but later pellets burned very
rapidly and erratically. The first few pellets provide a measurement of the uniform deflagration rate of Composition B

before it undergoes the transition to rapid deflagration. The fit to the lower edge of the data set, representing the burning

of the first few pellets, shows a second-order pressure dependence, very high compared with all other materials we have
tested. The high pressure dependence of Composition B deflagration has been previously observed. Birk reported results

from interrupted burning tests at pressures up to 70 MPa, and found an overall pressure dependence of 1.7. 12 Later work
by the same group showed the pressure exponent ranging from 1.5 to 1.7 in measurements with a strand burner at 2-10

MPa and with a closed bomb at 10-100 MPa. 13 We interpret the onset of rapid burning as the onset of deconsolidation of

the sample – the sample loses mechanical integrity and develops high surface area, leading to rapid deflagration. The first
few pellets burn with apparent uniformity and the following pellets burn rapidly, regardless of the initial pressure.

Therefore the deconsolidation process in Composition B seems to be time dependent instead of pressure dependent as in
HMX-based energetic materials. 9 This may be a result of dynamic melting of the TNT during the deflagration process in

the high-temperature environment of the pressure vessel.

Composition C-4 exhibits deflagration behavior (Figure 9) between that of PBXN-109 and Composition B. At low
pressures the deflagration is uniform, but at pressures above 70 MPa the deflagration rate starts to rapidly climb,

indicative of deconsolidation.
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In comparing these three formulations, we see very similar deflagration with PBXN-109 and Composition C-4 before the
onset of deconsolidation with approximately 1st-order pressure dependence; however, PBXN-109 with its HTPB binder

maintains mechanical integrity and does not undergo deconsolidative burning at any pressures, while Composition C-4

with its oil binder has low mechanical strength and does physically fail. Composition B has a very different behavior,
with a 2nd-order pressure dependence before deconsolidation.

Material Damage
As described above, material damage may be caused by mechanical or thermal stimulus, and will be different in nature

for these two cases. A slowly-developing (minutes to hours) thermal stimulus may lead to an evolving damage state as

the event proceeds, and the changing material damage is an integral part of the overall response. Mechanical damage will
occur more rapidly (microseconds to seconds). In most cases the damaged material is expected to be more reactive.

In determining the definition and diagnostics for material damage, we consider the effect of damage on the response
processes shown in Figure 1. The production of porosity and increase in permeability (connected pores) increases the

surface area for flame spread and combustion, so porosity, permeability, and surface area are key damage parameters.

Characterization of the deflagration behavior of damaged material represents an integration of the above factors and can



provide an independent way to represent the effects of damage. Of perhaps lower importance are the changes in thermal

and mechanical properties and density.

We are measuring permeability and surface area for thermally and mechanically-damaged energetic materials. We use a

commercial permeameter (Porous Materials Inc, Ithaca NY) to measure gas permeation, and a standard BET apparatus to
measure surface area. In preliminary results, we found that an 85% HMX / 15% Viton energetic material (LX-04)

showed no permeability change when heated to 140°C (permeability < 1x10-20 m2, limit of detectability), and showed a

permeability of 2x10-18 m2 when heated to 190°C.  This is consistent with observations made with PBX9501 by Parker. 14

In tests with a mock energetic material of varying densities and degrees of damage, we found that the permeability was

well correlated with ε3/(1-ε)2, where ε is the porosity. This is the functionality predicted by the Blake-Kozeny equation15

for gas flow through a porous media, and represents a promising candidate for thermal damage simulations involving

evolution of permeability. 16 Hsu also reports on the change in density and sound speed in pristine and damaged mock
energetic material.

Work in characterizing damaged energetic materials is still immature, but clearly represents an important component of
the overall hazards response understanding.

Other areas
Referring to Figure 1, we identify flame spreading as an area where knowledge is lacking and there is not significant
research underway. Pressure build-up or relief depends on production of gas and heat from the combustion process and

change in system volume from structural response. Therefore, understanding the structural response, which generally
depends on the behavior of non-energetic structural elements, is also key to the problem.

Integrated Test - Scaled Thermal Explosion Experiment
To experimentally explore the integration of all the response processes, we developed the Scaled Thermal Explosion
Experiment with the following goals in mind: uniform heating for well-defined boundary conditions; well-defined

physical confinement; pre-determined reaction location away from end effects; a range of physical scales; quantitative
measurements of reaction violence; and a design to allow accurate simulations of the system while avoiding physical

features that are difficult to model. To this end, we devised a cylindrical test, shown in Figure 10, where the reaction

initiates in the axially central region of the cylinder (radial location depends on heating rate). Confinement is provided by
a steel wall and thick end caps, with rupture pressures of 50, 100, or 200 MPa. Most experiments have been conducted

with sample diameter of 51 mm and length of 203 mm. The vessel is externally heated until it explodes. Diagnostics
include thermocouples and thermisters at many locations, strain gauges, an internal pressure gauge on some experiments,

and measurement of the wall velocity during the explosion using micropower impulse radar. Further details are given by

Wardell. 17

Several STEX tests have been run with the family of RDX-based energetic materials. The results are shown in Table 1.

The relation of wall velocity to energy release as a percent of detonation energy is discussed by Wardell. 17 We assess

reaction violence from the number and size of wall fragments(many small fragments indicates high violence, few large
fragments indicates low violence), the wall velocity, and the radial strain rate. Composition B showed uniformly high

reaction violence - only at low confinement and a fast heating rate did it give a low degree of violence. PBXN-109, on
the other hand, showed very mild reaction violence even with a high degree of confinement and slow heating.

Composition C-4 was quite violent, particularly considering the low confinement with which it was tested.



Figure 10. Designer’s rendition of the 51 mm STEX
vessel. Note the vessel tube, brazed flanges, thick end caps
and large bolts.

Table 1. Summary of results of scaled thermal explosion experiments with RDX-based energetic materials. For all: 51
mm diameter, 203 mm length; ramp rate above 130°C is shown. Onset temperature is the highest reading on the vessel
exterior at the time of runaway reaction. All vessels were sealed, with no visual or audible evidence of venting. Violence
is indicated by fragment distribution, by peak wall velocities measured by radar, by calculation of percent of detonation
energy, and by peak wall strain rate.

Test
#

Confinement,
MPa

Ramp
rate,
°C/hr

Onset
temp.

°C

Frag-
ments*

Wall velocity†

(3 channels), m/s
“Average”

wall velocity,
m/s

% of detonation
energy

Log (peak wall
radial strain rate,

s-1)
Composition B
12 200 1.0 159 37S 2100, 2000, x 2000 100 2.0
13 200 1.0 160 52S 2000, 2800, 1000 1300 45 -
17 200 2.0 164 48S x, 1800, 600 700 13 2.5
18 200 3.0 166 48S 1100, 900, x 880 20 1.7
19 100 1.0 164 22S 2500, 2500, x 2500 100 2.7
20 100 3.0 169 1S** 200, x, x 200 1 1.7

PBXN-109
36 200 1.0 152 3L 250, 450, 180 200 1 2.6

Composition C-4
40 50 1.0 169 24S 2500, 2300, 2200 2200 50 3.0

* L: large frags several cm largest dimension; S: small frags ~ 1-2 cm.;
** vessel wall was largely intact, but greatly deformed. One fragment was ejected.
† in some cases, radar channel did not report. Missing data are shown as x.

Integrated Test – Steven Impact Test
An integrated test for mechanical response of energetic materials is the Steven Impact Test, as described by Chidester. 6

Description of the test and results with different explosives is beyond the scope of this paper.

Qualitative Insights from Experimental Data
We can draw some qualitative insights on thermal explosion behavior from the material characterization data above. The

ODTX data suggest that the thermal ignition of the RDX-based energetic materials should be similar at low temperatures,

and indeed the ignition temperatures for the three materials in the STEX data were fairly consistent at 152 – 169°C. The
difference in reaction violence is consistent with the deflagration behavior. The pressure dependence of the deflagration

rate is significant - for materials with a low pressure dependence of high-pressure deflagration, such as PBXN-109 and
Composition C-4 (n~1), the reaction rate is accelerated relatively slowly. In contrast, for a material with a high pressure

dependence for deflagration, such as Composition B (n~2), the high-pressure deflagration is accelerated at a very high

rate, leading to very violent thermal explosions. In addition, the deconsolidation leading to high deflagration rates with
Compositions B and C-4 drive the violence even higher. For Composition C-4, at least, this latter effect is most important

since its pressure exponent is ~ 1.



Our ability to relate mechanical properties and fracture / fragmentation behavior to data from the Steven Test is very

limited, as the general area of mechanical impact is much less mature than that of thermal explosion. Nonetheless, this is
the direction that our research is intended to take.

Summary
We have presented an integrated mechanism for hazards response of energetic materials, which provides a conceptual

framework to define material characterization and response studies. We illustrate the application of this approach by

presenting data for a series of RDX-based energetic materials in thermal explosion experiments. Consideration of the
characterization data provides qualitative insight into the hazards response behavior of the materials. Use of the

characterization data to develop material models that are incorporated into a suitable simulation code will ultimately
provide a predictive capability for a wide range of scenarios – this is our long-term objective in the area of hazards

response of energetic materials.

We note that the studies reference herein represent an incomplete set of the current research in this field – the primary
purpose of this article is to desribe the approach being undertaken at Lawrence Livermore National Laboratory as well as

at other institutions.
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Abstract 
We present our approach to develop a predictive capability for hazards – thermal and non-

shock impact – response of energetic material systems based on: A) identification of relevant 

processes; B) characterization of the relevant properties; C) application of property data to 

predictive models; and D) application of the models into predictive simulation. This paper 

focuses on the last two elements above, while a companion paper by Maienschein et al 

focuses on the first two elements. We outline models to describe the both the microscopic 

evolution of hot spots for detonation response and thermal kinetic models used to model slow 

heat environments. We show examples of application to both types of environments. 

I. Introduction  
Predicting the response of energetic materials to complex stimuli is of critical importance in 

order to understand the safety characteristics of systems containing energetic materials. The 

energetic material system may be subject to a wide variety of insults that in principle need to 

be characterized. The breadth of these scenarios compels the need for the development of 

fundamental models for energetic material response. It is the hope that such development can 

reduce the need for full scale experiments by both pinpointing the material properties needed 

for the model and integrating this information in a manner that can be used to quantify our 

uncertainty. 

Our goal is to develop a predictive capability for hazards response of energetic material 

systems based on: A) identification of the relevant processes in chemical reaction, heat flow, 

and material motion that govern the hazards response; B) characterization of the relevant 

properties of the energetic material; C) application of these data to develop predictive 

mathematical models of the material behavior; and D) incorporation of the models into 

modern high-fidelity computer codes to allow predictive simulation of the behavior of actual 

systems containing these materials. This paper will focus the last two elements. A companion 

paper by Maienschein et al discusses the overall approach. 



The basic characteristic of all energetic materials is that they are capable of the release of 

large quantities of energy. However, the conditions under which this energy may be released 

must be relatively difficult to attain, otherwise they would be too difficult to handle. This has 

direct implications on the kinds of mechanisms that need to be considered in the energetic 

material model. Intrinsically, these mechanisms are connected to the thermally driven 

chemical reactions of the energetic material. Thus, in order to model the energetic response, 

consideration must be given to how energy flows in the system, both locally and globally. 

Local energy focusing, known as hot spots, are key to the understanding the initiation 

response of mechanical insults. We have developed and will present a statistical hot spot 

model that elucidates the processes involved with mechanical driven initiation. Global heat 

flow is central to the understanding thermal explosion. 

Once the energetic material has begun to react, the hazard associated with it is determined by 

the rate at which it releases energy. For thermal explosion, this is dependent on the level of 

preconditioning of the explosive. We have developed models to account for the change in 

state and condition of the material during the long pre-ignition phase, and then the effect 

these changes have on the subsequent deflagration. For mechanical driven ignition, the 

number and type of hot spots determines the level of violence. We are currently developing 

model frameworks that can be used to incorporate the effects of damage on the creation and 

destruction of potential hot spots by thermal and mechanical preconditioning. 

All of these models have been incorporated into a modern coupled thermal-mechanical-

chemical hydro-code, and we will show its application of these models to sample problems. 

In Section II we describe the ALE3D code and define NLTE SHS model. In Section III we 

describe the process for defining the parameters used in our models. In Section IV we show 

results of the model as applied to detonation and cookoff, and summarize in Section V. 

II. The ALE3D Code and NLTE SHS Model 
The ALE3D1,2 code is a coupled thermal-hydro-chemical code that has been under 

development at LLNL for several years. The current version of ALE3D began as a 3D ALE 

hydrocode to which has been added several capabilities. These include implicit thermal 

transport, thermally driven reactions, models for both the thermal and mechanical properties 

of chemical mixtures, second order species advection, and implicit hydrodynamics.  



Probabilistic hot spot Formulation 

Nichols and Tarver3 initially described the statistical hot spot formulation. The first phase in 

constructing the statistical hot spot model is the consideration of the distribution of those hot 

spots. The model assumes that potential hot spots are randomly distributed in space. When a 

stimulus arrives, the potential hot spots can either be ignited or destroyed (e.g. enough energy 

is localized in the hot spot to induce a self sustained reaction, or energy dissipation removes 

the energy faster than the reaction can start.) Once ignited, we assume that the hot spots either 

grow radially with a burn rate , which is defined as a function of the local pressure. We 

define the number of hot spots that are active at time t is

)(Pv

( )tρA , and ρB(t) as the number of hot 

spots created at time t. In the current model, it is assumed that all hot spots active at time t 

have the same rate of death µ(t). With these assumptions, the log of the extent of reaction h 

can be related to the ignition rate with the following differential equations: 
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where ε is initial hot spot size, and where f and g are intermediate components whose 

definition we will not pursue here.  

An ignition model is needed to define ρB(t). We begin by defining the initial density of 

potential hot spots ρP
0.The following phenomenological ignition model that captures many of 

the features required of an ignition model is: 
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Here K(p) is the rate of potential hot spot transformation, and K(PA) is the constant death rate 

for potential hot spots. It is the rate of transformation at the pressure PA when the first hot 



spots actually start igniting. P0 is the ignition rate 

threshold pressure that represents the internal 

resistance to void collapse. To prevent 

unrealistically large collapse rates during numerical 

pressure spikes, P* is defined as the saturation 

pressure. H is the heavy side step function, which is 

zero for all arguments less than zero and one for 

everything else. We originally envisioned a 

compression rate dependent ignition rate, but such a 

rate can be extremely mesh-size dependent. More 

complex ignition models can be formulated as this 

model evolves. 

Non-Local Thermodynamic Equilibrium 

Material model 

For the hot spot model, we use a non-local thermodyna

the mixture of reactants and products. In our model, th

hydrodynamic work are conducted simultaneously and

transforms into products, the internal energy and volum

fractions in a time centered self consistent manner. Ene

each species and the material as a whole using a third o

current model, we assume that any external energy and

artificial viscosity in the zone is distributed equally to e

pressure used to determine the reaction rate is taken to 

beginning and end of the time step. The relative volum

pressure and extent of reaction have been equilibrated.

III. Model Parameterization 
Parameters for the NLTE SHS Model 

For the NLTE SHS model, we have defined a total of 8

associated with the equation of state, for the statistical 

v, PA, ρP
0, and ε. P0 is related to the yield strength of th

yield strength in our model. The burn velocity v is deri
Table 1. Reaction Rate Parameters 
for NLTE SHS Model 

Parameter Model 1 Model 2 
P0 (GPa) 0.6 0.6  
PA(GPa) 1.2 1.2 
P*(GPa) 10 10 
Void Fraction 0.02 0.02 
τ(µs) 0.009 0.009  
ε (cm) 8.6358E-06 1.0531e-4 
ρP

0 (cm-3) 7.4127E+12 4.0871e9 
A (cm-µs/g) 51741. 4242.8 
D(µs-1) 292.88 24.016 
µ (µs-1) 1 1  

Pressure (GPa) Burn Rate (cm/µs 
0.0001 2.35E-07 2.35E-07 
0.1 1.00E-05 1.00E-05 
3. 4.00E-04 5.00E-04 
7.5  2.50E-03 
10  4.00E-03 
15.  9.00E-03 
20 2.85E-3  
37. 4.1E-3 5.00E-02 
100.  5.00E-02 
200 1.6E-2  
mic model for the equation of state of 

e extent of composition change and the 

 self consistently. As the reactant 

e are exchanged along with the mass 

rgy is advanced through pdv work for 

rder Runge-Kutta scheme. In our 

 qedv work associated with the 

ach species by their mass. The 

be the average of the pressure at the 

e of each component is adjusted until 

 

 parameters, not counting those 

hot spot model. They are: P0, P*, A, µ, 

e explosive, and so we will use the 

ved from strand-burner and diamond 



anvil experiments. The value of PA is set equal to the value of the shock pressure that just 

begins to ignite the explosive. 

The values of ρP
0, ε, A, and P*are determined by a heuristic arguments relating them to the 

total initial hot spot volume, burn rate v at the detonation pressure pD, the reaction zone time 

τ, initial void density ρv, the rate of pore collapse under pressure: 
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where ρ0 is the initial density, and c is the reference sound speed. We can handle the natural 

curvature that comes out of this formulation by an appropriate choice of P*. 

Reactant and product equations of state are needed to describe the states attained during 

shock compression. The Jones-Wilkins-Lee (JWL) equation of state is used for the reactant 

with typical parameters for an HMX-based plastic bonded explosive. This JWL equation fits 

the measured reactant Hugoniot data at low shock pressures and the von Neumann spike data 

at high pressures4. The reaction products are described by LEOS tables fit to product equation 

of state calculated by the CHEETAH chemical equilibrium code5.  

Parameters for Slow Heat Enviornments 

ALE3D chemical, mechanical, and thermal models have been developed to model the 

cookoff of LX-10 in the Scaled Thermal EXplosion (STEX)6 test. The decomposition of 

HMX in the LX-10 is modeled by four-step, five-species chemical kinetics based on the 

model reported in 7. The first two steps are endothermic and the final two steps are 

exothermic. The components are the solid species β- and δ-HMX, a solid intermediate, and 

intermediate and final gas products. The decomposition of Viton A is represented by a single-

step endothermic reaction. The two reactions sequences are treated as non-interacting.  

After the Arrhenius reaction rates have increased to the point where changes are occurring on 

the time scale of sound propagation, a switch is made to a burn front model in which 

reactants are converted to products in a single reaction step. We assume that the burn front 

velocity, V, is a function of the pressure, P, at the front location, and use piece-wise power-

law expressions of the form to describe segments of the burn front curve. The deflagration 

rate of LX-10 was measured with the LLNL High Pressure Strand Burner 



The mechanical behavior of the condensed HE constituents along with the Viton reactant is 

represented by Steinberg-Guinan mechanical models with a 7-term polynomial equation of 

state. The constant volume heat capacity does not vary with temperature in this EOS. 

Calculated melt and cold curves are used to account for the influence of compression on 

melting energy. A nonlinear regression8 procedure was used to determine the coefficients that 

give an optimal representation of the measurements of the thermal expansion, 

compressibility, sound speed, and the unreacted shock Hugoniot. The model gas constituents 

along with the air in the gap are treated as no-strength materials with gamma-law equations 

of state.  

The time-dependent thermal transport model includes the effects of conduction, reaction, 

advection, and compression. The constant-volume heat capacity is constant for each reactant 

consistent with the Steinberg-Guinan model. The thermal conductivity for the condensed 

species is taken to be constant, whereas the effects of temperature are included for the 

gaseous species. The heat capacity for the gases is assigned the same constant-volume value 

used in the gamma-law model. The temperature-dependent thermal conductivity is estimated 

at 1 kbar (100 MPa) using Bridgman’s9 equation for liquids in which the sound velocity is 

calculated using results from CHEETAH.  

IV. Results 
NLTE SHS Model for PBX-9501 Detonation Velocity Diameter Effect 

As discussed in the previous section, the ignition and growth of reaction model has eight 

parameters: P0, P*, A, µ, v, PA, ρP
0, and ε. The parameters for the model developed here are 

listed in Table 1. P0 is the ignition rate threshold pressure and is set to the Hugoniot elastic 

limit for HMX10. The activation threshold has been set to twice the Hugoniot elastic limit. 

The reaction growth rate v is assumed to be a function of pressure as measured 

experimentally in strand burner11 and diamond anvil cells on pure HMX12. This pressure 

versus burn rate function is shown in Table 1. The initial hot spot diameter ε and initial 

number of potential hot spot sites ρP
0 are derived from the burn rate at the detonation 

conditions based on a reaction time set to match experimental results.  

We examine the detonation velocity diameter effect with the statistical hot spot model. In 

order to determine the detonation velocity, two-dimensional axi-symmetric problems at the 

requisite diameters were created. The length to diameter ratio was set to 4, and the calculation 

was run for 10 microseconds times the radius in cm. This generally ensured that the shock 



wave has proceeded through 

approximately 90% of the length. The 

cylinder of explosive was given a 

velocity of .1 mm/microsecond into 

unmovable stonewall. A mesh resolution 

of 1000 elements per cm was used for 

most of the work shown here. Multiple 

resolutions were used to confirm mesh 

convergence. In order to capture the 

locus of the detonation front, the 

cylinder was divided into two regions, 

one a single element thick running along 

the axis. The location of the highest 

pressure in this region was then written 

to a history file for processing. The 

detonation velocity was calculated by a 

least squares fit to the final eighth of the time steps. 
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Figure 1. Detonation Velocity as a function of 
inverse cylinder diameter. The solid square dots 
are the experimental results of Campbell and 
Engelke. Model 1 has a explosive burn rate 
exponent of approximately 0.75, while model two 
has a higher exponent above 3 GPa. 

Two models are shown in Table 1. The first model developed uses a burn rate pressure 

exponent of ~0.75 that essentially matches the experimental data. The second model follows 

the higher-pressure burn rate and then continues with an exponent of 2 to the detonation 

pressure. The detonation velocity versus cylinder diameter for both models and the 

experimental results of A. W. Campbell and Ray Engelke13 are plotted in Figure 1. Although 

model 1 reproduces the detonation velocity diameter effect for large diameters, the detonation 

continues to propagate even at small diameters, contrary to experimental observation. This 

behavior is typical of all reaction models that use a pressure burn rate exponent of 0.75. 

Essentially, the burn rate does not change rapidly enough to cause the classical detonation 

failure, but instead the detonation velocity steadily drops until it merges with the sound 

speed. The fact that this model does not properly fail at small diameters leads one to believe 

that there are processes that are not being captured in this model.  

One issue that could affect the model is the burn rate function. The experimental data that we 

use was collected at room temperature. Although the burn rate tends to exhibit weak 

temperature dependence, temperature changes in the order of a thousand degrees will 



probably result in significant change in the burn rate. An effective burn rate with a higher-

pressure exponent would represent the temperature increased burn rate, since the temperature 

increases as we increase the shock pressure. This is the basis of model 2. Model 2 slightly 

under predicts the detonation velocity in the intermediate diameters until just before 

detonation failure. The model does reproduce the classic detonation failure diameter. 

Slow Heat results for Scalable Thermal EXplosion Test of LX-10 

The STEX apparatus, shown in Figure 2, consists of a 8 inch long, 2 inch diameter thin 

walled vessel with 1 inch flanges and base plates to provide stout end confinement. A two-

dimensional, axisymmetric ALE3D model is used to simulate the cookoff of LX-10 in STEX 

Test TE-047. In the experiment, the system includes 8.66% by ullage by volume distributed 

over the sides and ends. In the simulation, the ullage is applied entirely to the sides to 

minimize the artificial pressurization resulting from numerical artifacts associated with the 

modeling of the gap. The gap is filled with air described by a gamma-law model in which the 

constant volume heat capacity is increased by a factor of 10 above its physical value to 

reduce spurious temperature increases associated with rapid compression. All components of 

the vessel assembly are taken to be perfectly joined. 

The top, bottom, and side heaters are applied as uniform heat flux conditions on the top, 

bottom, and side surfaces. Included among the side heater surfaces are the sides of the tube 

and flanges along with the inward facing surfaces of the flanges. The heat fluxes for these 
Figure 2. Schematic for STEX test with LX-10 confined in an AerMet 100 vessel. 



three heaters are adjusted using three independent PI controllers to maintain the temperatures 

at the cylinder mid plane (TC1), and top (TC2), and bottom (TC3) at their set-point values. 

Thermal convection is applied to all outward facing surfaces using heat transfer coefficients 

for laminar flow of air past appropriate model surfaces such as vertical and horizontal 

plates14. Standard expressions for hemispherical radiation are used on these same surfaces. A 

boundary layer expression for heat transfer resulting from the flow of air past a vertical plate 

is used on the tube surface. This expression has a dependence on the vertical coordinate, and 

is used to compensate for preferential cooling observed on the lower portion of the tube. 

During the final ramp of 1° C/h, the upper and lower control temperatures TC2 and TC3 are 

kept 9 and 5°C cooler than the side control temperature in an attempt to keep the ignition 

point near the axial midplane . 

The ALE3D computer code requires 3D meshes, and a wedge-shaped mesh is employed for 

the 2D model of this study. A small hole is present near the symmetry axis to allow the use of 

hexahedral elements at all locations. In the base case, the tube cavity has 12 elements in the 

radial direction which is increased by a factor of 2 in mesh refinement studies. Some of the 

elements have both HE and air, and standard mixing rules are employed to calculate the 

energy, heat capacity, thermal conductivity, shear modulus, and equation of state15. The mesh 

is smoothed using a combination of Lagrange and Eulerian algorithms. Nodes initially on the 

interface between the cavity and the steel remain on these boundaries while nodes interior to 

the cavity are advected through the flowing HE and air. 

A fully implicit method is used for the integration of the thermal transport equations during 

the thermal ramp and much of the subsequent ignition process. During the thermal ramp and 

subsequent ignition process, the hydrodynamic equations are integrated using an explicit 

method with the material densities increased by a large factor to make the calculations 

computationally feasible. An algorithm is used to select the scale factor. During thermal 

runaway, the time step is decreased by approximately 14 orders of magnitude to resolve 

behavior on the dramatically shrinking time scale.  

After a temperature reaches a user-specified threshold value, the multi-step kinetics model is 

replaced by the burn front model that propagates through the HE converting reactants to 

products in a single step. This burn front is tracked using a level set method that conserves 

mass, momentum, and energy across the front. Since the mesh is not moved to explicitly 

track the front, the resolution of the burn front is on the scale of the mesh element size.  



Comparison of Model and Measured C

In cookoff Test TE-047 for LX-10, the set-point

from room temperature to 130oC, held for 5.0 h,

runaway. The measured center internal tempera

is believed to be associated with the beta to delt

130oC, the top and bottom set-point temperature

than TC1, respectively. The cookoff temperatur

end of runaway, is 182 oC for both the simulatio

provides an excellent prediction (Figure 3). Bot

temperatures begin to increase 2 h before ignitio

Initial experimental and model hoop strain resul

duration of the test in Figure 4. The location for

the axial midplane. On the 70 h time scale of the

shows linear increases that follow the changes i

in measured strain follow the thermal expansion

increase in strain to 3.4% based on the measurem

The simulated strains for the 1X and 2X meshes

until t=40 h at which time there is a more rapid 

results are approaching the measured results as 

observed are likely the result of the model repre

and possibly flaws in the chemical kinetics mod
Figure 4. Comparison of model and 
measured strain rates for STEX test TE-047 
with LX-10  
Figure 3.  Measured and ALE3D model 
temperature results for STEX test TE-047 
with LX-10 
ookoff Results for LX-10 

 temperature for TC1 was increased in stages 

 and then increased at 1oC/h until thermal 

ture (TC6) shows a dip around 152 oC which 

a phase transition for HMX. After the hold at 

s TC2 and TC3 are kept 9oC and 4oC cooler 

e, taken to be the set-point temperature at the 

n and experiment, indicating that the model 

h the measured and model internal 

n.  

ts for the rapid expansion are shown for the 

 the measurement is the side of the vessel at 

 test, the strain measured on long times 

n temperature. This suggests that the increases 

 of the tube. At ignition, there is a rapid 

ents at a high sampling rate (not shown). 

, approximately track the measured values 

increase in the model curves. The model 

the mesh is refined. The discrepancies 

sentation of the gap using mixed materials, 

els as has been noted in earlier studies16,17. In 



the future, more detailed comparisons will be made between model calculations and the 

measured strains, the PDV curves, and radar measurements described. 

V. Summary 
In this paper, we have described a new detonation model for HMX. The equations of state 

models are based on current best practice. The reaction parameters have been based available 

reactant experimental data. The mixture equation of state equilibrates the pressure of each 

species, but does not equilibrate the temperature. Instead, we track the flow of energy as the 

composition changes from one species to another. This keeps the reactants cold while the 

products will be hot, in keeping with the physical model. These models were applied to the 

detonation velocity diameter effect, to good result. 

ALE3D models were applied to the STEX test with LX-10 confined in an AerMet 100 tube. 

The mechanical behavior of the AerMet 100 was represented by Steinberg-Guinan models 

with a Gruneisen EOS. A Steinberg-Guinan mechanical model with polynomial EOS was 

used for the HMX and Viton solid species while Gamma-Law models were selected for the 

gases. A four-step Tarver-McGuire model was used to represent the chemical kinetics 

behavior at long times based on ODTX measurements. The power-law burn model was 

employed for the microsecond time to represent measurements made with the high-pressure-

strand burner. The prediction for the explosion temperature was in excellent agreement with 

the measured value. However, the predicted strains were significantly larger than the 

measured values. The numerical errors are expected to be reduced with the addition of 

implicit integration for the momentum equation which is currently in development, and 

improved modeling of the internal porosity of the material. 

The results shown here describe the process that we have begun to use to model the response 

of energetic materials to a variety of hazard conditions. These models are integrated within a 

single modern code framework, which allows us to use the appropriate models as needed. In 

the future we plan to more tightly couple these models so that the code will naturally 

transition from the slow thermal to fast thermal to impact loading to shock loading without 

the need of the user to define a separate model for each process.  
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1. Introduction 
 

Artillery rounds for modern guns are very demanding on every component of the 

whole system: the shell, the explosive filler, the booster, the fuze and the modular 

charges. 

Focussing only on the shell and the explosive, the actual requirements (Fig.1), having 

influence on the explosive selection and the wall thickness of the shells, are: 

- extended ranges (reinforced bottom part) , 

- perforation of concrete (reinforced nose part), 

- combat of semi/hard targets (thick walls along the whole shell length), 

- IM compatibility (thin walls or venting areas of the shell for cook-off). 

For high-G acceleration in combination with concrete wall perforation, reinforced steel 

walls for the shell without any weak points are necessary. 

In the same way hard target defeat requires thick-walled shells in combination with 

high energetic explosives. 

The explosive charge should be as incompressible as possible and have low 

sensitivity to shock, to withstand the resulting launching and slow down stresses. 

Thick shells reduce the energy of bullets, fragments or shaped charge jets before 

they hit on the explosive and support in some respects impact safety.  

Whereas cook-off resistance, under these conditions needs special heat resistant 

explosives together with individual filling processes and specific shell designs to meet 

all above requirements (Fig.2). 



2. Heat Initiation 
 

The temperature measured in a fuel fire enveloping a test specimen, is between 900° 

and 1100°C. 

Without insulation, even with thick shells, the heat of a fire is rapidly transferred 

through the metal case direct to the surface of the explosive charge. 

Within a few minutes the surface of the explosive charge reaches the decomposition 

temperature (Fig.3). 

The decomposition rate of an explosive depends on its temperature. 

The higher the temperature of the explosive, the faster is the decomposition rate and 

the greater is the amount of gas and heat, evolved by the HE decomposition. 

Under the confinement of a thick-walled shell, the gaseous reaction products cannot 

escape and the pressure builds up. The pressure compacts the reaction zone of the 

explosive and the reaction rate grows. 

Increasing temperature caused by the heat transfer from the fire, in combination with 

the increasing pressure by the thermal decomposition of the explosive, accelerates 

the reaction in a “closed vessel” to a detonation. 

Consequently in thick-walled steel shells the cook-off resistance of a warhead can 

only be guaranteed by venting mechanisms of the shell: even with an inert filling the 

built up pressure in a totally closed shell can be high enough to break the shell in a 

more than “Type V reaction”. 

 

3. IM Filling 
 

We use for PBX, cure cast and press fill, as principal filling processes for Insensitive 

Munitions (Fig.4). 

The comparison of a pressable PBX with a cure cast PBX shows in some respect 

advantages for the pressed charge (Fig.5): 

a) A higher possible explosive content 

10% or more of a fluid resin are needed in a PBX to get acceptable viscosities for  a 

good coating of the particles in the mixer and for a fast flow rate during the following 

cast process. 



Up to 96% of explosive content is possible for a pressed IHE, getting sufficient 

coating, high press densities and better insensitivity of the HE charge, as one result 

for example higher than 30kbar initiation pressure. 

So the preparation method of the granules (“water slurry”), as well as the press 

process of the HE charge allow a higher explosive content for a compactable PBX 

than for a cast PBX. A higher explosive content is on the one hand an advantage for 

the performance, on the other hand, for the IM requirements it takes either more 

efforts on the IM mechanisms or on the IM capability of the explosives. 

b) A lower thermal expansion 

The lower thermal expansion of a pressed charge than of a cure cast charge makes it 

easier to avoid gaps between explosive and shell during the manufacturing process 

and in changing environmental temperatures. 

c) no voids 

Voids in a press process with vacuum are improbable and the charge porosity at 

densities of >99.5% TMD is minor. 

d) A lean filling process 

PBX press filling has developed from a complicated and lengthy compaction at high 

pressures and high temperatures to a more sophisticated compacting of granules at 

low pressures and at ambient temperature, to support performance and safety of the 

warhead. 

Dose the granules at ambient temperature direct into the shell and compact the 

charge under vacuum also at ambient temperature to its final shape, is the course of 

a typical compacting process. 

In contrast to this short and simple process, the mixing and cast of a PBX is more 

complicated and more energy consuming:  

- mix dried components at elevated temperatures, 

- add curing agent, 

- cast at elevated temperatures in preheated shells, 

- shape the fuze cavity 

- curing at elevated temperatures for several days. 

Because of Isocyanates, used as curing agents, it is necessary to exclude water or 

even humidity during the whole process. Heat energy and thorough temperature 

control is needed for preheating the components, mixing, cast, and cure at elevated 

temperatures. 



Although a press process has many advantages, it makes not always sense to use it, 

especially when the warhead contains high explosives masses. 

 

4. When Use a Press Process? 
 

Press processes need for every different HE charge size a special pressing tool. So 

for an economical fill process higher production quantities are better and help to bring 

in the costs for the pressing tool and for a precise adjustment of the tool (Fig.6). 

Smaller HE charge sizes also make it possible to compact several charges in multiple 

pressing moulds in one step. 

Lower production quantities and big HE charge sizes are more economical for cure 

cast. 

For cure cast the warhead size is only limited by the size of the mixer, restrictions on 

the HE admissions and the preparedness of the authority or the management to take 

a risk when handling very high explosive quantities in a mixer. 

Independent from working with “insensitive” explosives, PBX mixing and PBX 

pressing are remote controlled processes. 

Huge warheads need enormous presses what makes the handling expensive and 

destroys some of the advantages of a press process. So it is not the technical 

necessity, but a recommendation to press up to Ø200mm and up to 15kg HE mass. 

Bigger warheads are good for cast processes. 

 

5. Reduced sensitivity (RS) RDX and HMX for press processes 
 

For Insensitive Munitions, iIn the past an argument for a cast process was, that tests 

in some institutes/companies showed, that it seemed not to be possible to apply the 

improved crystal properties of RS-RDX to the press process or improve HMX to RS-

HMX. 

In cooperation with DYNO Norway (crystallisation, coating and granules adaptation), 

Diehl BGT Defence Maasberg (fill process, IM tests, application to ammunition) 

developed PBX for press fill methods, which allow  

- to compact the moulding powder with less than 1kbar to nearly 100% of the 

theoretical material density (Fig.7 and Fig.8) 



- to fulfil the requirements for an insensitive explosive in Germany (among 

others: small scale tests for Bullet Impact and Cook-off, Gap Test with ≥26kbar 

for NoGo) 

for mixtures with RS-RDX and RS-HMX. 

Higher shock insensitivity, better impact safety and better cook-off resistance were 

obtained by PBX improvements like the HE crystal quality, the particle coating and 

the thermal properties of the PBX granules. In connection with a “soft” compaction to 

high final charge densities and a specific shell design for IM pressing, these 

measures led to an excellent cook-off behaviour even in thick-walled shells. 

 

6. Cook-off Behaviour of Original Rounds 
 

The effects on cook-off shall be demonstrated on two examples, one Slow Cook-off 

test with an HMX based pressed composition and a Fast Cook-off test with a RDX 

based pressed composition, both developed for 155mm artillery ammunition. 

 

A) Slow Cook-off of a SMArt 155-IM Round 
Two EFP anti tank submunitions use the 155mm shell as a carrier (Fig.10,11). The 

expulsion charge is more sensitive to heat, so in a fire or at very high temperatures 

the submunitions are ejected. That is why only the submunitions were tested in a 

slow cook-off oven. The pressed PBX in the warheads is confined by a thick steel 

shell. 

The test setup in Fig. 12 shows one of the submunitions, surrounded by 

thermocouples, which is fixed on a support over a witness plate in an oven. After 

conditioning the test submunition for 8 hours at 100°C in the oven, the temperature is 

gradually increased linearly at a rate of 3.3°C per hour. About 40 hours after the test 

begin, the burning reaction starts. The heat of the burning PBX destroys all sealings 

and other plastic materials of the oven.  

The door could be opened by hand, the glass in the door is not damaged, the shell is 

laying beside the metal liner, the explosive, sealings and plastic material in the oven 

are burned out (Fig. 13). 

There is no change in the witness plate. The type of the reaction is “Burning”. 



B) Fast Cook-off of a 155mm-IM Round 
The reinforced 155mm-IM ASSEGAI round is used for extended ranges more than 

30km. With base bleed the range of the same round is more than 40 km. In addition 

to a high acceleration gun launch, the round has to perforate infrastructure targets. 

So the steel wall of the shell is thick over the whole length and the explosive 

confinement is high (Fig. 14,15).  

The performance of the round against infrastructure was tested among others with 

the perforation of three layers of 23cm reinforced concrete and the following initiation 

on demand. 

In this Fast Cook-off test , wood was used as a fuel and an original press filled round 

is enclosed in the transport pallet, both standing on the stack of wood (Fig. 16). 

Within 5 minutes after the test starts the shell opens and the explosive burns out. All 

test remains were found within a radius of 15m, the condition for a Type V reaction 

(Fig. 17). 

 

7. Summary 
 

In the past press processes were not so often used for IM than cure cast. 

Today both are available in comparable qualities, the result of consequent 

improvement of HE quality, PBX coating and the compacting behaviour of granules. 

Every process will have also in future special fields of application for example 

dependent on warhead size, shape and quantities. 

Applied to artillery ammunition, press filled 155mm-IM rounds with thick-walled shells 

resist extreme gun launch acceleration and perforate reinforced concrete targets.  

This ammunition is IM compatible and meets especially cook-off requirements even 

in thick-walled shells with high IHE confinement. 
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Abstract 

Differential Scanning Calorimetry (DSC) carried out with few heating rates was applied in the 

studies of the thermal properties of four energetic materials: EI® propellant, high explosive PBXW-17, 

pyrotechnic mixtures with composition B/KNO3 (50:50) and B/KNO3 (30:70). DSC signals, after 

optimization of the base-line, were used for the calculation of the kinetic parameters (KP) of the 

decomposition process applying advanced kinetic software of AKTS [1]. The determination of the 

kinetic parameters was based on the differential iso-conversional method of Friedman [2]. The 

correctness of the estimation of KP was checked by the comparison of the experimental and predicted 

courses of the decomposition. 

The slow cook-off experiments of energetic materials were carried out with the rate 3.3 °C/h. 

For the simulation of the experimental results the heat balance based on the Finite Element Analysis 

(FEA) was applied together with the advanced kinetic description of the reaction. The comparison of 

the experimental and simulated data indicates that applied procedure resulted in a very good prediction 

of the temperature of the ignition. Application of commonly used, simplified assumptions concerning 

the mechanism of the decomposition (such as first- or n-th order mechanisms) led to significantly 

worse prediction of the cook-off temperatures. 

 

Introduction 

 

The prediction of the thermal stability of energetic materials is difficult due to the multi-step 

character of their decomposition and distinct thermal effects influencing significantly the 

decomposition kinetics. This prediction is even more complicated in typical cook-off experiments 

carried out with masses of the samples few order of magnitude larger than those usually investigated 

in thermoanalytical (TA) experiments. The proper solution of the problem requires both: correct 

kinetic description of complicated decomposition process and application of Finite Element Analysis 

(FEA) for the calculation of the correct heat balance in large-scale samples. 



The application of the TA signals such as thermogravimetry (TG), differential scanning 

calorimetry (DSC) or evolved gas analysis (EGA) e.g. mass spectrometry or infrared spectroscopy for 

the prediction of the thermal stability of solids requires determination of the kinetic parameters (KP) 

of the reaction. The knowledge of the activation energy (E), pre-exponential factor in the Arrhenius 

equation (A) and the function g(α), depending on the formal reaction mechanism, is the prerequisite of 

the simulation of the reaction progress under conditions different from those applied during kinetic 

measurements. However, the commonly applied procedure has two main drawbacks, especially when 

applied for energetic materials: 

(i) It is generally assumed that the reaction progress can be described by one set of 

KP, moreover, that they are constant during the course of the reaction. 

(ii) The predictions are based on the experiments in which the thermal effects (endo- or 

exothermic) are relatively small due to the small size of the samples commonly 

used in conventional TA experiments. During highly exothermic reactions the heat 

evolved can distinctly change the sample temperature what, in turn, will change the 

course of the reaction. Kinetic predictions obtained without considering the heat 

transfer, especially for larger samples, can be of little value. 

The application of thermal analysis for the characterization of the energetic materials has been 

many times reported, see e.g. [3-8]. In the presented paper we propose the procedure which allows 

avoiding errors leading to oversimplified conclusions concerning the thermal properties of the 

energetic materials. Our method is based on the correct description of the kinetics of the process 

without simplified assumptions concerning the stability of the KP during the reaction course and on 

application of FEA enabling the correct introduction of the problem of the heat transfer into prediction 

procedure. 

 

Theoretical 

A. The method of the evaluation of the kinetic parameters 

 
The kinetic parameters were evaluated by the isoconversional method. This is a model-free 

method which involves determination of temperatures corresponding to a certain, arbitrarily chosen 

values of the conversion extent α recorded in the experiments carried out at different heating rates β. 

The isoconversional integral method is based on the equation: 
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where the f(α) is the reaction model, (also called the conversion function), g(α): integral reaction 

model, E: Arrhenius activation energy, A: Arrhenius pre-exponential factor, T: temperature, R: the gas 

constant. The isoconversional integral method with the integration over low ranges of the conversion 

extent and, respectively, temperature, is based on the equation: 
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by supposing that in the range of the variation of the conversion extent ∆α, the activation energy E can 

be assumed as constant. The use of such an approach leads to a determination of the dependence of E 

and A on the conversion extent α. However, the dependence of the activation energy on the conversion 

extent looks like a stair function, in which, the low ranges of ∆α , where E keeps a constant values, are 

clearly marked. The number of stairs depends directly on the size of ∆α.  

In order to evaluate the integrals from the previous equation, one can use the theorem of the 

average value: 
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Since the number of stairs (where the activation energy E is assumed to be constant) depends 

directly on the range of chosen ∆α, an unlimited number of stairs can be obtained by taking ∆α 

infinitesimal for calculating the dependence of the activation energy E on α at each conversion degree. 

For ∆α => 0, we have Tα => T and f(αξ) => f(α). As a consequence, the equation (3) turns into its 

differential form: 

)f( 
RT
E exp A

dT
d ααβ ⎟

⎠
⎞

⎜
⎝
⎛−=                                                (4) 

used in  the isoconversional differential methods. One of commonly used differential isoconversional 

methods is the Friedman approach [2] applied in the present study. In more general cases, the 

conversion rate expression can be adapted to an arbitrary chosen variation of temperature (as well as to 

isothermal conditions) by replacing β(dα/dT) with dα/dt. The Friedman analysis applies the logarithm 

of the conversion rate dα/dt as a function of the reciprocal temperature at different extents of the 

conversion. Thus, the function dependent on the reaction model f(α) becomes a constant at each 

conversion degree αi,j and the dependence of the logarithm of the reaction rate over 1/T has a slope 

equal to  Ei/R (with i: index of the conversion, j: index of the heating rate). The activation energy E 

and pre-exponential factor A as a function of the reaction extent under isochoric conditions (DSC 

closed crucibles) can thus be calculated by applying the following equation:  
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with i: index of conversion, j: index of the curve and f(αi,j) the function dependent on the reaction 

model (constant for a given reaction progress αi,j for all curves j). 

 



B. Temperature profiles and heat balances in the multi-layers: Generalized heat balance over a layer 

volume element 

 In order to consider the change of the temperature inside the layer a heat balance over a 

volume element (see Fig. 1) can be made as follows: 

 
Fig. 1 Generalized heat balance over a volume element. 
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where Q, ρ, c, V, T mean:  heat flow, density, specific heat, volume and temperature, respectively. 
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where λ is the thermal conductivity, we can write: 
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Using the above approach and considering different cylindrical pre-defined geometries of the reactors 

applied in the cook-off experiments, we can write:  
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the heat balance (eq. 8) reads now: 
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Considering cylindrical coordinates and generalizing the above equation we can write for a recipient: 
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where J is a geometry factor which is dependent on the type of recipient: 

J=0 for the infinite plate 

J=1 for the infinite cylinder 

J=2 for the sphere 

and  
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∆
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The rate of the reaction in eq. (12) can be expressed by the Arrhenius type equation as those applied in 

Friedman analysis (eq.4). 

The balance of *Q r  has to be considered for each layer where the reaction heat is evolved 

during the decomposition and, in turn, the temperature profile has to be considered for all layers. In 

each layer the initial temperatures at t = 0 have to be introduced. If the layer is perfectly insulated on 

its left or right side, the boundary conditions is derived from the symmetrical properties of the 

temperature profile at the wall surface. The other boundary conditions are derived from comparison of 

the heat transfers through the interface between the different layers. We have:  

 - Boundary (I): Symmetry axis 0=
x
T

U∂
∂ (if perfect insulation)     (13) 

- Boundary (II): Considering the ‘left’ and ‘right’ side of one interface, we can write at the interface 

between two layers: 
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Equations (11-12) with boundary conditions (13) and (14) can be now solved from r = 0 (centre of 

recipient) to r = R (surface of the recipient) with AKTS-Thermal Safety Software [1]. 

 

Experimental 

The following finely ground energetic materials were investigated: propellant EI®, explosive 

PBXW-17 and pyrotechnic materials with composition B/KNO3 (50:50) and B/KNO3 (30:70). 

The samples masses were in the range of 0.5-2 mg, the applied heating rates range from 0.5 to 

5 °C/min. The experiments were carried out in gold sealed crucibles. The decomposition was 

investigated in the atmosphere of nitrogen and the gas flow applied was 100 ml/min. 

The slow cook-off experiments were carried out in cylindrical reactor with the diameter of 47 

mm equipped with three thermoelements. Applied heating rate was 3.3°C/h according to STANAG 

4382. The geometry of the energetic material (powder / grains / block) was chosen as close as possible 

to the real system. The ignition temperature was determined as the point of the beginning of the 

vertical dependence in the T-t plot. 



 

Results and discussion 

 

A. DSC experiments 

The DSC signals of four investigated samples are presented in Fig.2. The heating rates (in °C/min) 

are marked on the curves. The plots show the experimental results (symbols) after normalization and 

subtraction of the base-lines and predictions of the reaction progress (solid lines). 

 

 
Fig. 2: Advanced kinetic description of normalized non-isothermal DSC-signals as a function of the temperature 

for the decomposition of (A) propellant EI®, (B) explosive PBXW-17, (C) pyrotechnic mixtures B/KNO3 (50:50) 

and (D) B/KNO3 (30:70). Experimental data are represented as symbols, solid lines represent the calculated 

signals. The values of the heating rate in °C/min are marked on the curves. 
 

 The figure 3 depicts the results of the Friedman analysis of four investigated energetic 

materials. The conversion rates dα/dt measured at different extents of the conversion for different 

(three or four) heating rates (straight lines on the diagrams) allowed determination of the kinetic 

parameters A and E for investigated reactions as a function of the reaction extent what is presented in 

Fig.4. 



 
Fig. 3 (A) Friedman analysis for the decomposition of (A) propellant EI®, (B) explosive PBXW-17, (C) 

pyrotechnic mixtures B/KNO3 (50:50) and (D) B/KNO3 (30:70).  

 

           

           
Fig. 4 Activation energy and pre-exponential factor determined by Friedman analysis as a function of the 

reaction progress for the decomposition of (A) propellant EI®, (B) explosive PBXW-17, (C) pyrotechnic 

mixtures B/KNO3 (50:50) and (D) B/KNO3 (30:70).  



The results presented in Fig.4 clearly show that the decomposition of all investigated energetic 

materials does not follow a single mechanism because the determined activation energies and pre-

exponential factors are not constant during the course of the reactions. Clearly visible is the 

dependence of the kinetic parameters on the reaction extent. This observation indicates that the 

decomposition of the examined energetic materials is a complex reaction which cannot be described in 

terms of a single pair of Arrhenius parameters and commonly used set of reaction models. 

In order to check how the simplified method of the determination of the kinetic parameters 

influences the prediction of the reaction extent the experimental results presented in Fig.2 were 

compared to the progresses of the reaction calculated with the assumption that the mechanism of the 

decomposition is constant during the decomposition and follows the first order equation. The results 

presented in Fig.5 indicate that commonly used method of the prediction of the reaction progress 

based on the assumption of the constancy of the reaction mechanism can not lead to the proper 

description of the process. In some case, especially for lower heating rates, the simplified method do 

not introduce large errors but, for higher heating rates, the prediction of the reaction progress is 

generally very bad.  

 
Fig. 5: Simplified kinetic description (model: first-order reaction) of normalized non-isothermal DSC-signals as 

a function of the temperature for the decomposition of (A) propellant EI® (pre-exponential factor A = 8.49E17s-1, 

activation energy E = 181 kJ/mol), (B) explosive PBXW-17 (A = 5.37E20 s-1, E = 221 kJ/mol), (C) pyrotechnic 

material B/KNO3 50:50 (A = 3.5E8 s-1, E = 146 kJ/mol) and (D) B/KNO3 30:70 (A = 5.15E10 s-1, E = 202 

kJ/mol). Experimental data are represented as symbols, solid lines represent the calculated signals. The values of 

the heating rate in °C/min are marked on the curves. 



B. Cook-off experiments. 

 

 

 

 
Fig. 6 Slow cook-off experiments. The change of temperature of the energetic materials during heating with a 

rate of 3.3°C/h.  



The results of slow cook-off experiments (heating rate 3.3°C/h) are shown in Fig.6. The 

experimentally determined ignition temperatures were 126°C (propellant EI®), 177°C (PBXW-17), 

318°C (B/KNO3 50:50) and 436°C (B/KNO3 30:70). 
 

The simulation results of slow cook-off experiments for the four energetic materials are 

presented in Table 1. In these simulations the kinetic parameters determined by an advanced kinetic 

software [1] were applied together with the heat balance based on FEA. For the simulations, the 

following parameters were used: Tinitial = 40°C during 6 hours followed by a heating rate of 3.3°C/h. 

 
Table 1 The experimental details of cook-off experiments and comparison of experimental and simulated data 

for four energetic materials 

Substance Name EI Propellant PBXW-17 BKNO3 50:50 BKNO3 30:70 

Density [g/cm3] 1.09 1.715 0.597 0.793 

cp [J/g/K] 1.54 1.15 1.62 1.62 

Recipient thickness [mm] 4 4 4 4 

Recipient thermal diffusivity [cm2/s] 0.166 0.166 0.166 0.166 

Energetic layer radius [mm] 23.5 23.5 23.5 23.5 

Sample thermal diffusivity [cm2/s] 0.01 0.01 0.001 0.001 

Heat of reaction [J/g] 3875 2572 4248 5273 

Experimental slow cook-off temperature [°C] 126 177 318 436 

Simulated slow cook-off T [°C] (adv. kinetics) 128 180.5 313 437 

Simulated slow cook-off T [°C] (first order) 126 160.5 271 376 

Simulated slow cook-off T [°C] (n-th order) 118 151 270 351 

 

The results of the simulations when applied advanced kinetics show very good agreement with 

the experimentally found values as presented in Tab. 1. The difference between the predicted and 

measured cook-off temperature can be refined by adjusting slightly the thermal diffusivity in order to 

take into account the possible deviations due to the primitive geometries applied for the simulation 

(infinite cylinder instead of a drum shape). Actually, the software is restricted to the prediction of 

cook-off in containers with simple geometries. We will provide the users the possibility to simulate 

more complex geometries in a near future.  

The results of the additional simulation of the cook-off experiment but with the application of 

simplified kinetics (assuming first order and n-th order mechanisms, constant during the course of the 

decomposition) are presented in Tab. 1 and in fig.7A. The Fig.7B depicts the mean variations of 

simulated data for three applied methods: (i) an advanced kinetics calculated by AKTS software, (ii) 

by an assumption first- and (iii) by an assumption of the n-th order mechanism i.e, two, commonly 

applied simplified kinetic descriptions of the reaction. The weak correlation between experimental and 

predicted data when applied oversimplified kinetic parameters confirms clearly that without the 

correct kinetic description of the decomposition process the prediction of the cook-off is of a little 

value.  

 



 

 

 

 
 

 

 

 

 

 

 

 

 

 

 

Fig.7 (A) The temperatures of the ignition during simulated cook-off experiments: applying advanced kinetics 

AKTS software (circles with “A”), assuming first-order mechanism (open triangles) and n-th order mechanism 

(filled triangles). Experimental results are marked by filled circles. (B) the mean variations of the temperature 

difference between experimental and simulated values of the ignition temperatures for differently calculated 

kinetic parameters (the meaning of the symbols is the same as in plot A) 

 

Conclusions 

  The proper kinetic description of the process of the thermal decomposition of energetic 

materials using the advanced kinetic software of AKTS and applying detailed heat balance calculated 

with the Finite Element Analysis (FEA) allowed very good simulation of the cook-off experiments and 

led to the similarity of the predicted and experimentally found temperatures of the ignition. The use of 

simplified kinetics, being the procedure commonly reported in the literature, led to much worse 

prediction of the cook-off temperatures. 
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CRACKED LUG INVESTIGATION OF THE MK 141 MOD 0 
DIVERSIONARY CHARGE (FUZE SUBASSEMBLY) 

 
Teresa M. Reed 

Naval Surface Warfare Center, Crane Division 
300 Highway 361 

Crane, Indiana 47522 
 

INTRODUCTION 
 
The MK 141 Mod 0 Diversionary Charge is a pyrotechnic device used to confuse and 

disorient an enemy by producing bright light and loud sound  (Figure 1).  It is a low 

hazard device, which produces an intense flash and sound report, with a minimal amount 

of smoke.  Sometimes referred to as a "flash bang", it is intended to provide a non-lethal 

means of temporarily dazzling, dazing, or disorienting targeted individuals or groups 

before they can injure themselves or others.  The device is used and operated like a hand 

grenade without its lethal effects.  The fuze system contains a pyrotechnic delay column 

intended to delay the function of the item until after a user has thrown it and is crucial for 

mission effectiveness and user safety.  

Figure 1. MK 141 Mod 0 Diversionary Charge 
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DESCRIPTION 

The item consists of two major subassemblies, the fuze system  and the pyrotechnic 

charge.   The fuze (Figure 2) is made of 10% glass filled, molded polyethylene and the 

body of polyurethane foam (Figure 3).  Upon removal of the safety pin and release of the 

lever, the spring-loaded striker initiates the primer.  After a delay of approximately 1.4 

seconds, the separation charge initiates.   

 
Figure 2. Fuze Subassembly   Figure 3. Body 
 

    

A closely controlled burn time is crucial for mission effectiveness and user safety.  The 

separation charge ejects the fuze from the main body and ignites a second delay of 100 

milliseconds.   The second delay initiates an ignition charge which, in turn, sets off the 

output charge of aluminum powder, carbon, and potassium perchlorate.  The device is 

1.750 inches in diameter and 5.0 inches in height.  Since the fuze is ejected and the main 

body is foam, fragmentation is not a significant hazard during function of the main 

charge. 
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INCIDENT 
 
In March 2003 it was reported to the Naval Surface Warfare Crane Division that three (3) 

MK 141 Diversionary Charge fuze subassemblies exhibited cracks in the lug area. 

(Figures 4 and 5)  

 
 
 
 
 
 
 
        
   
 
 
 
  
 
 
 
 Figure 4. Fuze Subassembly 
 
 
 
 
 
 
 
 
 
 
  
 
            Figure 5. Cracked Fuze Lugs 
 
 
A malfunction investigation team was assigned to investigate the incident and perform 

evaluation to determine cause and provide recommended action. The first course of 

action in the investigation was to perform pre-use, visual examination on a random 

Fuze Lug

Fuze Lever 
(Lever Hook) 
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sample of 237 Diversionary Charges, which resulted in 38 subassemblies exhibiting 

varying degrees of cracking.  This supported the hypothesis that older lots of the charges 

were exhibiting stress related fractures and that the first report was not an isolated case. 

Immediate action was taken to assign a Surface Ammunition Malfunction Control 

(SAMC) number and begin investigating the causal factors for cracked lugs. The testing 

and evaluation, encompassed in the investigation, included:  Visual Examination, Fault 

Tree Analysis, Stress Analysis, Material Analysis, Process Analysis, and Shelf-Life 

Analysis. 

 

FAULT TREE ANALYSIS 
 
A Fault Tree was constructed and a review was made of each possible contributing factor 

to isolate the most probable cause for further investigation.  It was concluded that the 

most probable causes for the cracked lug failure were defective fuze subassembly design 

relative to the packaging configuration, and the molding material and manufacturing 

process of the fuze sub-assembly.  

The investigation revealed that the cause for the lug breakage was due to fatigue fracture 

(creep rupture) from the stress applied to the lever while in the packaging configuration 

and manufacturing process. The MK 141 Diversionary Charge is packaged in an 

electrostatic bag, and then placed inside a plastic encasement sleeve to serve as a 

secondary safety for the device. It is then placed inside a second larger encasement sleeve 

and packaged in an M19A1 ammunition container  (Figures 6 and 7). 

 

 
Figure 6. Packaging Configuration 
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The primary material of the fuze subassembly is molded fiberglass filled polyethylene. 

The condition of cracked lugs on the item posed a severe safety hazard to the user. In the 

event a user extracted the charge from the inner encasement sleeve without following 

pre-use inspection criteria, the cracked lugs could allow the striker to come in contact 

with the primer and initiate the device while held in the user's hand. 

 
STRESS ANALYSIS 
 
A finite element (stress) analysis was performed on an assembly of parts constructed to 

extreme tolerances to obtain the tightest fit for the stored configuration.  Stress plots 

revealed that, if all components are manufactured within the drawing tolerances and 

material specifications, all components should be able to withstand the loads incurred 

during packaging configuration.  The investigation revealed the stress for the fuze 

subassembly was well over ultimate strength (5 ksi) in the out-of-tolerance samples. The 

stress plots for the sleeve and lever showed stresses above the yield (1.3 and 46 ksi 

respectively) concluding that this is a severe loading for this subassembly.  It was 

assumed that even if some of the other dimensions at worst case scenario were relaxed, 

the fuze subassembly would still be near ultimate stress.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

LEVER 
COMPRESSION
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Figure 7. Fuze Subassembly in packaging encasement sleeves 

The stress analysis was limited in its findings, however, due to the material being 

simulated.  Figures 8, 9, and 10 are stress plots of the fuze subassembly, lever, and inner 

encasement sleeve respectively. 

 

 

 

Figure 8. Fuze Subassembly Stress Plots 
 
 

 

              Figure 9. Lever Stress Plots 
 

 

 

 

 

 

 

 

 
 
 
 

 Figure 10. Inner Encasement Sleeve Stress Plots 
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MATERIAL ANALYSIS 
 
The fuze subassembly, specifically the fuze lug, is manufactured via injection molding 

and the subassembly itself is a high-density polyethylene matrix with a fiberglass filler.   

Polyethylene itself is a thermoplastic.  Proper injection molding of a thermoplastic 

requires the material to be melted, which is then injected through gating into a mold.  The 

material is then allowed to solidify before being removed from the mold.  The fuze 

subassembly is the source of the MK 141 failures, in that they are fracturing, specifically 

where the fuze lugs make contact with the fuze lever hook.  The analysis consisted of 

optical microscopy and Scanning Electron Microscopy (SEM). Both analyses concluded 

that the failure mode (cracked lugs) is attributed to fatigue fracture, caused by two things:  

1) poor manufacturing (i.e., injection speeds and temperature of the molding process), 

and 2) additional stress risers from non-uniform lever hooks.  A tolerance stack-up was 

done to determine the radius increase required in the lug area to alleviate the stress 

factors. 

 

PROCESS ANALYSIS 
 
Adjustments were made to the molding machine injection speeds to reduce the longitudal 

cracks (Figure 11) and flow lines (Figure 12) found through optical microscopy during 

material analysis. Some manual adjustments to the temperature were also made and 

several samples of varying mold temperatures were molded and analyzed.  The analysis 

of this process concluded that the temperature changes did not present any benefit to the 

overall quality or strength of the subassembly.  

 

 

 

 

 

 

 

 

Figure 11. Longitual cracks  
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  Figure 12. Flow Lines  

 

SHELF LIFE ANALYSIS 
 
Shelf Life Analysis was performed on samples from both the original molded fuze design 

and the new fuze molded with the increased injection speed.  The analysis performed 

consisted of Instron testing, Dynamic Mechanical Analysis (DMA), and Time-

Temperature Superpositioning (TTS).  The two samples analyzed under the lower stress 

conditions (i.e., stress of reworked lever hooks) by the DMA Creep TTS method showed 

a useful life of about one million years, concluding that the stress applied to the MK 141 

fuze assembly following the rework procedure is below the amount necessary to cause a 

creep rupture. The stress of the lever hooks in the original configuration showed the 

samples yielding/failing from about six months to 2.5 years.  This data is further evidence 

that the original storage conditions (load, material, processing, stress raisers) were 

unsatisfactory.  Therefore, concluding that the short-term and long-term fix (radius 

increase to the lever and increased injection speed to the molding process) minimized the 

stress applied to the fuze subassembly lugs and would keep the lugs from fracturing by 

creep rupture during storage.  The ESB also concluded that the short-term fix (reworked 

lever hooks), which minimizes the stress applied to the fuze subassembly lugs, is 

sufficient to keep the lugs from fracturing by creep rupture during storage.   
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CONCLUSION 
 
The determination that the fracture of the lugs was caused by fatigue is based upon 

several things.  First, upon observation, numerous areas were found to show fatigue 

cracks (microcracks) within the fracture surface (Figure 13).  There also appeared to be a 

gradual “tearing” of the polymer material indicative of fatigue failure (Figure 14).  By 

definition, “fatigue fractures are progressive, beginning as minute cracks that grow under 

the action of fluctuating stress (Chandler, 233).” 

 

 

 

 

 

 

 

 

 

 Figure 13. Microcracks          Figure 14. Tearing of Polymer 
 
Additionally, there is evidence of impressions from the hooks on the lugs (Figures 15 and 

16). The creation of indentions/cuts is a gradual process caused by the force from the 

lever hooks placed upon the fuze lugs. 

 

 

 

 

 

 

 

 

 

 

 Figure 15 lug impression Figure 16. Indention on lugs 
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CORRECTIVE ACTION TAKEN 
 
It was the conclusion of the investigation that the primary factor for the lug breakage is 

the stress that the lever was placing on the lugs in the package configuration.  To resolve 

the creep rupture failure found during the analysis, a tolerance stack-up was done and 

changes were made to the Technical Data Package (TDP), to increase lever radius around 

the lug area, thus reducing the stress applied to the lugs by the lever in the storage 

configuration. In addition, to reduce the safety hazard associated with the cracked lugs a 

rework procedure was prepared and proven out for reworking the existing inventory 

assets.  Based upon the Stress/Failure Analysis and the Aging (Shelf-Life Analysis) it 

was determined that the load applied to the lugs from the reworked lever hooks is so 

small that future (continued) deformation should not occur. However, if during rework 

individual lots are found to have rejects exceeding a 98% Reliability at 99% Confidence, 

the entire lot will be suspended. Further investigation will be conducted to determine if 

rework of the remainder of the lot should continue or if the lot should be condemned.  

 

Prior to future procurements, an assessment will be conducted to determine a new fuze 

subassembly material to replace the high-density polyethylene material presently being 

used.   
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ABSTRACT

This paper presents an analysis of 164 incidents involving explosives covering the period 1951 to

1999.  The analysis is made at the operator level, i.e. the person most directly affected by the

consequences.  Four categories were used to analyze the incidents; these were 1) type of operation,

2) status of a written procedure, 3) factors that contributed to the incident (limited to two), and 4)

severity of the consequence.  Examples of incidents involving these categories and factor will be

discussed.  It is shown that the operator was a significant contributor in over 40% of the incidents.

The lack of, inadequacy of, a governing Standard Operating Procedure (SOP) or that the incident

was more violent than predicted contributed in about 50% of the incidents.  The conclusions indicate

that procedures make a significant contributor to safety, but human error is an equal contributor and

must be considered in a safety program.  It is argued that efforts should be directed equally to

formalized procedures and to insuring a high level of worker involvement.

Introduction

Los Alamos National Laboratory (LANL) is a research and early development laboratory for

chemical explosives.  The Laboratory does not handle the amount of explosive material of a

production facility.  This limits the scale of incidents, but the synthesis of new compounds and the

development of new formulations introduce a varied environment of hazards.

Experimental work with high explosives started at Los Alamos National Laboratory with the concept

of an explosively driven implosion nuclear weapon. Experts in explosive were rare when the

Laboratory started, and most of the techniques for the precise use of explosives were developed

locally.  After World War II, intense experimental work continued with the advent of the Korean
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War.  Pressure to develop new weapons intensified after the Korean conflict, and the development of

new formulations and techniques of manufacture continued.  First-hand experience acquired during

this period was passed to the new employees through on-the-job training.

An accident happened in 1946 in a group that was not charged with handling explosives but involved

a manually-made pyrotechnic mixture and resulted in one fatality and two serious injuries.  The first

fatality within the explosive community occurred in 1956 and involved drying thallous azide (TlN3).

Two accidents in 1959 killed a total of six people and occurred during the development of the plastic

bonded explosive PBX 9404 (94 wt. % HMX (cyclotetraethylene-tetranitramine), 3.0 wt % NC

(nitrocellulose), 3 wt. % CEF (tris-beta chloroethylphosphate, a plasticizer), and 0.1 wt. % DPA

(diphenylamine, a stabilizer for nitrocellulose)).

Following the PBX 9404 accidents formal Standard Operating Procedures (SOPs) were required for

each operating group.  Also instituted during this period was a five-step procedure to review data

obtained during the development of new compounds and formulations.  Line management reviewed

all SOP’s.  A peer committee reviewed procedures involving new compounds or formulations, and

new operations involving explosive prior to approval.  Since the introduction of SOPs no fatalities

directly involving energetic materials have occurred.  Six serious incidents involving energetic

materials occurred outside of the explosive operating groups and were not covered by the SOP

procedures.

Implementation of new safety controls and education in energetic material research generally

focuses on the last, or at least the last few serious, or near serious, incidents.  Reports of single

spectacular incidents are circulated through the community and new rules and regulations are

instituted.  As time passes the incidents that created the control are either forgotten or grow in

magnitude.  Collections of histories are usually not circulated.  Hershkowitz (1985) reviewed

incidents and accidents that occurred in the US.  Ramsay (2001) compiled the incidents at Los

Alamos, which included minor as well as serious event and cover a period of over 50 years.*

                                                  
* The report is available on CD and includes copies of the files used to prepare the analysis, copies of many of the
original reports, and copies of the two original safety manuals for explosive operations.  It is available on request to the
author.
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This paper describes an analysis of one hundred sixty four incidents involving energetic materials

that occurred at the Los Alamos National Laboratory between 1951 and 1999.  Typical of many

facilities the preparation of incident reports was not continuously enforced except after a personal

injury or significant equipment damage.  Within the Laboratory different operating units enforced

different reporting requirements and the reports were filed at several different locations.  Therefore,

this collection of 164 reports represents a sample of the incidents that occurred ranging from minor

to serious, with no way to estimate the total number.  However, it is believed the reports for all

serious, and near serious incidents, are included.  Figure 1 shows a plot of the cumulative number of

incident reports collected.  No confirmable interpretation of the changes in slope of the data can be

assigned.  The author admits to no experience in human reliability analysis, but has significant

experience in the development and testing of explosives.  The analysis presented is based on his

experience and has been made at the viewpoint of the actor (i.e., the person performing the action)

The first written procedure for handling explosive was a "guidance and directives" manual written in

1945.  Two histories of the wartime Los Alamos Project include sections on the development of the

explosive components. (Hoddeson, et al.; 1993 and Hawkins, et al.; 1983)  The authors do not report

any incidents or serious accidents involving explosives during the WWII period.†  With the creation

of GMX Division in the late 1940’s, a new safety manual was promulgated that established Division

and Group Safety Committees.  The committees were responsible for periodic safety inspection and

to act in an advisory capacity on matters related to operations involving explosives.  This system was

followed until the introduction of formal group SOPs in 1963.  Near the end of the period covered by

this report more detailed and verbose procedures were introduced.

Analysis

It became obvious during collection of the reports that some type of summary was needed to make

the collection useful.  Four levels of categorization were assigned to each incident: 1) type of
                                                  
†  A verbal report of an incident was given to the author several times by A. W. Campbell, Group GMX-8, and later
confirmed by A. D. VanVessem, Group GMX-7. The author has been unable to locate a written report or a date of
occurrence, but it probably happened before 1946. The story was repeated to emphasize that not only should a procedure
inform a person what to check but also what to do if the check fails. The incident involved a woman technician checking
the response of exploding-bridge-wire detonators to 110-V ac current. The operator was instructed to touch the two lead
wires together to check if a spark occurred. While connecting a detonator to the voltage/current source, the detonator
reacted, injuring her. When asked if she checked the wires for a spark, she said "yes and it did spark." The operator had
not been instructed, “Do not connect the detonator if a spark occurs!”
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Figure 1. Cumulative Number of Incidents Involving Explosives in Explosives-Handling Groups.  This figure includes
only incidents for which a report has been located and the incident is included in the analysis reported in this paper.

operation; 2) status of control provided by the SOP; 3) factors contributing to the event, with a limit

of two factors for each incident; and 4) consequence of the incident.  The types of operations

involved are listed in Table 1.  The number of incidents in each type of operation is not a measure of

the incident rate for that type, but only an indication of the number of reports that were located.

Because test fire data were maintained in notebooks and shot records, the occurrence of a firing site

incident was easier to locate.  The operating group that performed pressing, machining, processing,

and assembly and disassembly operations was more strict in reporting incidents and this is mirrored

in the number of incidents recorded.  Table 2 presents the categorization of incidents by the status of

the SOP together with an example of each

There was little subjective influence in the assignment of the type of operation or in the status of the

control provided by the SOP.  Assignment of the contributing factor(s) was the most subjective of

the characterization steps.  Most incidents involve several factors including ones generally described
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as “lack of administrative supervision”; however, assignments were made from the viewpoint of the

actor (the individual doing the action and the one most likely to be injured in a serious incident).

Only one factor was assigned except in a few cases where it was necessary to assign two factors.

Table 1
Ten Types of Operations were Identified

Operation No. of
Incidents

Assembly and Disassembly
Operations

15

Chemical Operations 8
Machining Operations 29
Pressing Operations 14

Processing Operations 12
Firing Operations 44

Miscellaneous Incidents 5
Restricted Area Control 16

Transportation Operations 15
Waste Disposal Operations 6

The seven factors used and the rationale of the assignment follows:

1. Failure of equipment.  This factor is straightforward, particularly when the failure occurred

unexpectedly or was not the fault of operating personnel. (Compare with #4.)

2. Inattention to controls or condition of equipment.  This factor was assigned when it appeared that

the operator did not pay attention to a required operating step.  For some incidents, this was a

clearly assigned factor; for other incidents, it was a matter of the author’s discretion. (Compare

with #3.)

3. Overeagerness of personnel.  This was the most subjective of the factors used.  It was assigned

when it appeared that the operator did not stop and rethink a minor alteration in an operation.

(Compare with #2.)

4. Error of commission or omission at a preceding stage that was not covered in the operating

procedure.  This factor was assigned when it appeared that an error had occurred at an earlier

stage in the operation, and it would not normally be expected that the operator could or should

have been aware of the condition.
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5. Lack of knowledge of material properties or equipment.  Lack of knowledge was selected when

it appeared some property of the material, test assembly, operation, etc., was not recognized by

the operator or the immediate supervisor and generally it occurred through no clear fault of the

operator.

6. Lack of training of an operator.  This could have been assigned in a number of incidents; it was

used in those cases when it was assigned in the original report or it appeared clear that sufficient

training was lacking.  This is distinct from Lack of knowledge (#5), where knowledge of material

behavior or equipment condition may not have been available.  Both this factor and #5 probably

include contributing errors from the group administration.

7. The condition existed without the knowledge of operating personnel, and knowledge was not

normally expected of personnel.  This factor was assigned when it appeared that the operator was

not provided with sufficient knowledge concerning the operation.  Again, for some incidents this

was a clear assignment, while for others it was subjective, particularly between #2, #5, and #6.

Four levels of severity were used.  The lowest level was assigned when the entire consequence was

within that accepted as a possibility within an SOP.  This level includes the loss of a shot assembly

by a misfire after a firing mound has been cleared.  Incidents that involved minor personal injury

resulting from reactions occurring during the synthesis of new compounds were also included in this

level.  The second level was assigned to an incident when the physical damage was in excess of that

expected within the SOP.  Also included in this second level are incidents where significant time and

paper work were required to resolve a situation.  The third level involved minor personal injury

outside of that considered as acceptable within the SOP.  The fourth level was assigned to those

incidents when the consequence was serious.  This included actual personal injury or major financial

loss.  Also included in this last category were incidents where severe personal injury would have

occurred if a person had been in the wrong location at the time of the incident.  The probability of

personal injury was not included.  For example, a fragment falling outside of the excluded zone (a

rogue fragment) was ranked the same as an explosion within a laboratory when no one was present.

The levels of severity and examples of each are listed in Table 4.
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Table 2
Categorization of Incidents by Status of SOP

Status of Applicable
SOP Controls

Example No. of
Incidents

Incident occurred within
the bounds of an
existing SOP. The
outcome, including
minor injuries and
equipment loss, was
considered acceptable.

An explosion occurred in one cell of a
multi-die during a remote pressing
operation. Approximately 40,000 pellets
had been pressed previously with this die
assembly. There was no explanation of the
cause. (6/11/52)

28

Incident occurred within
the bounds of an
existing SOP. The event
was previously
unrecognized, more
violent than expected, or
did not proceed as
planned.

A shot was fired after the ready fire switch
was activated but before the “FIRE” button
had been activated. All personnel were in
the bunker, in accordance with to the
requirements of the SOP. (1/4/91)

64

Incident occurred
outside the bounds of an
existing SOP, or the
SOP was inadequate to
cover the event.

Hydrogen gas was used to flush a shot
assembly. A hair dryer was used to warm a
shot remotely. The hair dryer was
inadvertently left on when the hydrogen
gas was turned on for the shot. The
hydrogen ignited and then ignited the
explosive. The flow valve for the hydrogen
was outside the bunker. The operator had
to leave the bunker to turn off the gas.
(12/4/86)

24

Incident occurred as the
result of a violation of
an SOP.

An operator was carrying a charge in each
hand and dropped one. It broke into three
pieces. (11/20/85)

39

Incident occurred either
before an SOP was
required, or it was an
activity not requiring an
SOP.

Worker fell from firing chamber while
attempting to recover, by hand pulling, a
leveling screw from a piece of wood scrap.
He fell ten feet onto a concrete slab.
(2/1/61)

9



8

Table 3
Factors Contributing to Incidents Involving Energetic Materials

Factors Example
Failure of equipment Detonator firing unit (CDU) fired when it

reached approximately 5800 V instead of
holding at 6000 V. (6/15/78)

Inattention to controls or
condition of equipment

During x-radiography of a piece of pressed
TNT, it was discovered that a dial
thermometer was pressed inside the piece.
(10/2/61)

Overeagerness of personnel
to proceed with experiment

An assembly was fired in a vessel designed
to confine the detonation. The shot was
realigned during final assembly, and
fragments penetrated the viewing ports.
(7/24/97)

Error of commission or
omission at a preceding stage
that was not covered in the
operating procedure

The wrong information was supplied to the
firing team, and the shot information was
lost. (11/13/85)

Lack of knowledge of
material properties or
equipment

An intermediate compound required in a
chemical synthesis was allowed to dry, and
the material exploded when touched. The
desired intermediate was a hydrate. (12/6/77)

Lack of training of operator A fire occurred in a waste collection basket
and later in a Dempster Dumpster. The
incident was apparently caused by incorrect
disposal of metallic lithium. (5/4/73)

The condition existed
without the knowledge of
operating personnel, and
knowledge was not normally
expected of personnel

A technician received an electrical shock of
300 V while connecting pin cables to a shot.
The appropriate keys were in the control of
the site leader. Investigation found that the
key-switch had been bypassed during
maintenance and not removed after the
completion of the maintenance operations.
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Table 4
Severity of Injuries and Damage Resulting from Incidents

Severity Example
% of

Incidents
No injuries or property damage beyond
that considered possible within the
context of the SOP.

The unit exploded during a
remote operation involving
extrusion loading of uncured
XTX explosive into a plastic
assembly. (2/18/64)

37%

Minor equipment loss outside that
expected by the SOP.

The operator was making a cut
into the explosive with a boring
tool. The piece was shorter than
expected, and the tool cut into the
face of the chuck. (6/29/92)

47%

Minor injuries outside those expected
by the SOP.

An unexpectedly rapid reaction
occurred in a pressurized flask
during an analytical procedure.
The flask broke, causing minor
injuries to the operator. (4/20/77)

4%

Serious injury or death, the potential for
these (except by luck), serious property
damage, or potential serious political
consequences for the Laboratory.

The electric primer of a pipe
bomb was inadvertently
connected to a live 110-V circuit
rather than a circuit controlled by
the firing system and shorting
wires had not been put in place.
Personal injury (broken eardrum);
no equipment loss. (10/5/89)

12%

Observations

1. With 28 incidents the event was considered within the SOP and there were no serious

consequences.  These events occurred generally when the operation was being performed

remotely and while equipment, dies, glassware, shot assemblies may have been damaged there

were no events that could be considered serious.

2. That the event was previously unrecognized, the test did not proceed as planned, or the result

was more violent than expected was assigned to 64 incidents.  The consequence was considered

serious for 6 incidents, and all involved fragments traveling beyond the cleared range.  Thirty

incidents involved equipment damage, and five involved injury to personnel.
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3. In 24 incidents, the event occurred outside the SOPs or the SOPs were considered inadequate.

In five incidents the result was considered serious, and in four the result was within that

considered acceptable within an SOP.

4. A violation of an existing SOP occurred in 39 incidents.  Five of these were ranked as serious.

Of these five, four were categorized as Firing Operations and one was a violation of Restricted

Area Access.  Nine incidents involved Transportation.  Five of these incidents involved

shipments of explosives that were improperly labeled under Department of Transportation

regulations.  In one incident, broken pieces of PBX 9404 were found inside an apparently

undamaged shipping box.

5. An SOP did not cover nine events.  Four of these had serious consequences.  Of the nine, three

involved waste disposal, two machining operations, one processing operations, and three were

considered miscellaneous. Five occurred between 1951 and 1961 before SOPs were required.

The other four occurred between 1983 and 1997.

6. Inattention to detail contributed factors in 55 incidents and overeagerness contributed in 23

incidents.  The responsibility clearly lies directly with the operators for these two factors.

7. A potentially serious consequence was assigned for 20 incidents.  Of these, 13 involved firing

operations; two each waste disposal and restricted area violation, and one each, chemical

operations, machining, and processing.  Six of the firing operation events involved fragments.

Five involved a violation of an SOP.  Inattention and overeagerness was assigned as factors for

ten of these incidents.

These data cannot be examined for the rate of incidents because of the lack of reliable reporting;

however, some definite conclusions can be drawn from the data.  For 73 incidents, overeagerness,

inattention, or both were considered as factors.  These factors occur in over 45% of the incidents,

indicating that these factors should be emphasized in training.

For 86 incidents (52%), the SOPs were either inadequate, did not cover the particular event, or the

event was more violent than expected.  Peers knowledgeable in the field must review procedures to

identify inadequacies not necessarily covered in pre-existing regulations.
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Violations of SOPs occurred in 39 out of 155 incidents covered by an SOP.  This is 25% and

sufficiently large to be an important point in training.  Four violations involved noncompliance with

DOT regulations for explosive shipments coming into LANL, and four aircraft incursions into

restricted airspace were reported.  These latter eight violations were not the result of a Laboratory

employee’s action but could have affected Laboratory operations.

Firing operations were under formal engineered controls before the institution of formal SOPs in

1959–63 that included interlocks and controlled-key access.  Forty-four incident reports were found

for firing operations.  Some measure of the effect of the combination of engineering controls and

SOPs may be garnered from an examination of these 44 incidents.  Twenty-two incidents had no

consequence outside of that expected under the umbrella of the SOP (i.e., loss of the shot assembly).

Of the 22, equipment failure was assigned as a factor for 14.  For 18 incidents, it was judged that the

event occurred within the bounds of the SOP but the event was previously unrecognized, more

violent than expected, or the experiment did not proceed as planned.  Serious or potentially serious

results occurred in 13 incidents.  Rogue fragments were involved in six experiments.  Three

incidents occurred under circumstances where an individual was, or could have been exposed, to the

detonation.  A temporary firing system without a full interlock system was involved with one event.

An interlock bypass key was left in place after a maintenance operation in one event.  In another

event, individuals gained access to the firing mound during an operation using a key to a control-

gate lock.

Conclusions

Approximately 50% of the incidents were the direct responsibility of the individual performing the

operation and 50% were assigned at other levels of the operation (e.g. an inadequate SOP).  This

study leads to four conclusions, each generally recognized within the safety community.

1. Engineering controls should be used whenever possible, and include a special access requirement

to override any of these controls.

2. Written procedures are a necessary component in any safety program, and contribute about 50%

of the safety control.
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3. A safety program should include training, a general esprit de corps, and non-oppressive

discipline of operating personnel as an equal component with carefully prepared written

procedures.  This will reduce overeagerness and lack of attention.

4. Line management responsible for technical operations should be knowledgeable in the field and

actively participate in discussions and reviews of the projects under their supervision.

The collection and analysis of the incidents reported herein was limited to those involving operations

with materials identified as “explosives.”  However, with certain exceptions because of the nature of

reactive materials, the general observations reported apply to other research areas.
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ABSTRACT 

 
In most western alliance nations, there is considerable interest, and R&D activities, related to the 

quality of RDX which, when incorporated in certain explosives formulation, can confer reduced 

shock sensitivity.  This material is widely referred to as Reduced-Sensitivity RDX (RS-RDX).   

Clearly, this material is of interest to the Munitions Design community who strive towards 

reducing the vulnerability of munitions. 

 

Currently, despite the efforts of many laboratories worldwide, there are no agreed analytical 

methods for discriminating between the different RDX sensitivity grades at the crystal level. 

 

To develop and standardise procedures for the discrimination of RS-RDX from ‘normal’ RDX 

material, a US Navy / MSIAC coordinated round robin program has been commenced.  The 

planned outcome of this program is the development, on behalf of NATO/AC-326 Sub-Group 1 

(Energetic Materials), of edition 5 of STANAG-4022, which is to include RS-RDX as a clearly 

defined material.  

 

This paper will provide an update to the progress of the RS-RDX Round Robin (R4) program.  

Details will be given regarding the status of the program, progress to date along with a review of 

experimental and analytical studies that have been conducted since the commencement of the R4 

program in 2004. 
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ABSTRACT 

The NATO Insensitive Munitions Information Center (NIMIC) has been dedicated to the 

acquisition, compilation and analysis of information related to Insensitive Munitions (IM).  

Since its conception more than 15 years ago, NIMIC has effectively supported the 

development and implementation of IM technologies.  As more of the member nations are 

now viewing IM as a “normal” part of the continuous improvement of munitions safety, the 

role, along with the name of NIMIC is changing. 

 

The NIMIC office has gradually been transitioning into the Munitions Safety Information 

Analysis Center (MSIAC).  The Memorandum of Understanding (MOU) to formalize the 

transition was approved by the 11 member nations in late 2004.a  The NATO MSIAC has a 

broadened scope to collate, review and analyse munitions safety related information across 

the whole lifecycle of munitions.  IM will still be a key focus of the centre, with IM 

technologies continuing to be one of the key drivers to enhanced weapons safety. 

 

The numerous products and services of MSIAC are free to government and approved 

defence contractors in the participating nations.  With the formal arrangements to allow 

Germany to join the MSIAC group almost complete, this paper will provide a review of the 

history of NIMIC/MSIAC, details of the project office and an introduction to some of the tools 

and services available to munitions safety-related personnel within MSIAC nations. 

 

All of the products and services offered by MSIAC will then become fully accessible to 

German government and approved industry. 

 

1. INTRODUCTION 

The acquisition, compilation and analysis of information related to IM have traditionally been 

the focuses of the NIMIC.  Since its foundation over a 15 agob, it has effectively supported 

the research, development and application of IM technologies.  The “Traffic light charts” 

                                                
a The current member nations of MSIAC are Australia, Canada, Finland, France, Italy, Netherlands, 
Norway, Spain, Sweden, UK and USA. 
b The pilot NIMIC was created in Washington in 1988 and moved to NIMIC, NATO HQ in 1991. 
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presented by several Nations have showed the significant progress made in the past two 

decades.  More and more of the IM requirements are met by more and more ammunition 

categories. [6]  

 

Although it is true that very significant research and technology challenges remain to be met, 

implementation issues have reached the top of the agenda in many member nations.  IM 

Policies exist or are being drafted in most of the MSIAC Nations, [1] the implementation of 

these policies is now a key issue to procurement and fielding of safer munitions.  This 

requires documentation and capabilities to be developed, along with continued 

communication regarding IM technologies. 

 

In addition to the significant developments in science and technology, the strategic 

environment within which the MSIAC nations sit has radically altered since NIMIC formed.  

Defence against terrorism is now seen as the most significant security threat for the 

NATO/PfP alliance in the 21st century.  At their meeting in Prague on 21-22 November 2002, 

the NATO Heads of State and Government opened a new chapter in the Alliance’s history 

committing to equipping NATO with new capabilities to meet this security threat. 

 

The NATO’s Military Concept for Defence against Terrorism identifies four different roles for 

military operations.  The four roles are: 

§ Anti-Terrorism.  Anti-Terrorism is the use of defensive measures to reduce the 

vulnerability of forces, individuals and property to terrorism. 

§ Consequence Management.  Consequence Management is the use of reactive 

measures to mitigate the destructive effects of terrorist attacks.  

§ Counter-Terrorism.  Counter-Terrorism is the use of offensive measures to reduce the 

vulnerability of forces, individuals and property to terrorism. 

§ Military Co-operation. 

 

The development and fielding of less sensitive munitions is one of the main contributions, of 

the munitions safety area, to Defence against Terrorism, especially in the anti-terrorism and 

consequence management roles. 

 

2. THE TRANSITION TO MSIAC 

In order to fulfil the changing technological and strategic needs of its member countries, the 

NIMIC office has gradually been transitioned into the Munitions Safety Information Analysis 

Center (MSIAC).  In January 2003 a pilot MSIAC was commenced within NIMIC.  The full 
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transition took place in a little under 2 years, with the formation of the new MSIAC being 

ratified by the member nations on 15th December 2004. 

 

The following decisions and transition steps have been undertaken so far: 

§ The scope of MSIAC has been expanded to collate, review and analyze munitions safety 

related information across the whole lifecycle of munitions.  IM will still be a focus of the 

center, with IM technologies continuing to be key drivers to enhanced weapons safety. 

[2] The current IM focused activities will however continue to smoothly decrease over 

time while the broader Munition Safety activities will grow accordingly. 

§ The activities of MSIAC will still focus on “Information and Analysis”.  “Document 

Support” activities have been added, to support AC/326 in developing Ammunition 

Safety standards and related documents. 

§ In 2005, approximately 20% of the MSIAC technical activities are to be conducted in 

direct support of AC/326 and its subgroups.  This supports includes production of 

technical working papers, organization of technical meetings and provision of technical 

support to update existing STANAGs and development of new ones – such as that 

covering “The Effect of Ageing upon PBXs”.   

 

These major changes have helped NIMIC/MSIAC adapt to its evolving environment and 

focus on the highest priorities of its Member Nations and the wider NATO/PfP environment.  

The implementation of these changes has provided MSIAC with an opportunity to further 

increase its membership and widens the scope for introduction of safer munition into service. 

 

3. SELECTED MSIAC SERVICES AND PRODUCTS FOR THE MUNITIONS SAFETY 

COMMUNITYc 

The scope of MSIAC now covers Munition Safety across the whole life cycle of munitions.  

While some of the old NIMIC activities will gradually be re-focused to support the member-

nations’ munitions safety community (e.g., the NIMIC Energetic Materials Compendium - 

EMC), new activities are needed to fulfill the requirements of our member Nations.  The 

following is a selection of activities that have been initiated by the new MSIAC as MSIAC 

projects.  These activities are either available to the MSIAC Nations only, or are conducted 

in conjunction with the applicable NATO AC/326 Sub-Group. 

 

Energetic Materials Compendium (v3.2) 

Since its first release in 1994 [3], the  Energetic Materials Compendium (EMC) has been 

continually updated and improved, the latest version (v3.2) was released in February 2005.d  

                                                
c All services are only available to MSIAC nations – unless otherwise specified. 
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The EMC v3.2 includes a number of different databases including:  

§ The EMC itself; formulation, physical, chemical, mechanical, safety, IM and performance 

properties of over 800 explosive, gun and rocket propellant formulations.  The scope of 

formulations has evolved to include more information on in-service and non-IM 

compositions to allow the tool be a reference for the wider Munitions Safety community. 

§ The NATO AOP-26, this document contains information regarding explosives materials 

qualified in accordance with STANAG 4170, ‘Principles and Methodology for the 

Qualification of Explosive Materials for Military Use’. 

§ FRAID v1.5 – a collection of fragment impact testing methods, results and analysis  

§ NEWGATES v1.5  – a collection of gap testing methods, results and analysis 

§ The MSIAC Energetic Materials Suppliers Catalogue  

 

An area of data containing brief descriptions of the tests used to characterize energetic 

materials has also been further developed at the request of users. 

 

The database is widely distributed via a network of over 350 energetic materials scientists 

and weapons system developers throughout the MSIAC member nations.  This software is 

available to members of MSIAC Nations and can be obtained by contacting MSIAC.  In the 

future, a combined database of IM testing results will be developed by MSIAC.  This effort 

may include streamlining of the IM data currently contained within the EMC to reduce 

redundancy of information. 

 

Safety Analysis Software  

The Ammunition Safety Assessment Software (SAS)e is an application designed to aid in the 

standardization of the safety and suitability for service assessment made before introducing 

munitions into service - the requirement specification was drafted using the AOP-15 Edition 

2 as a reference document. [4] SAS is also a munitions safety-related document database, 

which will include electronic versions of relevant National and International standards 

(STANAGs, APs, MIL-STDs, DEF-STANs, GAM-EG, etc.).  SAS is a tool that has been 

designed to identify: 

§ The most common environmental conditions and threats applicable to munitions systems  

§ The unintended and accidental threats applicable to conventional munitions and weapon 

systems throughout their life cycles. 

                                                                                                                                                  
d EMC v3.2 is available by request from MSIAC.  Assistance in producing this version was provided 
by Michael Sharp, UK DOSG. 
e The official name for the safety assessment software has not been decided.  SAS is only used 
herein as an abbreviation. 
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The SAS methodology first requires the user to define the munition being assessed and its 

intended use.  From this initial selection, general explosives and munitions safety-related 

documents will be selected while some of the constraints or threats applicable to very 

specific military platforms will be automatically eliminated (e.g., fighter aircraft conditions are 

not applicable to 155-mm artillery ammunition).  The general safety documents will be 

displayed only once in the final report.  

 

The Safety Assessment methodology then requires the user to create a life cycle for the 

munition being assessed.  To help in this process the SAS has a life cycle tree creation 

component (initially developed for CBAMf) allowing total flexibility.  The life cycle should 

describe the situations, which the munition will encounter during its lifetime.  Risk Modules 

can be added to each situation in the life cycle to assess the threats and environmental 

constrains, which may apply to the munition. 

 

The Risk Module is the key element in the safety assessment, as it will be used to define the 

environmental conditions and the threats applicable in each phase/situation of the life cycle.  

Information that may be added in this module includes: 

§ The Munition Details 

o Configuration (e.g., logistic container), Status (e.g., activated) Location (e.g., external 

carriage) 

§ General Information 

o Climatic Information, Transport Vehicle (only when the transport module has been 

selected), Exposure (in percentage of the life cycle or in exposure unit) 

§ Environmental conditions and threats 

o Natural Environment (e.g., hot dry, lightning), Induced Environmentg (logistics, 

carriage, usage), Externally Induced Environment (e.g., electromagnetic radiation), 

Accidental Environment (e.g., safety drop), IM Threats 

 

Depending on the selected threats and environmental conditions defined in the risk module, 

a set of applicable safety qualification testing documents (international and/or national 

depending on the initial selections) for the assessed phase of the life cycle is listed.  

Electronic copies of the applicable documents may be reviewed through the links to the 

document database. 

 
                                                
f CBAM – MSIAC Cost Benefit Analysis Methodology Software 
g Note: some of the environmental conditions may not be specific from logistics or carriage 
(e.g., vibrations) 
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The SAS assessment report can present the assessment results as follows:  

§ Report on the defined life cycle, exported to Excel spreadsheets or PDF format. 

§ Report of the whole assessment (Printable or send to MS Excel/Word or PDF) 

o Report the general data and design/safety requirements 

o Each threat/environmental condition and its associated documents should be listed 

once, with the exposure duration, configuration, status, etc. 

§ Specific reports for each risk module and one report for the general data and 

design/safety requirements (Printable or sent to MS Excel/Word or PDF). 

 

The Explosive Substances and Ammunition Mishaps Database 

During the 2-part NIMIC workshop (Risk and Cost Benefit Analysis of the Introduction of 

Insensitive Munitions) conducted in 2000/2001, the need for an international database on 

accidents and incidents involving munitions was identified.  This database will provide 

support to two different objectives: 

§ Probabilities of Accidents/Incidents: Probabilities of accidents/incidents involving military 

munitions are difficult to determine on a national basis because the reporting and access 

to this information may not be readily available and effectively shared.  By compiling data 

extracted from several national sources, it would contribute to improve the quality of the 

input data for the Threat Hazard Analysis and the Cost-Benefit Analysis. 

§ Promotion of IM: Consequences of accidents involving munitions are often catastrophic.  

Slide presentations and videos of the most important ones should be included in the 

accident database to convince the different stakeholders.  The number of records (see 

probabilities) and the frequency of accidents should also be part of the arguments. 

 

Additional changes in the database specifications have become necessary to comply with 

the AASTP-1 Accident Datasheet. [5] These accident data should be made available by 

NATO Nations to support the refinement of the Q/Ds rules defined for the munitions. 

 

Database Objectives 

The objectives of this database are to store, in a centralized database, information on 

Incidents, Accidents and Deliberate Attacks (enemy attacks, terrorists, etc.) involving 

munitions and energetic materials (explosives, propellants, pyrotechnics, etc). 

 

The eventual aim is for the database to become a recognized international database, which 

can be available to the Governmental agencies of the MSIAC Nations and NATO/PfP 

Nations participating to the project at no cost.  The desirable solution is web-based, initial 

version will however be released via CD-ROM. 
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The NATO AC/326 has defined in its Program of Work to collaborate with MSIAC on the 

development of an Accident Database.  NATO/PfP Nations and MSIAC Nations have been 

asked to release their National explosives and munitions databases (eventually sanitized 

versions) to MSIAC in order to populate the MSIAC database and to share the data between 

the participating Nations.   

 

Development Status 

The collection of data related to munitions/explosives mishaps has been a permanent 

MSIAC activity since it was established.  Since 2001 limited reports are published quarterly 

in the MSIAC newsletter (available online on MSIAC Open Website - 

www.nato.int/related/msiac).     This ß-version of the database was released earlier this year 

for comment and assessment prior to release of the first full version of the database in late 

2005.   Please contact MSIAC for a copy. 

 

Figure 1: Screenshot from the MSIAC Explosives Substances and Ammunition Mishaps 

Database 

 

 
  

The MSIAC Workshops 

From 1991 to the present, NIMIC/MSIAC has organized 19 major workshops and seminars.  

The recent NIMIC IM Design Technology Workshop contributed to analyzing the IM state-of-

the-art and providing additional impetus for the transition of NIMIC to MSIAC. [6] 

 

The activities (technical meetings and workshops) mentioned hereafter are typical of those 

conducted by MSIAC to the munitions safety community. 
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The RS-RDX Technical Meeting and RS-RDX Round Robin (R4) Program  

A technical meeting on Reduced Sensitivity RDX was held in Meppen, Germany on 17-20 

November 2003 under the auspices of AC/326 Sub-Group 1 and assisted by NIMIC.  The 

objectives of this meeting were: 

§ To review the available data on varieties of RDX that might be classified as having 

reduced sensitivity (RS-RDX). 

§ To identify analytical methods that can distinguish RS-RDX from normal RDX 

§ To develop a program of work, the result of which will be an updated version of 

STANAG-4022, describing both normal RDX and RS-RDX.   

 

The full proceedings are available to all NIMIC, NATO and PfP nations upon request [7], a 

detailed summary report on current developments is also available to MSIAC nations. [8] 

The major outcome from this meeting was the recommendation that a multinational RS-RDX 

Round Robin (R4) program should be conducted to examine suitable test methods to 

distinguish the reduced sensitivity form of RDX (RS-RDX) and ‘normal’ RDX,  see [9] for 

further details. 

 

The Debris from Explosions Technical Meeting 

The Debris from Explosion Technical Meeting was held in Texas, USA on 27 August 2004 in 

conjunction with the 31st DoD Explosives Safety Seminar.  The meeting was co-sponsored 

by the DoD Explosive Safety Board, the Klotz Group and MSIAC.  

 

The aims of the meeting were: 

§ Exchange recent experiences and data related to debris characterization and to 

coordinate efforts to generate data for ammunition storage and operational ammunition 

safety, see Figure 2. 

§ Evaluate database and models on debris generation and debris throw (including bounce 

and roll) in particular from concrete structures with a high loading density (w/v).  W/V is 

the ratio of w – the weight (kg) of explosives in the storage against the volume (m3) of the 

structure. 

§ Identify a way forward following the identification of knowledge gaps. 

The meeting consisted of a series of presentations identifying background for debris 

characterization and discussions supported by identified questions, MSIAC prepared and 

distributed the proceedings of this workshop. [10] 
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Figure 2: Debris for storage explosion 

 
 

The Effect of Ageing upon Insensitive Munitions Life Cycle 

IM have been developed and gradually introduced into service over the last 25-30 years.  

The attainment of IM weapons systems has been achieved through a “systems approach” 

involving; munition and warhead design, packaging, mitigation devices, fuzing and the 

implementation of new, lower vulnerability energetic materials.  New formulations including 

polymer bonded explosives (PBXs), reduced vulnerability propellants for LOVA applications 

and new ingredients, such as NTO, have been introduced into service.  These new materials 

provide the basis for achieving the gains realized in reduced vulnerability munitions. 

 

A full understanding of the ageing characteristics of these IM technologies is required for the 

safety introduction of new compositions into service.  The sharing of information on the 

ageing of these technologies can assist nations to increase confidence in lifecycle 

assessment and reduce the cost of the assessment process.  The two key areas that have 

been identified by the MSIAC member nations for information sharing in this area are; 

1. Can the use of IM technologies affect the expected lifespan of munition system?  

Cost-benefit analysis of an IM system is dependent upon having accurate knowledge 

of the useable service life, along with associated procurement, surveillance and 

demilitarization costs. 

2. What is the potential for ageing to have an effect upon the IM response of the 

munition system?  This is of great interest in many nations where full knowledge of all 

critical ageing mechanisms for IM technologies effecting safety may not be known or 

well characterized.  

 

In order to investigate and predict the effect of ageing, analysis of the mechanisms for 

ageing, effect of ageing upon physical and chemical properties and the effect of these 



 
 

 
 - 10 - 

changes upon response is required.  In May 2005, MSIAC conducted a technical workshop 

to summarize the knowledge in this area – a detailed summary reported of this workshop is 

available to all MSIAC nations. 

 

Online Services to Support the Munitions Safety Community  

The MSIAC Secure Website was initially developed in late 2002 to provide an improved 

access to MSIAC Information.  During the transition to MSIAC, new requirements have been 

placed on the MSIAC Secure Website. 

 

Additional activities limited to MSIAC Nations, and in collaboration with the NATO/PfP 

Nations, were commenced in 2004.  These activities are focused on providing a web-based 

library of technical working documents for the NATO AC/326. 

 

The MSIAC/NATO Web-based Library 

The development of this section of the website started in early March 2004 in accordance 

with the AC/326 request.  The documents available in this section of the Secure Website 

may be classified into three groups: 

•  Group 1:  Official documents produced by the NATO AC/326. 

o STANAGs, Allied Ordnance Publications (AOPs), Allied Ammunition Storage and 

Transportation Publications (AASTPs) 

• Group 2:  Draft documents, accepted by the AC/326 Main Group but not officially 

published by NATO. 

o Draft STANAGs, and Working Papers (documents used to update AASTPs). 

• Group 3:  Working documents, which are either draft documents or documents used as 

technical support to the group discussions.  Access to these documents will be restricted 

to the AC/326 Groups Members.  

? Draft STANAGs, AOPs & Informal Working Papers  

 

All the documents are stored electronically and may be downloaded by the authorized user 

of the website.  Request for access to the secure website should be directed to 

msiac@hq.nato.int.  

 

The Joint Hazard Classification Section 

The objective of this initiative, conducted by MSIAC in conjunction with the AC/326 subgroup 

5 (Storage and Logistics), is to share the National Hazard Classification databases between 

the contributing Nations.  The main benefits will be to support international logistic 

operations, providing a unique and up-to-date source of Hazard Classification data (Hazard 
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Division, Compatibility Group, UN Number, NEQ, etc.) of munitions.  The long-term benefit 

might be the capability of harmonizing the Hazard Classification of munitions between the 

Nations. 

 

Each update of the National Hazard Classification databases will be sent to MSIAC for 

upload on the MSIAC Secure Website in its original format.  Only Authorized users 

(Government agencies only) in the contributing Nations (or in Nations authorized by all of the 

contributing Nations) will be able to download the latest version of the Hazard Classification 

databases. 

 

MSIAC has received the Australian, Canadian, United States, and United Kingdom Joint 

Hazard Classification databases, which these four nations can now co-access.  Several 

other nations (MSIAC and non-MSIAC NATO/PfP Nations) have also expressed the wish to 

contribute to the project.   

 

4. CONCLUSIONS 

The transition of NIMIC to MSIAC has already involved a lot of changes in the services and 

products developed by NIMIC/pilot MSIAC.  The scope of MSIAC will now cover Ammunition 

Safety across the total life cycle of munitions.  The transition of NIMIC to MSIAC was 

formalized in late 2004.  New products and services are already available; while others are 

under-development to meet the expanding needs of the MSIAC member nations.   

 

The challenge of MSIAC will be to continue to serve the IM community and its member 

Nations while developing new services and products for the Munition Safety Community at 

no extra expense. 
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Abstract 

Experiments have been performed to produce TiC and TiB2-based cermets by Self-sustained High-

temperature Reactions or gasless combustion starting from the pure elements: titanium, carbon and boron 

and the admixing of inert metallic powders. Experimentally it has been observed, that porosity in the 

reactant mixture is needed for the reaction front to propagate. Furthermore, due to the exothermicity of 

the process and the increased density of the reacted material, the final product is characterized by a large 

remaining porosity (typically 50%). In order to produce dense ceramics or cermets, there is a need for a 

subsequent densification step which is often hard to achieve in ceramic composite materials due to their 

high deformation resistance. Therefore, the densification pressure must be applied within seconds after 

the Self-sustained High-temperature Reactions when the temperature of the reacted material is still above 

the ductile-to-brittle transition temperature and/or the melting temperature of the metallic phase, which 

acts as a binder. 

The time window for densification is determined by the end of the combustion process on the one hand, 

and the solidification of the final product on the other hand. 

In order to be able to design the process, numerical simulations are carried out and will be compared to 

experiments. 

 

In this paper, numerical modelling will focus on the physics of the heat generation and heat conduction 

process in Self-sustained High-temperature Reactions. Later the chemistry will be taken into account as 

well. Incorporation of the chemistry in gasless combustion processes is essential to have a predictive 

capability for example in the production of ceramics and cermets by the process described above and in 

the design of pyrotechnics delays as well. 

In small geometries a conflicting requirement between a reliably sustained reaction and a finite burning 

velocity is anticipated because of heat losses to the surroundings. 

Comparison of experiments with detailed numerical modelling is aimed to find the limits of gasless 

combustion processes in relation to the material properties. 
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1. Introduction 

Self-propagating High-temperature Synthesis (SHS), also known as combustion synthesis or solid-flame 

combustion, is a gasless combustion process. It is a cost-effective method for producing high-purity 

refractory compounds, and advanced ceramics, including functionally gradient composite materials [1]. 

The basis of the reaction synthesis relies on the ability of gasless and highly exothermic reactions to be 

self-sustaining. Ignition can be made by a laser beam, ohmic heating, induction or spark. However, a 

sufficient amount of energy needs to be deposited for the reaction to become self-propagating. 

SHS has assumed significance for the production of intermetallics, ceramics and cermets, because it is a 

very rapid processing technique without the need of complex furnaces [2], and can increase the 

productivity in comparison with conventional techniques. One of the drawbacks of this technique is the 

high porosity of the final product (typically 50%), due to: 1) initial porosity in the reactant mixture, and 2) 

the higher density of the reaction products with respect to its starting materials. A subsequent 

densification stage is needed which is often hard to achieve in ceramic composite materials, because they 

are highly deformation-resistant. However, one may take advantage of the ductile behaviour when 

reaction products are still hot and apply techniques as hot pressing, hot rolling, hot isostatic pressing or 

shock waves to eliminate porosity. 

Various researchers [3-4] have successfully studied fabrication of near-net shape cermets using the Ti-C-

Cu and Ti-C-Ni systems, by combining combustion synthesis and quasi-isostatic pressing (QIP). Also 

functionally graded materials have made with near theoretical maximum density for the systems TiB2-Cu 

and TiC-Ni [5, 6]. 

 

Recently, at TNO Defence, Security and Safety, TiB2-based cermets for electrical contact applications 

have been successfully produced via SHS and quasi-isostatic pressing (QIP) [7]. Powder metallurgical 

arcing contact materials are composite materials used in medium and high current applications such as 

circuit breakers and switchgears [8]. The homogeneity of their microstructure is essential for the physical 

characteristics and the switching performance of the electrical contacts. 

The main requirements for an arcing contact electrical material include high electrical conductivity, 

elevated melting point and high hardness. Silver refractory metals possess those characteristic and are 

ideal for working in high current applications. Usually, the steps of production of these materials are 

mixing, pressing, sintering and in some cases infiltration with liquid silver or copper. Unfortunately the 

processing used to fabricate these materials is the major disadvantage. It involves multiple processing 

steps resulting in high cost of the products due to the important labour and energy used through the 

process. 
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The electrical contact materials may be produced in principle by SHS and QIP, and materials with a TiB2, 

TiC or WC ceramic phase and a Ag, Cu or Al metallic phase have been considered. However, in practice 

one is limited by the physics and chemistry. One such limitation is shown in figure 1, where the reaction 

of titanium and carbon is not self-sustained due to too large heat losses to the surroundings. Another 

limitation is a too low adiabatic reaction temperature. 

 
Figure 1: Quenched reaction front in the combustion synthesis of TiC from a Ti and C mixture. 

 

The combined SHS and QIP process is carried out in a granulated medium which acts as a pressure-

transmitting medium and at the same time thermally isolates the sample, thereby minimizing cracking due 

to rapid cooling and keeping the temperature of the specimen for a longer time above the ductile-to-brittle 

transition temperature of the ceramic phase. 

The pressure distribution in the pressure transmitting medium has been discussed in a previous paper [9]. 

The hardness and the electrical conductivity of the final product in the combined SHS/QIP process are 

given in [7]. 

In this paper the focus is on the gasless combustion process by which these TiB2-based cermets for 

electrical contact applications have been made. Experimental results will be compared with numerical 

simulations of the heat flow from the reacted material to its surroundings in order to know whether a 

sufficient time-window exists for the required densification step after the completed SHS process. 

Ti + CTiC 
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2. Experimental results 

Figure 2 shows a schematic picture of the steps followed in the gasless combustion process to produce the 

cermets for electrical contact applications. In addition this combustion process is carried out in a thermal 

insulating medium which can transfer the pressure for densification of the reacted and hot material, see 

figure 3. 

 
Figure 2. Scheme of the basic steps during the combustion synthesis process. 

 

As starting materials high-purity (99.9%) powders of 

amorphous boron with an average particle size of 1 

µm, titanium and copper powder with a particle size of 

45 µm and 63 µm, respectively are used in the 

experiments. Alumina granulates of 1.2 µm in size and 

high-purity (99.5%) powders of carbon with an 

average particle size of 10 µm are used as constituents 

of the pressure transmitting media. 

Stoichiometric mixtures of titanium and boron are 

mixed with the inert metals copper or aluminium. The 

powders are uniaxially cold pressed to 58-64 % of the 

theoretical maximum density. 

 

Figure 3: Schematic picture of the SHS/QIP setup  
for synthesis of electrical contact materials. 

 

In the experiments a kanthal coil is heated and initiates the ignitor pellet consisting of a titanium and 

boron mixture, see figure 3. This ignitor pellet then initiates the sample. The diameter of ignitor and 

B 
Inert 
Metal 

Ti 
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sample is 21 mm, and their thickness is 5 and 10 mm respectively. Experimentally it is observed that the 

SHS process is finished about 5 to 6 seconds after ignition of the ignitor pellet. 

About 3 to 4 seconds after ignition, pressure is applied for a total of 100 seconds. Due to loading and 

unloading the press, maximum pressure is maintained for 50 seconds. After consolidation, the sample 

remains inside the die for slow cooling, avoiding cracking due to thermal stresses. Figure 4 shows the 

green pellet and the reaction product once it is removed from the die. 

 

  

Figure 4: Cold pressed pellets of reactant materials, and the resulting material obtained by SHS 
and QIP. Photograph correspond to a mixture of Ti, B and Al (left) and Ti, B and Cu (right). 

 

To optimize the time-window for quasi-isostatic pressing, the density of the reacted and densified 

materials is determined. Table 1 lists the density results together with loads applied during the 

experiments. Given the same dimensions of the sample, and fixed weight percentage of aluminium or 

copper, the total energy release in the copper-based cermet is highest. The relative densities of the TiB2-

Al cermets are high. Improvement of process parameters is needed to obtain high density TiB2-Cu 

cermets as well. 

 

Table 1: Density of TiB2-metal composites synthesized via SHS/QIP process. 
Sample Metal Metal 

 
Vol.% 

Metal 
 

Wt.% 

Relative green 
density 

% 

Load 
 

MPa 

Density 
 

gr/cm3 

Relative 
density 

% 
SHSQIP11 Al 53 40 67 252 3.19  89 
SHSQIP12 Cu 26 40 65 252 3.83 67 
SHSQIP13 Al 53 40 76 360 3.62 98 
SHSQIP14 Al 53 40 75 360 3.37 94 
SHSQIP15 Cu 26 40 71 396 3.40 59 
SHSQIP16 Cu 26 40 71 396 3.53 62 
SHSQIP17 Al 42 30 76 396 3.55 93 
SHSQIP18 Cu 26 40 67 252 3.27 57 
SHSQIP19 Al 53 40 70 252 3.48 97 
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An optical micrograph shows the structure of the final product. Figure 5 represents an optical micrograph 

of a TiB2-40Cu cermet, where red corresponds to the copper, grey to the titaniumdiboride and some black 

spots to remaining porosity. 

 

20 µm20 µm20 µm
 

Figure 5: Optical micrograph of a TiB2-xCu cermet (x = 40wt%). 

 

3. Numerical simulations 

In the experiments, a densification stage is added to the process to eliminate the remaining porosity in the 

final product. A time-window is anticipated in which application of pressure is effective. It starts after 

completion of the SHS reaction in order not to quench the reaction and it ends with the solidification of 

the ceramic and/or metallic phase. This time-window for the QIP process can be determined either 

experimentally or numerically. Experimentally one may determine whether a good product density is 

obtained, with the disadvantage that several experiments are needed and for each individual configuration 

of the experiment. 

Cooling down after the gasless combustion process has been simulated with the finite element code 

ABAQUS. ABAQUS is a program for numerical modelling which can solve heat transfer processes 

together with the effect of mechanical loads. Here an uncoupled thermal problem is considered initially, 

i.e. without the influence of the external applied pressure and without thermal stresses generated due to 

gradients in the system. 

To provide conductive heat transfer to the system ABAQUS introduces a gap conductance (k) which 

considers the effect of two closely adjacent (or contacting) surfaces on the conduction phenomenon. This 

parameter depends on the two surfaces and materials contacting. High values of gap conductance 

represent a perfect contact between surfaces and hence a maximum conduction of heat. An accurate 

estimation of the gap conductance values for our system is hard to achieve. Due to this fact, simulations 

have been made considering both high and low values of k. Results have demonstrated that the gap 
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conductance value is only relevant in the first moments of the cooling process (first two or three seconds). 

In this paper, results have been obtained considering an ideal contact between surfaces, thus high gap 

conductance value, which still allows a good approximation of the time-window for densification. 

The initial temperature of the reaction products corresponds to the calculated adiabatic reaction 

temperature, and the SHS reaction is not taken into account. Table 2 lists the thermal properties used in 

the simulations. A boundary condition of constant temperature is applied to the die wall. 

 
Table 2: Initial conditions and melting temperatures of the various materials and their thermal properties 
conductivity, specific heat and thermal diffusion coefficient. 
 Tinitial 

°C 
Conductivity 

W/mK 
Density 
kg/m3 

Specific heat 
J/kgK 

DT 

10-5 m2/s 

Tmelting 

°C 
Ignitor (TiB2) 3200 25.92 4620 1222 0.46 3300 
Sample (TiB2-40Cu) 2660 124.74* 6340 887.2 2.22 1080 
Sample (TiB2-40Al) 2080 136.73* 3598.3 1089.2 3.49 660 
Isolator (Al2O3 
powder) 

25 0.13** 1110 888.7 0.013 ---- 

*Estimated from TiB2 and Cu, respectively Al, thermal conductivities. 
**Calculated from experimentally determined thermal diffusion coefficient of the pressure transmitting medium. 
 

Sequences of the cooling process in TiB2-40Cu and TiB2-40Al cermets are shown in figure 6. One can 

observe that at 985 seconds the sample is still above 1000 °C, and that the thermal diffusion in the 

alumina powder is the rate limiting step. Comparing the temperature profile at 0.9 seconds, one can see 

more or less homogeneous temperature distribution in the copper based cermet, and steep temperature 

gradients in the aluminium based cermet. This is due to the lower adiabatic reaction temperature for the 

aluminium based cermet and its higher thermal diffusion coefficient (which controls the time-scale of 

non-stationary thermal diffusion processes). 

In figures 7 and 8 the temperature profiles at different locations in sample and ignitor are shown. Figure 7 

shows the variation of temperature at a relatively short time-scale. Within 10 seconds the time difference 

between ignitor and sample is equilibrated. It indicates that the thermal diffusion in the isolator is 

becoming the rate limiting step and that one may take advantage of the heat in the ignitor to enhance the 

time-window of the QIP process. 

In figure 8 the melting temperature of copper is indicated as well, and the temperature in the SHS product 

drops below the melting temperature well after 800 seconds. Therefore, one may extend the 

experimentally applied time-window of only 100 seconds to 800 seconds. From the numerical simulations 

of the Al-based cermet an even longer time-window of 1350 seconds is calculated due to the lower 

melting temperature of aluminium with respect to copper. 
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Figure 7. Temperature versus time at indicated locations in sample and ignitor for TiB2-40Cu cermets (see also 
figure 6, frame at t=0 s). 

 
t = 0 s 

 
t = 0.9042 s t = 6.079 s t = 61.33 s 

 
t = 253.3 s t = 985.2 s 

 
t = 0 s t = 0.9076 s 

   

 

Figure 6. Evolution of the temperature profiles (temperature in degree Celsius and represented by different 
colours) for sample, ignitor and isolator; TiB2-40Cu cermet (top), TiB2-40Al cermet (bottom). 
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Figure 8. Temperature versus time at indicated locations in sample and ignitor for TiB2-40Cu cermets (see also 
figure 6, frame at t=0 s), with expanded time-scale and melting indication of melting temperature of copper. 

 

4. Conclusions 

• Cermets with have been prepared successfully by the gasless combustion process followed by 

quasi-isostatic pressing. 

• The experimental time-window has been sufficient for densification of TiB2-40Al cermets. 

• The numerically determined time-window for the densification of TiB2-Cu cermets shows that an 

improvement to the experimental procedure can be made. 

• The ceramic phase has to be made by a highly exothermic reaction. 

• The preparation of cermet materials by SHS and QIP does benefit from the heat released by e.g. a 

purely Ti + B mixture enlarging the time-window for the densification step. 

• The application of pressure is anticipated to decrease to some extent the time-window for 

densification due to compaction of the isolator, leading to a higher thermal diffusion coefficient in this 

material. This effect has not been taken into account in the numerical simulation. 

• As the cooling down of the reacted material is sufficiently slowed down due to the low thermal 

diffusion coefficient of the isolator, variations of dimensions of the sample are not critical in this 

particular case. 
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ABSTRACT 
 
 The present study deals with combustion characteristics of CL20/GAP propellants and particularly focuses 

on the influence of particle size on ballistics behavior. Combustion of CL20/GAP mixtures, with different CL20 

particle sizes (5 to 300 µm), is experimentally studied by measuring burning rate via ultrasonic techniques. 

Experimental data obtained attest some significant size effects and distinctly show two regimes depending on 

particle size. For coarse particles, a high burning rate, high exponent mode is observed while with fine particles, a 

regime with lower burning rate and exponent is noticed. A comprehensive theoretical approach is used based on the 

sequential burning model. This model allows for a good prediction of propellant burning rate for coarse CL20. 

However, it fails for fine particle regime and overestimates pressure exponent, which hints that a non-sequential 

burning may occur. A possible scenario, relying on possibly enhanced particle/binder heat transfer that involves 

CL20 burning rate decrease, is then proposed: CL20 particles are actually thought to leave the surface virtually 

unreacted and burn only in gas phase. Development of an associated theoretical frame seems to confirm the 

proposed explanation and allows for a good prediction of the non-sequential regime. 

 

1. INTRODUCTION 

 Hexanitrohexaazaisowurtzitane (CL20) is a cage polynitramine considered as one of the most energetic 

materials so far. It offers higher energy content than currently used ammonium perchlorate (AP) or other nitramines 

such as RDX or HMX.  It also affords non-chlorinated exhausts, which is an environment friendly feature. When 

used with highly energetic binders, it leads to propellants with improved performances which offer a great potential 

for solid rocket propulsion. Yet, like other new ingredients, there is a lack of sufficient understanding in combustion 

mechanisms so that there is a strong motivation to further study combustion before any industrial use.  

 Indeed, in propulsion applications, there exist some strong specifications on ballistic properties, especially 

burning rate rp and pressure exponent n. For instance, in most cases, a relatively low n is sought for in order to 

reinforce the stability of the motor whereas the few available data on CL20-based propellants suggest that pressure 

exponent n is relatively high1-3. Controlling and reducing pressure exponent for such mixtures would be of great use 

for industrial applications.  

 A simple and straightforward way to tailor ballistic properties is to modify the oxidizer particle size, as it is 

commonly done for HTPB/AP propellants. For most AP-based propellants, there exists a strong diffusion flame 

arising between the AP and fuel decomposition products. This flame releases much energy and is almost 

independent on pressure, which results in lowering pressure exponent. In contrast, most nitramine-based propellants 

(RDX or HMX) seem to be devoid of an effective diffusion flame due to their lesser oxidizing nature4,5. Due to 

scarce experimental results, this remains an open issue for CL20-based propellants, which motivates present work. 



 This study gathers some experimental data obtained on CL20/GAP mixtures at SNPE Matériaux 

Energétiques (SME) during past years. Different CL20 particle sizes, ranging from 5 to 280 µm, were evaluated in 

such propellant formulations and corresponding burning rate was measured. One of the purposes of the work is to 

assess whether CL20 behaves like other nitramines (no diffusion flame) or not and to what extent it is possible to 

tailor ballistic properties through particle size control. Moreover, experimental data on particle size effects can also 

help to understand fundamentals of propellant combustion. 

 

2. EXPERIMENTAL 

2.1 Ingredients 

 Experiments were carried out with five different CL20/GAP propellant formulations comprising: 

a) monomodal ε-CL20 with average particle size ranging from 5 to 280 µm; 

b) a GAP binder plasticized with TMETN (trimethylolethane trinitrate) and BTTN (butanetriol trinitrate).  

35 µm and 280 µm CL20 were supplied by Eurenco, France; 5 µm, 80 µm and 180 µm CL20 by SNPE 

Matériaux Energétiques, France. All CL20 materials were synthesized by crystallisation, except the 5 µm 

CL20, produced by grinding. 

2.2 Test samples 

Propellants with 60.0% solids were formulated and processed according to the state of the art. They were 

shaped in 60 mm diameter and 20 mm thick cylinders.  

2.3 Experimental methods 

Combustion behaviour of the CL20/GAP propellant formulations was studied through measurements of 

burning rate via ultrasonic techniques. 

Each cylindrical test sample was inhibited by a coupling material on the side where the ultrasonic device is 

set. It was then placed in a 1.8 dm3 closed vessel and ignited. Simultaneous pressure and burning rate measurements 

were carried out. Burning rate was obtained by tracking the interface echo at sampling frequency f =10 kHz. All 

measurements were made at ambient temperature and typically in pressure range 2-25 MPa. 

 

 

3. RESULTS AND DISCUSSION 

3.1  Burning rate measurements 

 Experimental burning rates are presented and discussed. The oxidizer weight fraction is kept constant 

(60%) and only CL20 particle size is modified with mean diameters of 5 µm, 35 µm, 80 µm, 180 µm and 280 µm, 

measured by laser granulometry. Figure 1 displays measured burning rates for the five crystal sizes tested. Solid 

lines are experimental values for neat GAP binder and CL20, fitted by a power law. 

 A first comment is that all measured rates lie within binder and oxidizer rates. The fact that mixture rate 

does not exceed neat oxidizer rate is a first clue of the absence of a strong diffusion flame. However, obtained data 

distinctly evidence a significant impact of particle size on ballistics, stronger than for other nitramines such as RDX. 



 

Fig. 1: Burning rates for 60%CL20/GAP mixtures for different CL20 particle sizes 

 
 Results clearly point out that largest crystals promote higher burning rates (for 180 and 280 µm). Their 

rates being rather similar, it seems that a limiting value is reached, above which combustion does no longer depend 

on oxidizer particle size. On the other hand, fine CL20-based propellants (5 and 35 µm) burn slower. Those 

differences are particularly noticed for higher pressures, typically above a few MPa. Intermediate CL20-based 

propellant (80 µm) seems to have a mixed character with low burning rates below ~7 MPa and an exponent break 

above, with consequent higher rates.  

 

 These two distinct features between large and small particles are also striking as regards pressure 

dependence. Tab.1 presents pressure exponent n= ∂ (ln rp )/∂ (ln p) for different pressures. 

 

 

 

 

 

 

 

Tab. 1: Pressure exponent n for p= 5, 10, 15 MPa 

 As a general trend, there is a slight increase of pressure exponent n with pressure. Large CL20 particles 

always involve higher exponent, typically about 1, whereas propellants with smallest particles exhibit an n going 

down to 0.5 at low pressure. This is especially valid for 5 µm particles for which n is relatively constant with an 

average value of 0.6 over pressure range. For 35 µm particles, a 0.5-0.6 exponent is kept only until 7 MPa beyond 

Size (µm) p= 5 MPa p=10 MPa p=15 MPa 

5 0.57 0.59 0.67  
35 0.52 0.75 0.86  
80 0.79 1.00 1.04  

180 0.63 1.03 1.04  
280 0.83 0.92 0.90  



which it reaches about 0.8. For 80 µm particles, relatively low n are only observed below 5 MPa. For large CL20, n 

is about 0.8 for low/intermediate pressures and roughly 1 at high pressures.  

 

3.2 Discussion 

 Results for coarse CL20 propellants may be easily explained. Clearly, this is an expected behavior where 

the pressure exponent of the mixture is about the same of its ingredients, i.e. about 0.9, and burning rates 

intermediate between those of the neat binder and oxidizer. When pressure grows, charge transition delay is reduced, 

which consequently involves a slight increase in burning rate and exponent. This is striking for D=80 µm where 

burning rate rapidly converges towards the rate of 180 and 280 µm CL20-based propellants.  

 Ballistics for 180 and 280 µm CL20-based propellants are quite similar. Actually, this is believed to arise 

from a vanishing transition delay, when oxidizer particle size is large and pressure high. As a consequence, an 

asymptotic burning rate is reached which does no longer depend on particle size.  

 

 However, behavior obtained for the smallest particles is unclear and such low pressure exponent is 

unexpected. It is worth noting that similar results have been recently observed on CL20 with nitroglycerin 

containing active binder2. It is believed that this behavior can not be clarified by usual following theories: 

 

• Dilution effects : 

 Lower burning rates could be explained by invoking some dilution effects. Indeed, when particle diameter 

tends to zero, an equivalent homogeneous propellant is retrieved with a reduced burn rate because of the lower 

temperature of premixed flame between binder and oxidizer. Yet, this suggests a purely premixed regime, with 

underlying n~1, which is experimentally not the case. 

• Melting : 

 Although CL20 is reported to have a rather low melting temperature (about 470 K 6), no melting has been 

noticed by direct visualization of combustion using high-definition, high-speed CCD camera. Moreover, the 

formation of a large molten slag generally tends to increase pressure exponent, as it is usually noticed with 

ammonium nitrate (AN) based propellants.  

• Diffusion flame :   

 A reduced pressure exponent is generally linked to the presence of a strong diffusion flame as in well-

known AP-based propellants. However, 

thermochemistry equilibrium computations suggest 

that no secondary diffusion flame is likely to 

release important energy (Fig. 2). Evolution of 

flame temperature vs. oxidizer weight fraction is 

computed with currently used plasticized GAP 

binder at p=7 MPa. AP and ADN, which are true 

oxidizers, both show a maximum flame 

temperature near their stoichiometric mixture ratio. 

RDX and CL20 do not have temperature peak, 

proving no effective diffusion flame. A primary 
Fig. 2:  Calculated equilibrium flame temperature for 

some oxidizers (OPHELIE code from SME) 



diffusion flame, near burning surface, could possibly occur but would be overwhelmed by CL20 monopropellant 

intense heat flux (Tf ~3600 K). Finally, CL20/wax mixtures are not reported to have diffusion flames 2. 

 

 A possible scenario to explain the low pressure exponent regime will be detailed in Chap. 5.  

 

4. NUMERICAL  MODELING 

4.1 Basics of sequential model 

 In order to predict combustion behavior of such propellants, a global 0D modeling developed at ONERA by 

Lengellé et al.5 is chosen, the so-called sequential model. Far from multidimensional or complex chemistry approach 

(see Ref. 7 for an overview), this model is general-purpose and known to provide good prediction for AP/HTPB and 

HMX-based propellants5,8. A thorough description is out of the scope of the present work (see Ref. 5 for details), 

only a brief survey is presented. 

 Both of CL20 and plasticized GAP monopropellants are modeled using a single-reaction premixed flame 

which gives a first relation between mass-flow rate m, pressure P and some thermochemistry data (see Ref. 5 for 

equations). Pyrolysis law m=m(Ts), experimentally obtained by DSC measurements, as well as an energy balance 

relation at propellant surface, are enough to close the system and to obtain a burning rate model, i.e. m=m(P), or 

alternatively burning rate rp=rp(P). That monopropellant model has appeared capable of a fairly correct estimation 

of experimental burning rates for neat CL20 and binder.  

 As soon as binder and oxidizer rates rb and rox are known, the so-called geometrical model 9,10 is used to 

estimate the overall propellant rate rp by : 
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where ξ is the oxidizer loading volume fraction and D the oxidizer particle diameter.   

∆τ is the transition delay to full combustion for the oxidizer:  in Ref. 5, this delay is modeled by solving a simplified 
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with ρ standing for the density, Cp the specific heat, TS  the surface temperature and φ the heat flux. Parameter α is 

the fraction of the particle (supposed spherical) heated by the flux and taken to be α=exp(-K D/eth), in which eth is 

the thermal wave thickness and K a constant finally adjusted to 0.007. Note that, except parameter α, transition 

delay is proportional to particle size D, so that according to Eq. 1, the propellant burning rate becomes insensitive to 

D. Hence, only parameter α  includes particle size information and if D >> eth (particle large compared to thermal 

thickness), α tends to zero because the particle is heated on a vanishingly small part, whereas D << eth (particle small 

compared to thermal thickness), α tends to one (particle is entirely heated by external flux). 

 

 As no diffusion flame is assumed, oxidizer and binder burning rates rox and rb in Eq. 1 are the neat 

monopropellant rates, computed via the monopropellant model. Also, surface temperatures and generated heat flux, 

needed in Eq. 2, are also estimated via the monopropellant model. 

 

 



4.2 Results 

 The current model has been applied to studied CL20 propellants. For the different particle sizes, model 

results are in solid lines, together with experimental data (symbols). Results for 5 and 35 µm CL20 propellants being 

rather similar, they are presented on the same graph. 

 

 
Fig. 3: Predicted (solid line) vs. experimental (symbol) burning rates for different CL20 sizes 

 

 Predictions performed with the model are particularly reliable for coarse particles: 80, 180 and 280 µm. 

Burning rates as well as pressure exponent seem to be well estimated. It seems to validate the physics included in the 

model, especially the effects of CL20 granulometry. Nevertheless, the theoretical model is clearly inaccurate for 5 

and 35 µm sizes where an overestimation of pressure exponent is striking. It confirms that we may switch to another 

combustion regime for fine particles. 

 

 Figure 4 outlines the effects of CL20 particle size on propellant burning rate. Pressure is held at p=10 MPa. 

Theoretical results obtained by current model as well as experimental data are displayed. As previously told, the 

numerical model is, to some extent, capable of estimating the global effect of CL20 granulometry, except for fine 

particles.  

 Numerical results suggest that two limiting diameters seem to exist, above and below which granulometry 

has no longer effects. The upper limit is predicted by 1000 µm at 10 MPa and is related to a transition delay going 



down to zero because the particle is heated on a 

vanishingly small part (α(D) → 0 in Eq. 2). The 

lower limit stands by 20-30 µm at 10 MPa when 

particle size is sufficiently small compared to 

thermal wave thickness: CL20 particle is then 

entirely heated by external flux (α(D) → 1 in Eq. 

2). In both cases, size effects are theoretically no 

longer expected. Note that those bounds are 

liable to vary with propellant burning rate rp in 

the same way thermal thickness does ( eth ~ a/rp 

with a the thermal diffusivity ). 

 

 

5. NON-SEQUENTIAL BURNING OF CL20 MIXTURES : A THEORETICAL FRAMEWORK 

 Previous results dealt with the fact that propellants containing fine CL20 may experience a change in 

combustion regime that is reluctant to conform to common models. This chapter will attempt to shed light on it by 

proposing a possible scenario supported by a theoretical background. 

 The formulated assumption lies on enhanced heat loss of CL20 particle in case of vanishing size. 

Consequent decrease in particle burning rate, as well as non-zero transition delay, is sufficient for CL20 particles to 

leave the burning surface unreacted, which might significantly alter propellant combustion.   

 

5.1 Transition delay and particle ejection 

 It is stated that the change in combustion regime observed for fine CL20 is linked to oxidizer particle 

leaving the surface, almost unreacted. Then, oxidizer does not contribute to overall burning rate and alters ballistics. 

  As pictured in Fig. 5, when transition delay is small enough, we retrieve a usual “normal” combustion 

mode that fits in usual models, such as Eq. 1. When transition delay is large or oxidizer is slow-burning, an oxidizer 

particle takes longer time to reach full 

combustion and may find itself out of the 

propellant, whereas it has hardly burned. In 

this regime, a distributed combustion of 

particles occurs in gas phase, thus involving 

the formation of a burning aerosol near 

propellant surface (“aerosol regime”). 

 

 In fact, Eq. 1 is valid as long as binder 

and oxidizer are burning and both contribute to 

the global burning rate. When the oxidizer 

does not burn (or burns too slow), particle is 

ejected, as just told. In the frame of Eq. 1, its 

rate rox can be considered as infinite whereas 

 
Fig. 4:  Theoretical/experimental effects of particle size on 

propellant burning rate at p=10 MPa  
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Fig. 5:  Illustration of the two assumed combustion mechanisms:

Normal mode vs. aerosol mode 



associated transition delay becomes the time for the binder to regress through particle height. Hence, ∆τ = D/rb and, 

inserted in Eq. 1, this just boils down to rp=rb. In other words, overall propellant burning rate should be equal to 

binder rate, in case of no-contributing oxidizer.  

 Obviously, there exists a condition between both combustion regimes: time needed to burn out particle is 

∆τ+D/rox whereas the time for the binder to regress through particle height is D/rb. Equality between both terms 

defines the boundary of combustion regimes. This can be recast in: 

 

o Normal regime  ∆τ /D ≤ 1/rb -1/rox    then  rp is defined by Eq. 1      (Eq. 3a) 

o Aerosol regime      ∆τ /D > 1/rb -1/rox    then rp=rb        (Eq. 3b)

  

5.2 Heat transfer and surface temperature 

 It is suspected that in the case of fine CL20 particles, enhanced heat transfer between oxidizer and binder 

lowers oxidizer burning rate until inequality of Eq. 3b is fulfilled, so that we switch to aerosol mode.  

 Let us then consider the 3D heat transfer equation in a regressing media at constant velocity V along axis z: 
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with associated orders of magnitude [VT/eth]   [aT/D2]  [aT/D2]  [aT/eth
2]  by taking eth as the space scale in depth 

(z-direction) and D in lateral direction. When D is large compared to eth, z-terms are of leading order and Eq. 4 boils 

down to a quasi-1D problem. Each ingredient then burns with its own monopropellant rate without interaction 

(sequential assumption). However, if D ~ eth, lateral heat transfer is no longer negligible and if D << eth, Eq. 4 

degenerates to: 
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which means that surface temperature is constant : an equivalent homogeneous propellant is recovered. Then, actual 

surface temperatures (and burning rates) deviate from their sequential monopropellant counterparts. Typically, for 

GAP-binder used, the thermal diffusivity a is measured to be about 8.10-8 m2/s. At P=7 MPa, we have rb ~ 9 mm/s, 

which leads to eth=a/rb ~10 µm. Consequently, oxidizer particle sizes about this value are bound to significant 

temperature change.  

  

 An attempt to estimate an order of magnitude of oxidizer temperature loss is undertaken by considering the 

following simplified 2D heat-transfer problem: )( 2
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with initial conditions T=Tox inside a disk of radius R and T=Tb 

elsewhere. This is typically the problem, depicted in Fig. 6, of the 

section of an emerging spherical oxidizer particle at the propellant 

surface plane, which must be considered as an oversimplified view of 

reality. In an infinite region, an analytical solution is11  
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Fig. 6:  Sketch of the simplified heat 
transfer problem 



This solution is theoretically valid for a constant radius R, which is not actually the case when binder is regressing: 

particle section going from R=0 (emergence) to R=D/2 at mid-height, and then decreasing back to 0. A reasonable 

assumption is then to consider, in Eq. 6, a time-averaged value of R/√t during regression time D/rb, which gives : 
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Combining Eq. 6 and 7 leads to an averaged characteristic surface temperature for the oxidizer that finally reads: 
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Obviously, considering a single isolated particle is not realistic as the heat transfer process occurs around all the 

oxidizer particles. This problem would not lead to a simple analytical solution, however we believe that Eq. 8 still 

holds except that when D tends to zero, we do not tend to sole binder temperature Tb but rather to an equivalent 

homogeneous temperature Th. Hence, replacing Tb by Th, the following relation is proposed for oxidizer surface 

temperature (identical for binder temperature, reversing subscripts b and ox): 
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Equation 9 has a straightforward meaning: for coarse particles (D/eth >> 1), oxidizer surface temperature is equal to 

its sequential monopropellant value whereas when D is decreasing down to 0, we reach the surface temperature of 

an equivalent homogeneous propellant (superscript h). Proposed theory suggests that this transition scales with the 

function erf2 (1/3√D/eth
 ) . 

 

5.3 Application to CL20/GAP mixtures 

 Sequential temperature, for both binder and oxidizer, is obtained by the monopropellant model whereas an 

equivalent homogeneous propellant is “built” via a homogenization technique developed by Chen et al12. As a result, 

computed surface temperatures at p=7 MPa are: 

 

• Ts,ox
seq  ~  840 K for CL20 

• Ts,b 
seq  ~  740 K for GAP binder 

• TS
h  ~  810 K for an homogeneized 60%CL20 propellant 

 

 The link between burning rate and surface temperature is obtained via the pyrolysis law r=r(Ts). It is 

obtained by DSC for CL20 and GAP binder whereas for the equivalent propellant, it results from the 

homogenization technique itself.  

 

 Effects of particle diameters on surface temperature and burning rate using proposed Eq. 9 is shown on Fig. 

7. As outlined, for coarse particles (typically > 100 µm), we recover monopropellant temperatures and rates. For 

intermediate size (between 10 to 100 µm), we notice significant changes in temperatures and rates, which 

progressively tend to homogenized values when D is about a few microns. 

 The important fact is that the plasticized GAP is far more volatile that CL20, so that for identical 

temperature, binder burns faster than oxidizer. As a consequence, there exists a critical diameter Dcr for which 

binder burning rate equals oxidizer rate. Following Fig. 7, this is basically reached by 40 µm at 7 MPa.  

  



 
Fig. 7:  Predicted effect of CL20 particle size on CL20 and GAP combustion (P=7 MPa) 

Surface temperature (left) – Burning rate (right) 
 

 Below this limit size, CL20 burns slower than GAP binder, so that condition of Eq. 3b is necessary fulfilled 

and an aerosol burning mode is retrieved. Hence, this limit diameter Dcr is a sufficient condition delimiting the two 

postulated combustion regimes. 

 Figure 8 considers the evolution of critical diameter with pressure, which does bound the two combustion 

modes. Results suggest that the coarsest CL20 used 

virtually always lies in the normal mode. Fine 5µm 

CL20 seems confined to aerosol mode, which seems 

to be experimentally justified. For D=35 µm, a 

regime change is expected by 8 MPa which is 

surprisingly close to the pressure of 7 MPa for which 

an exponent change was experimentally noticed. At 

last, for D=80 µm, the regime change predicted by 5 

MPa may also faithfully explain the exponent break 

noticed at this pressure in measurements.  

 

5.4 Consequence on global burning rate   

 The formation of a CL20 aerosol does have an effect on overall burning rate. As already demonstrated in 

Eq. 3b, we should have rp=rb.  However, this does not exactly reflect measurements as we clearly notice rp>rb on 

Fig.1. Nevertheless, burning CL20 particles near propellant surface undoubtedly involve additional heat flux, 

assumed of convective nature, due to closeness to surface. A detailed description of such distributed combustion is 

extremely complex and would be out of the scope of present work. Nevertheless, a first qualitative result is given so 

forth in order to further assess our formulated theory.  

 Transposing classical flame theory, additional convective flux φadd should be inversely proportional to 

CL20 aerosol flame stand-off distance xf. This stand-off distance can be estimated as a product of a particle 

combustion delay times an ejected particle velocity, roughly taken to gas velocity Vgas. By introducing mass-flow 

rate m and using perfect gas law, this can be finally rewritten in: 

    φadd   ~ 1/xf  ~ 1/Vgas  ~ ρgas/m  ~ P/m 

 
Fig. 8:  Evolution of critical diameter Dcr with pressure 



which means that additional aerosol flux should be proportional to pressure and inversely proportional to mass rate.  

 As a purely qualitative attempt, let us then consider φadd = Kaerosol P/m with Kaerosol a constant adjusted to 8. 

This term is incorporated as an additional external heat flux in the monopropellant model for the binder. 

 Resuming computations for the binder with this additional flux leads to the results presented on Fig.9. It 

presents burning rate predictions for the fine CL20 case (D=5µm) where aerosol formation is believed to hold 

according to last section. It displays the additional-flux 

model (solid line) as well as the predictions of the sequential 

model of Chap. 4 (dashed line). Although a fitting parameter 

Kaerosol has been used, it is outstanding that this simple form 

of flux law added is able to closely fit results. In particular, 

we recover a perfect evolution of burning rate with respect 

to pressure, even in the low pressure region. The unexpected 

low pressure exponent is also retrieved with a value of about 

0.6 all along the pressure range. This ability confirms the 

underlying mechanism proposed and definitely confirms 

that sequential model is not suited for fine CL20. 

  The salient adequacy of the proposed model is due 

to the fact that additional aerosol flux is less dependent on 

pressure than a premixed flame flux. Indeed, we have φadd   

proportional to P/m whereas a purely premixed flame flux scales with P2/m. Then, we easily draw that burning rate r 

roughly scales with (Kpremixed P2+Kaerosol P)1/2 with the first term coming from own binder flame and second term 

from aerosol flux term. As a consequence, additional flux lowers global pressure exponent. In the case the latter 

overwhelms binder flame; we get an asymptotic n about 0.5. It is then probable that the use of nano-CL20 would 

lead to this kind of behavior. 

 Although presented only for 5-µm, this modeling would also give improved correlations for the 35 µm 

case. Moreover, it can explain why 80-µm CL20 gives the slowest rate at low pressure (at a few MPa, see Fig. 1): at 

this pressure, an aerosol mode is believed with an assumed smaller value of Kaerosol due to an increased particle 

combustion delay at D=80 µm. 

 

 The presented theory seems to fairly fit the observed results but is not yet supported by experimental 

evidence. Although a direct visualization of combustion has been performed, it remains tricky to draw conclusions 

due to too small CL20 particles. 

 Last but not least, we note that the proposed scenario has also been hinted by authors of Ref. 2, although no 

associated theoretical frame has been set. However, in Ref. 2, some thermocouple measurements on fine-CL20 

propellants show a kind of a fizz zone between surface and premixed flame, which could be attributed to a zone of 

combustion of presumed aerosol. 

 

6. CONCLUSIONS 

 This theoretical/experimental study focused on combustion characteristics of CL20/GAP mixtures and 

especially stressed particle size effects as a way to control ballistics.  Different CL20 materials with particle size 

Fig. 9:  Prediction of burning rate for D=5 µm 
Sequential model vs. additional flux binder model 



ranging from 5 to 280 µm were evaluated in propellant formulations with a plasticized GAP binder. An effect of 

particle size is clearly shown, in a stronger way than ever seen on other nitramines, like RDX for instance. 

Experimental data obtained distinctly show two regimes depending on particle size. For coarse particles, high 

burning rate with high exponent is observed while with fine particles, a regime with lower burning rate and exponent 

is noticed.  

 A sequential model, basically based on literature, was developed and applied to tested propellants. For the 

large CL20 sizes, the model allows for a good prediction of the propellant ballistics and particle size effects. 

However, it fails to estimate fine CL20 propellant combustion and largely overestimates pressure exponent. 

 A possible scenario and an improved modeling were developed in order to explain unexpected fine-particle 

regime. As particle size is decreased, deviation from sequential burning is expected due to enhanced particle heat 

loss to binder. As GAP binder is more volatile, CL20 burning rate may, for smallest particles, reach binder rate, 

which results in CL20 particle ejection and leads to a distributed aerosol burning mode. By considering a simplified 

equivalent heat transfer problem, we propose a relation that links burning rate decrease to particle size. This relation 

achieves to fairly explain the observed trends and even gives the critical particle size that delimits sequential and 

aerosol burning modes. For small particles, where aerosol formation occurs, an improved modeling - including an 

additional convective heat flux - appears to closely account for experimental results through a single fitting 

parameter and seems to confirm the assumed combustion mechanism for CL20 propellants. The presented approach 

is general and could be applied to CL20 with other active binders as well as to HMX propellants. 
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ABSTRACT 
Extensive experimental data independently obtained by various authors and for 

various kinds of evaporated energetic materials (EM) shows the same - on the 

burning surface are formed the cellular micro-structures. This phenomenon was 

a subject of many investigations already more than four decades, however 

within framework of combustion classical theory the mechanism of its excitation 

and development does not find an adequate explanation. Detailed analysis and 

mutual comparison of investigations executed in this area and also detailed 

analysis of experimental data, obtained in adjacent areas of science and 

engineering has allowed suggesting the new mechanism of occurrence of this 

phenomenon. This concept connected, mainly, with excitation of synergetic 

dissipative spatial-periodic micro-structures (SPMS) in the thin liquid-viscous 

layer (LVL) and on the EM burning surface and determining the burning wave 

spatial instability. Obviously, it is possible to speak about the fundamental law 

determining the processes of the EM burning: the phenomenon of the SPMS 

formation has universal nature. Suggested concept opens possibility for 

understanding the phenomenon of local fluctuations of physic-chemical 

parameters in the EM burning wave. In particular, the process of the SPMS 

formation on the burning surface provides influence on the temperature 

distribution in the LVL and on oscillations of the burning surface. 



INTRODUCTION 
The energetic materials (EM) that melt and evaporate in the combustion 

wave are widely used in various aero-space applications and solid propulsion 

systems (SPS). In connection with development of advanced SPS of new 

generation with extremely high energy and mass characteristics, the problem of 

prevention of development of combustion instability and anomalies of burning of 

the EM again began to have extreme importance. For successful solution of 

problems, connected with suppression of the SPS combustion instability are 

necessary to have detailed understanding about essence of mechanisms of the 

EM unstable burning on the new qualitative level. The combustion mechanism 

for such materials is characterized by melting of the material at a temperature 

below the burning surface temperature and simultaneously occurring processes 

of thermal decomposition and vaporization in the surface layer. 

One of the major theoretical problems is connected with correct 

understanding of phenomena of the temperature fluctuations on the EM burning 

surface. Without understanding the essence of this phenomenon it is impossible 

provide correct mathematical description of physic-chemical processes on the 

EM burning surface. Obviously the possibilities of understanding of laws of this 

complex phenomenon are closely connected with understanding of the 

phenomenon of excitation of the cellular micro-structures on the EM burning 

surface.  

  

EXCITATION OF THE SPATIAL-PERIODIC CELLULAR MICRO-
STRUCTURES ON THE BURNING SURFACE 

 For the first time the conception of excitation of the cellular micro-

structures on the burning surface of evaporated EM – the conception of cellular-

pulsating burning (CPB) has been suggested by K.I.Synaiyev in 1968 [1]. And 

since that time the scientific problem of adequate understanding of the 

mechanism of development of this phenomenon exists.  The CPB phenomenon 

of the EM has been the subject of many investigations already more than four 

decades, however within the framework of the combustion classical theory the 

mechanism of its excitation and development does not find an adequate 



explanation. Extensive experimental data obtained by V.N. Marshakov (N.N. 

Semenov Institute of Chemical Physics of the Russian Academy of Sciences, 

Moscow, Russia) [2] have shown the complex and ambiguous nature of given 

phenomenon. These phenomena were observed in all propellants investigated 

(in double-base, composite solid propellants, nitrocellulose and same individual 

explosives) under various experimental conditions (at pressures up to about 80 

MPa), by means of different experimental techniques (visual and micro-video 

observation, measurements on extinguished propellant burning surface, 

analysis of micro-oscillations of electric conductivity in the combustion zones 

and radiation fluctuations, temperature fluctuation measurements on the 

burning surface with thermo-couples). Existence of serious scientific problem 

connected with studying of the cellular micro-structures on the burning surface 

and the CPB phenomenon also is underlined in the recent papers [3] - [5]. 

 Micro-video-recording of the EM samples burning surface has allowed 

observe behavior of the spatial-periodic cellular micro-structures (SPMS) on the 

burning surface [2]. The images of video film of burning of the NB powder at the 

atmospheric pressure are shown on Fig. 1. 

  

 
 
Figure 1: Sequential images of the video film of burning of the NB  
                powder at the atmospheric pressure [2] 
 

Diameter of the sample was equal to 0.012 m., the initial temperature of the 

sample is equal to 293 K and the time interval between the images is 80 

milliseconds. The images of video film of burning of the colloxylin sample at the 

atmospheric pressure are shown on Fig. 2 [2]. Diameter of the sample was 

equal to 0.010 m., the initial temperature of the sample is equal to 343 K and 

the time interval between the images is 40 milliseconds. On the figures it is 



     
 
Figure 2: Sequential images of the video film of burning of the  
                colloxylin sample at the atmospheric pressure [2] 
 

possible to see the cellular micro-structures that develop on the burning 

surface. The burning cells appear and disappear on the burning surface. The 

experimental data have shown that CPB phenomenon develops irrespective of 

properties and structure of the specific EM. At realization of this burning mode 

the sizes of burning cells are not connected with sizes of components and the 

sizes and structure of tested EM.  

  Present-day theoretical concepts of CPB phenomenon are based, mainly, 

on ideas generated under influence of investigations of processes of self-

propagating high-temperature synthesis (SHS) – on the models of spinning 

combustion that developed for description of dynamics of the SHS front 

structure. In particular, theoretical explanation of CPB phenomenon suggested 

by V.N. Marshakov [2] is based on this concept. In accordance with this model, 

on the burning surface there is a mobile system (grid) of burning transverse 

waves, which is the waves, spreading on the heated-up layer, in the transverse 

direction to the burning propagation. Between these transverse waves burning 

stops. Other explanations of CPB phenomenon connected with non-

simultaneous burning out of the EM components and with formation of clusters 

on the burning surface. However, use of theoretical concepts from the area of 

SHS does not allow explain the mechanism of formation of the burning cells on 

the burning surface of the EM and solid rocket propellants. In B.V.Novozhilov's 

(N.N. Semenov Institute of Chemical Physics of the Russian Academy of 

Sciences, Moscow, Russia) recent paper [6] was suggested synergetic 

approach for consideration of the problem of combustion instability - the 



anomalies of the EM burning and the phenomenon of non-acoustic instability 

(the "chuffing" phenomenon) in the combustion chambers. In particular, was 

suggested consider the processes on the solid propellant burning surface as a 

chaotic process. However the CPB phenomenon was not considered.   

 
MECHANISM OF SPATIAL-PERIODIC MICRO-STRUCTURES EXCITATION 
 Detailed analysis and mutual comparison of investigations executed in 

this area (K.I.Synayev, B.V.Novozhilov, Merrill W. Beckstead, Kenneth K. Kuo, 

Herman F.R. Schoyer, Fred E.C. Culick, Luigi T. De Luca, Vigor Yang, 

B.P.Zhukov, A.D.Margolin, P.F.Pohil, V.N.Marshakov, A.G.Istratov, N.M.Pivkin, 

G.V.Melik-Gaykazov, I.G.Assovskii, V.Ye.Zarko, V.N.Fomenko, O.Ya.Romanov, 

V.A.Babuk, S.G.Yiarushin, S.A.Rashkovskii, O.P.Korobeynichev), and also 

detailed analysis of experimental data, obtained in adjacent areas of science 

and engineering has allowed suggesting the new mechanism of occurrence of 

this phenomenon. This new concept connected, mainly, with excitation of the 

synergetic dissipative SPMS in the thin liquid-viscous layer (LVL) and on the 

EM burning surface that determining the burning wave spatial instability. 

Obviously, it is possible to speak about the fundamental law determining the 

processes of the EM burning: phenomenon of the SPMS formation has 

universal nature. As the system becomes complicated (during heating up), it 

gets such phenomenological features that are difficult for finding out, at studying 

of more simple subsystems. On the EM burning surface occurs transition from 

the isotropic medium to the medium with existential structure.  

 In accordance with suggested theoretical model, at heating from above in 

the thin LVL occurs thermo-electric convection excitation that induce cellular 

movement and formation of the synergetic SPMS. Besides the velocity cells, in 

the LVL arise the electric field cellular structures. Thus, in comparison with 

B.V.Novozhilov’s paper, suggested concept asserts the opposite opinion. On 

the solid propellant burning surface there is no chaotic combustion, but on the 

contrary, takes place the order - the process of self-organizing of dissipative 

hydrodynamic micro-structures. This phenomenon is similar to the phenomenon 

of hydrodynamic instability at transition of laminar flow into the turbulent flow, 



connected with formation of dynamic dissipative spatial-periodic vortex micro-

structures. The reality of existence of thermo-electric convection excitation 

phenomenon is confirmed by extensive experimental works executed in 

adjacent areas of science and engineering and now cannot cause any doubts.  

 Figure 3 shows thin LVL in the EM reaction zone. Distribution of the forces  

 

 
 
Figure 3:  Thin liquid-viscous layer in the EM reaction zone, having  
                 thermo-electric properties at heating from above 
 

interacting in the LVL is shown. This is the buoyancy (lifting) force LF  (the 

difference between Archimedean force and the force of gravity), the surface 

tension force (thermo-capillary force) STF , and the thermo-electric (electrostatic) 

force TEF . For realization of specific mechanism, the excitation force should 

exceeded the dissipation force in many times. From the figure it is possible to 

see that at heating from above, the instability can be excited only by thermo-

electric force. During interaction of hydro-dynamic, electric and thermal 

subsystems in the open thermodynamic system - in the EM LVL arise the self-

organizing and appearance of macroscopic, existential structures. The burning 



surface is spontaneously divided on the hexagonal hydrodynamic “Benard” 

cells, and we have result of this instability as a CPB mode. Each of “Benard” 

cells have an own electric field. The cells will have convective oscillations with 

intrinsic frequency. Thermo-electricity excites also the electric field structures. In 

accordance with investigations executed in paper [7] the boundaries of the 

electric field structures coincide with boundaries of convection cells (“the 

structures of velocity”). And on the LVL surface under influence of thermo-

electric field is excited the electric charge. Self-organizing (forming and 

evolution) of such SPMS occurs near with the point of phase transition of the 

EM heterogeneous structure. At the stationary burning mode the cells arise in 

very thin superficial LVL and their lifetime will be so small, that usually it is very 

difficult to register them. Obviously, in the real conditions this mechanism will 

take place simultaneously with other physics-chemical processes. 

 Taking into account suggested mechanism of the thermo-electric 

convection excitation in the EM LVL, is possible introduce the conditional 

concept of the “universal frequency code” of the EM. This concept is connected 

with formation of the electric field structures and the SPMS in the EM LVL. By 

other words, the “universal frequency code” of specific EM includes a set of 

parameters determining the governing laws of development of the thermo-

electric convection and the SPMS in the LVL of this EM. Each specific EM 

already has a built-in “universal frequency code” that carries out adaptation of 

the system to external influence. At the EM burning, SPMS radiate oscillating 

flows of the CP which interact with spatial-periodic vortex micro-structures in the 

turbulent CP flow and with the acoustic cavities of the combustion chamber and 

the solid propellant charge channel. It is possible to say, that the elementary 

burning cell is the specific carrier of the EM “universal frequency code”. 

 

UNDERSTANDING OF TEMPERATURE FLUCTUATION ON THE  
ENERGETIC MATERIAL BURNING SURFACE 

Suggested concept opens possibility for understanding the phenomenon 

of local fluctuations of physic-chemical parameters in the EM burning wave. In 

particular, the process of the SPMS formation on the burning surface provides 



influence on the temperature distribution in the LVL and on oscillations of the 

burning surface. 

Usually, at execution of thermo-couple measurements are registered the 

temperature distributions ST∆  in the burning wave - the spread of the surface 

temperature values ST . Let's consider some examples. Temperature 

distributions in the burning wave for nitroglycerin powder “A” were measured 

with using of two thermo-couples located in the same cross section on the 

distance of (4 - 5) mm from each other [2]. Figure 4 shows an example of such 

 

 
Figure 4: Temperature variations at the burning wave propagation [2] 

 

temperature variations at the burning wave propagation through the sample at 

the atmospheric pressure in the nitrogen atmosphere. Similar temperature 

distributions were observed and for the “N” powder. From the figure it is 

possible to see the thermal instability of the burning wave front - the 

phenomenon of temperature fluctuation on the burning surface. The basic 

parameters of the cellular-pulsating burning mode are presented in Table 1 and 

Table 2.  

 

Table 1: Scale of the burning cells for the nitroglycerin gunpowder “N”  
              (diapason of the sizes) (L- is the size of the burning cell)   
 

P, MPa 0.5 1.0 2.0 5.0 
L, mm 0.7 – 1.4 0.4 – 0.8 0.2 – 0.4 0.1 – 0.2 



Table 2: Pulsation of the temperature on the burning surface of the 
              nitroglycerin gunpowder “N” 
 

P, MPa 0.5 1.0 2.0 5.0 10.0 
ST∆ , % 14 9.8 8.7 7.5 6.8 

ST , K 558 578 618 673 713 

 
In the papers [4], [5] the mechanism of combustion of the composite 

solid-rocket pseudo-propellant based on ammonium dinitramide ADN and 

polycaprolactone (PCL) at 0.1 MPa has been studied. Initially, fuel (PCL) and 

oxidizer (ADN) are distributed uniformly in propellant mixture. During 

combustion of the ADN/PCL(1250) at 0.1 MPa, redistribution of fuel on the 

burning surface, which is caused by formation of carbon-containing drops, takes 

place. It results in variation of oxidizer/fuel ratio in the gas phase near the 

burning surface. Separate flame jets moving over the strand burning surface 

during the combustion were observed. So, the combustion of ADN/PCL(1250) 

at 0.1 MPa has a torch character with formation of separate seats (cells) of 

burning on the burning surface. During the combustion of the ADN/HTPB (97/3) 

at 0.1–0.6 MPa, separate seats (cells) of burning were also observed. The 

probe (or thermo-couple) during the combustion was located either in the 

luminous zone (torch) or in dark zone (between torches or far from them). 

Results of two experiments on measurement of the temperature profile in the 

ADN/PCL(1250) flame at 0.1 MPa, which confirm the conclusion regarding torch 

combustion of this propellant, are presented in Fig. 5 [4], [5]. Curve 1  in Fig. 5  

 

 
Figure 5: Temperature profiles in fame of propellant ADN/PCL(1250) [4], [5] 



corresponds to the case when the thermocouple moved from the torch to the 

burning surface. Abrupt fallings of temperature on curve 1 are connected with 

changing of torch location with respect to thermocouple. Curve 2 corresponds to 

the case when the thermocouple moved to the burning surface from the dark 

zone.  

First of all, such temperature distributions is not random or chaotic and is 

not connected with non-perfect technique or errors of measurements. The 

spread in the ST  values is connected with a real existing set of the ST  values 

appropriate to various burning rates in pulsations. The spread of the ST  value 

express a temperature range of existence of the LVL. Variation of the modes of 

convective and cellular movements in the LVL, formation and destruction of the 

cellular SPMS influence on distribution of the temperature field in the LVL and 

on the burning surface. On the other hand, oscillatory character of change of 

values of ST  and electric conductivity of the solid propellant burning surface is 

connected with periodic change of thickness of the LVL. Actually, the thermo-

couple registers oscillations of the EM burning surface. 

 In accordance with experimental data [7], the ratio of the longitudinal and 

cross-sectional sizes of the elementary burning cell are the most stable 

characteristic of the thermo-electric mechanism of the cellular movement 

excitation. The boundaries of the electric field structures coincide with 

boundaries of convection cells. From here it is possible to assume, that the 

mechanism of temperature fluctuations on the burning surface has the thermo-

electric nature and is connected with excitation of the electric field structures in 

the LVL (Fig 5, Fig. 6). Understanding of essence of the phenomenon of local 

fluctuations of physic-chemical parameters in the EM burning wave opens 

possibilities for development of technologies for control and reduction of 

pulsations of ST  values on the burning surface. Moreover, understanding of the 

temperature fluctuation on the burning surface is a key for understanding of 

phenomenon of the EM erosive burning and agglomeration processes on the 

EM burning surface. On the basis of suggested new concept suitable design of 

the solid propellant charge is developed. The design of this charge has active, 



 
                            Figure 6: SPMS on the EM burning surface 

 

self-adapting SPMS and provides stable mode of burning of the EM. The basic 

idea used in this solid propellant charge design - application of special 

supporting elements, manufactured from active high-porous penetrable cellular 

EM with self-adaptive spatial-periodic micro-structure. Such design provides 

control by the electric field structures in the EM LVL and control by local 

fluctuations of physic-chemical parameters in the EM burning wave.   

 
CONCLUSION 

Mechanism of the SPMS excitation at the EM combustion is one of 

fundamental laws determining the burning processes of the EM. On the solid 

propellant burning surface there is no chaotic combustion, but on the contrary, 

takes place the order - the process of self-organizing of dissipative 

hydrodynamic micro-structures. Suggested concept opens possibility for 

understanding the phenomenon of local fluctuations of physic-chemical 

parameters in the EM burning wave. In particular, the process of the SPMS 

formation on the burning surface provides influence on the temperature 

distribution in the liquid-viscous layer and on oscillations of the burning surface. 

Technology of control of the electric field structures in the EM LVL is a key to 

control of local fluctuations of physic-chemical parameters in the EM burning 

wave. Application of suggested concept in practical systems will allow control 

the development of physical-chemical processes at a new qualitative level.  
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ABSTRACT 

In this work, the radial combustion of iron (III) oxide / aluminum thermite mixtures is 

studied. Thin circular samples of stoichiometric and over aluminized thermite were 

used. Stainless steel and PVC were selected as confinement materials. The influence of 

confinement thermal properties on the radial combustion front propagation rate and 

combustion products temperature was analyzed and discussed. 

The radial combustion front propagation rates are estimated via digital video-crono-

photography, being the time resolution 50 frame/s. Combustion thermograms were 

obtained for two sample radius (10 and 20 mm from the center), using 

Tungsten/Rhenium thermocouples. The time gap between the thermocouples signals 

allows the calculation of the radial combustion rate in the linear path between 

thermocouples. 

The obtained radial combustion rates with the PVC confinement were higher than with 

the stainless steel confinement, due to the insulation character of PVC that limits 

significantly the heat losses to the surroundings. The thermocouple high sensitivity to 

micro-scale variations leads to an appreciable dispersion of temperature results. The 

temperature values uncertainties did not allow any definite conclusion about the 

relation between mean temperature and equivalence ratio as well as confinement 

materials. 

 

Keywords: Combustion; Energetic materials; Self-propagating high-temperature 

reaction; Thermite; Iron oxide; Aluminothermic reduction.  
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INTRODUCTION 

The self-propagating high temperature reaction between aluminum (Al) and iron oxide 

(Fe2O3) is a classical thermite system, which can be used as a source of heat [1-3]. The 

heat of reaction is high and the products are in the molten form. Thermite reactants are 

commonly mixed without a binder for the maximization of the chemical heat release 

process. In a self-propagation regime the combustion front moves fast. Its stability and 

velocity depends on several parameters, namely [4,5]: reactants particle size and shape; 

reactant mixtures stoichiometry, degree of mixing and green density; system geometry; 

ignition energy; heat generated by the reaction and heating and cooling rates. The 

heating and cooling rates depend on the thermal properties of reactants, products and 

confinement and strongly influence the heat balance in each part of the system. The 

main objective of this work is to investigate the effect of using two different materials 

for the confinement of Fe2O3/Al thermite combustion system: a conductor and an 

insulator material were selected. 

Concerning the Fe2O3/Al system, Plantier et al. [6] was the only author performing 

experiments in different confinements. They used a long square channel and performed 

open and confined combustion experiments. They investigated the influence of 

stoichiometry in the combustion rate for both nanometric reactants and for very low 

samples densities (5-8 %TMD). The oxidizers used were either commercially or 

obtained by a sol-gel technique. They found that measured combustion rates depended 

strongly on the oxidizer synthesis technique, the stoichiometry and the confinement 

conditions. A wide variation of results was obtained with combustion rates varying from 

a few centimeters to hundreds of meters per second. The annealing pre-treatment of the 

iron oxide gel and the presence of the confinement increased significantly the 

combustion rates. In the best set of conditions, values above 900 m.s-1 were achieved. 

Some other authors have studied the combustion rate for the Fe2O3/Al thermite with 

various experimental conditions. Table 1 summarizes their works. 

In this work, the radial combustion propagation on thin circular samples of 

stoichiometric and over aluminized Fe2O3/Al mixtures is studied. The radial geometry 

allows the straightforward detection of combustion propagation irregularities due to 

sample heterogeneities. Stainless steel (conductor) and PVC (insulator) were selected as 

confinement materials, to analyze the effect of confinement thermal properties on the 

radial combustion front propagation rate and combustion products temperature. The 



 3

influence of reactant mixtures composition and green density and system geometry is 

also discussed. 

 
Table 1 – Literature summary on the combustion front propagation rate for the Fe2O3/Al thermite. 

Authors Experimental conditions Combustion  
rates (cm.s-1) Conclusions 

Merzhanov 
and 

Sytschev 
[2] 

- system with dilution: Fe2O3 + 
2Al + 0.9Al2O3; 
- cylindrical geometry; 
- pressure: 1-100 atm; 
- particle sizes of Al: 0.3-9 µm. 

- ≈ 0.4 - pressure and  Al  particle 
size did not affect 

significantly the measured 
velocities. 

Sanin, 
Silyakov 

and 
Yukhvid 

[7] 

- square long channel; 
- channel width: 1-30 mm; 
- dilution: 0-30 wt% alumina 
 

- ≈ 10, without 
dilution, for a channel 

width > 20 mm 
- decreasing, for 

lower channel widths 

- combustion extinction  
limit with an amount of 

alumina ≥ 20 wt%; 
- channel width = 2 mm is 

the critical thickness for this 
geometry. 

Frolov 
[8] 

- pressure: 1-150 atm; 
- systems  with  and  without 
dilution; 
- dilution: Fe2O3 + 2Al + 
0.9Al2O3. 

- from 0.9, at 
atmospheric pressure, 

to ≈ 4, at pressure  
> 40 atm; 

- ≈ 0.4 (constant), for 
the system with 

dilution. 

- pseudo-gasless system, 
since Al suboxides are 
volatile; therefore, the 

combustion rate depends on 
pressure; 

- dilution reduces the 
temperature and the gasless 

combustion hypothesis 
becomes valid. 

Kallio, 
Ruuskanen, 

Mäki, 
Pöyliö and 

Lähteenmäki 
[9] 

- treatment of steel industry by-
products, composed mainly by 
Fe2O3 and Fe3O4 oxides; 
- considerable amount of other 
oxides, oil and water, acting as 
diluting agents: ≈ 7-14 wt.%.  

- 2-4, for the effluent 
closer to the Fe2O3/Al 

system 

- higher dilution leads to 
lower combustion rates; 

- the aluminothermic 
reaction is an energy-

efficient economic process 
to recycle industrial by-

products with ferric oxides. 
Morgado, 
Durães, 
Campos 

and 
Portugal 

[10] 

- long square PMMA channel: 
175x5x5 mm; 
- T100 and T127 mixtures - vd. 
Table 3; 
- self-propagating  and  field-
assisted modes; 
- densities: 25-33 %TMD. 

- ≈1.5 (T100) and 
≈2.5 (T127), in the 

self-propagating 
mode. 

- the field assisted mode did 
not lead to higher 

combustion rates, in this 
particular system. 

 

EXPERIMENTAL 

Components characterization and experimental compositions.   The components 

characterization and the experimental compositions were presented in detail in earlier 

work [11,12]. Here, a summarized description is made. Unless otherwise stated, the 

uncertainties were calculated for a 95 % confidence level.  

Table 2 presents the measured physical properties of the reactants. The particle sizes, 

densities and surface areas were obtained by Laser Diffraction Spectrometry (Coulter 

LS 130), Helium Pycnometry (Mycromeritics Accupyc 1330) and Nitrogen Gas 

Adsorption (Mycromeritics ASAP 2000), respectively. The average pore diameter was 
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estimated by Nitrogen Gas Adsorption (Mycromeritics ASAP 2000), considering the 

BET and BJH desorption theories. The purity data was obtained from manufacturers 

datasheets. Mössbauer Spectroscopy results indicated Hematite (α-Fe2O3) as the only 

phase present in Fe2O3. The selected aluminum is commonly used in pyrotechnic 

compositions. In spite of the coating, its surface was partially oxidized by air during 

storage, as could be concluded by Simultaneous Thermal Analysis measurements [13]. 

 
                              Table 2 – Reactants physical properties. 

 Particle size,  
dmean ; d50  

and d90-d10 (µm) 

Density, 
ρ 

(kg m-3)

BET surf. 
area, As 
(m2 kg-1) 

Aver. pore diam., 
BET, BJHdesorp. 

(Å) 

Purity 
 

(wt %)
Fe2O3 Bayferrox 180 

(Bayer) 
2.007 ± 0.081 ; 1.632 ± 0.045 
3.424 ± 0.186 - 0.903 ± 0.019 5062.3 ± 

10.7 
3149.7 ± 387(a) 148 ; 126 96-97 

Al  black 000 índia 
(Carob) 

18.56 ± 0.62 ; 11.82 ± 0.32  
47.70 ± 1.62 - 1.593 ± 0.103 2700.0 ± 

7.1 
4475.2 ± 299(a) 238 ; 190 89.3 

(a) The uncertainty of the mean value is defined by the standard deviation. 
 
Table 3 presents the composition of the used thermite mixtures. T100 is the 

stoichiometric Fe2O3/Al mixture, being the others over aluminised. Equivalence ratios 

were calculated by the molar ratio between “oxygen necessary for the oxidation of the 

existing Al to Al2O3” and “oxygen actually present in the Fe2O3 of the mixture”. 

Impurities were considered in this calculus. 

 
Table 3 – Thermite mixtures composition. 

 Fe2O3  
Bayferrox 180 

(Bayer) 
purity=96% 

(wt %) 

Al  
black 000 índia 

(Carob) 
purity=89.3% 

(wt %) 

Fe2O3/Al 
relative 

compositions  
 

 (wt %) 

Equivalence  
ratio 

 
 
 

Theoretical 
Maximum Density

(TMD) 
 

(kg.m-3) 
T100 73.35 26.65 74.74 / 25.26 1.00 4105 
T112 71.03 28.97 72.50 / 27.50 1.12 4039 
T127 68.46 31.54 70.00 / 30.00 1.27 3967 
T142 65.89 34.11 67.50 / 32.50 1.42 3899 
T159 63.34 36.66 65.00 / 35.00 1.59 3833 

 
Experimental set-up.   Before the combustion process, reactant mixtures were 

compressed in stainless steel or PVC circular boxes with an inner PMMA lid (vd. 

Figure 1), by cold uniaxial pressing (hydraulic press COMPAC P60), at 200 MPa (for 

stainless steel) or 75 MPa (for PVC), for five minutes. When the resulting density was 

lower than the required limit, the pressing process was repeated once in the same 

conditions. The samples densities were estimated by weight and geometry 

measurements. The obtained samples thicknesses and densities were 1.3-1.8 mm and 

53-70 %TMD, for stainless steel boxes, and 1.5-1.8 mm and 54-62 %TMD, for PVC 
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boxes. In experiments with PVC boxes, a steel outer box with four screws was used, to 

consolidate the lid during combustion. 

 

60 

15

50 
53

10

5

thermocouple 2

thermocouple 1

Stainless Steel (AISI 304) or PVC circular box
PMMA circular lid
Thermite mixture
Ignition channel

 
Figure 1 – Experimental sample set-up (front view cut in real size) to support thermite 
combustion. All dimensions in millimetres.  
 

PVC circular box
PMMA circular lid
Thermite mixture
Ignition channel
Steel outer box with four 
screws to retain the lid 

80 

33.2

60.5 

21.8

 
Figure 2 – Experimental assembly (front view cut in real size) to retain the lid during 
combustion, when PVC boxes are used. All dimensions in millimetres.  

 
The self-propagating reaction was initiated, in a non compressed part of the mixture 

which fills the ignition channel (vd. Figure 1), by contact with a nichrome resistive 

wire, instantaneously heated with a capacitor discharge of 100 V. The radial combustion 

propagation was recorded by digital video-crono-photography (vd. Figure 3), being the 

time resolution 50 frame/s and the shutter speed optimized for the light conditions 

(usually 250 µs, but 100 µs in experiments with high luminosity). Figure 4 presents a 

typical sequence of video frames and corresponding profiles for the radial combustion 

front propagation. Two combustion thermograms were obtained for each sample, at 

radius 10 mm and 20 mm. Tungsten/Rhenium thermocouples (Omega, type C) were 

used, connected to an amplifier and then to a fast digital signal analyser (vd. Figure 3). 

Figure 5 shows a record of thermocouples signals. The time gap between the two 

thermocouples signals was used to estimate the average radial combustion rate in the 10 

mm linear path between them. Temperature values calculations from the registered 

voltage were done considering the amplifiers and thermocouples calibration curves. 
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Figure 3 – Experimental set-up. 

 

0.04 s 0.08 s 0.12 s 0.16 s 0.20 s 0.24 s 

0.28 s 0.32 s 0.36 s 0.40 s 0.44 s 

Figure 4 – Example of the radial combustion front propagation in a T159 mixture. On the right bottom 
corner, the corresponding combustion profiles are shown (external profile corresponds to the box 
confinement; T indicates the direction of thermocouples location).  
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Figure 5 – Example of thermocouple signals: 
T127 combustion experiment with a PVC box. 

 

 

RESULTS AND DISCUSSION  

As discussed in earlier work for the case of stainless steel confinement [12], video films 

have shown increasing average radial combustion rates with increasing Al content in the 

mixtures. The radial combustion profiles obtained (vd. Figure 4) were approximately 

circular, especially for higher radius. Hot spots were detected during the propagation, 
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with notorious higher light intensity. For the PVC confinement, the films have 

essentially the same features. Its detailed treatment is currently under way. 

Figure 6 shows selected scans of the after burning products for the different mixtures. 

The molten products coalesced and crystallized only in preferential points. For the 

stainless steel confinement, the agglomerates of retained products were larger in 

mixtures with lower aluminum content. This was explained by their lower combustion 

rates, conducting to less product spreading [12]. For the experiments in PVC 

confinement, the amount of retained products was residual for the three mixtures tested 

(vd. Figure 6). This was a clear indication that the combustion rates in these 

experiments were higher than the corresponding ones with the stainless steel 

confinement, certainly with higher temperatures and more pronounced products 

spraying through the ignition hole. 

 

 
Figure 6 – Selected scans of the top view of after burning products in the cases of stainless steel 
confinement (top) and PVC confinement (bottom): (a) T100; (b) T112; (c) T127; (d) T142; (e) T159. 
 
Considering the time gap between the thermocouples signals, the average radial 

combustion rate in the 10 mm linear path of thermocouples radius direction can be 

calculated [12]. Figure 7 shows the results obtained, after the outliers rejection. The 

lines in Figure 8 represent the behaviours of mean values, when the combustion rates 

are calculated via thermocouples signals and via video profiles. Table 4 presents the 

corresponding values and uncertainties. The description of the calculus to obtain radial 

combustion rates by the combustion profiles and the corresponding results are given in 

[12], for the stainless steel confinement experiments. There, it was concluded that the 

radial combustion rates derived from thermocouples signals were less precise than the 

obtained from video profiles, mainly due to the minor amount of experimental valid 

data in the first case. In addition, it was discussed that the excess of aluminum should 
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have only appeared at equivalence ratio 1.27 (inclusive). The enhancement of 

combustion rates in the interval of equivalence ratios [1.12, 1.27], as observed in Figure 

8 for the video results, was justified by the occurrence of a slightly exothermic 

consecutive intermetallic reaction, involving Al and Fe formed. These facts indicate that 

the experimental stoichiometric condition was only achieved at a value in this interval. 

This was explained by an over estimated purity level of aluminum, due to its surface 

oxidation during storage, and/or mass/energy dispersion in sub-products, due to reaction 

incompleteness.  
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Figure 7 – Radial combustion rates obtained via 
thermocouples signals as a function of mixtures 
composition. 
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Figure 8 – Behaviour of mean values of radial 
combustion rates via thermocouples signals (from 
Figure 7) and via video profiles (from [12]). 

 
Table 4 – Mean combustion rates for the studied thermite mixtures. 
 
 
Mixture 

Mean combustion rate 
obtained via thermocouples 
signals with stainless steel 

confinement 
{radius ∈[0.01,0.02m]} 

(m.s-1) 

Mean combustion rate 
obtained via thermocouples 

signals with PVC 
confinement 

{radius ∈[0.01,0.02m]} 
(m.s-1) 

Mean combustion rate 
obtained by video profiles 

with stainless steel 
confinement 

{radius ∈[0.005,0.025m]} 
(m.s-1) 

T100 0.029 ± 0.008 0.032 ± 0.007 0.0269 ± 0.0022 
T112 0.031 ± 0.011 - 0.0299 ± 0.0038 
T127 0.038 ± 0.012 0.043 ± 0.007 0.0376 ± 0.0067 
T142 0.047 ± 0.008 - 0.0413 ± 0.0034 
T159 0.050 ± 0.006 0.057 ± 0.031 0.0474 ± 0.0022 

 
For experiments with PVC boxes the combustion rates were higher than with stainless 

steel boxes. The insulation character of PVC has limited significantly the heat losses to 

the surroundings, leading to a better combustion performance of the thermite mixtures. 

This proves the importance of considering this term when modelling this phenomenon. 

In addition, it demonstrates that the time scales for heat losses and for reaction are of 

approximately of the same order of magnitude. 
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The obtained combustion rates agree in the same order of magnitude with results of 

Sanin et al.[7], Frolov [8] and Kallio et al.[9] (vd. Introduction). The mean values for 

T100 and T127 mixtures were slightly higher than the values obtained in earlier work 

for a long square PMMA channel [10]. The differences can be attributed to system 

geometry or green densities. 

Aluminum acts like a binder and lubricant for the iron oxide particles in the press 

process. Consequently, higher aluminum content in the mixtures lead, in average, to 

higher green densities, as shown in Figure 9. This could be observed for both 

confinements. In spite of the weak positive correlation between samples density and 

equivalence ratios (vd. Figure 9), the combustion rates of each mixture for the PVC 

confinement did not exhibit any dependence upon densities, in the range studied (vd. 

Figure 10). This behaviour was already been observed when the stainless steel 

confinement was used [11,12]. 
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Figure 9 – Green densities obtained for all 
thermite samples experimented.  
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Figure 10 – Combustion rates, in the linear 
path between thermocouples, as function of 
samples density. Case of PVC confinement. 

 
The analysis of temperature results for experiments in the stainless steel confinement 

(vd. Figure 11-a) was presented in [11,12]. To have a fast response of thermocouples, 

no insulation was used in the hot junction. Thus, the appreciable dispersion of results, 

for the same experimental conditions, was attributed to thermocouples high sensitivity 

to micro-scale variations [11,12]. Factors like the depth of the thermocouple in the 

sample thickness, the amount and type of combustion products grabbed to hot junction 

when the wave passes them, the disturbance in the combustion wave by the 

thermocouples presence, the oxidation and damage provoked by the wave on the 

thermocouples wires and the dissipation of e.m.f due to conductive nature of products 

and stainless steel box, were mentioned as possible origins for the results dispersion. 

These factors, except the last, are also relevant for the experiments with PVC 

confinement. Figures 11-b show the temperature results in this case and, as expected, 
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the variation of data is high. The standard deviations for the temperatures of both 

thermocouples are above 500 ºC.  
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            (a)            (b) 
Figure 11 – Combustion front local and mean temperatures obtained in two sample radius (10 mm – 
thermoc. 1 - and 20 mm – thermoc. 2), using the stainless steel (a) and the PVC (b) confinements. 
Comparison with THOR code prediction. 

 
As observed for the stainless steel confinement [12] (vd Figure 11-a), with the PVC 

confinement the mean temperature values to both thermocouples positions are 

comparable (vd. Figure 11-b), certainly due to the already quasi-stationary behaviour of 

combustion at position 1. However, the mean values are only indicative, because the 

variability of results is very high. The mean values obtained for the PVC confinement 

are, in general, slightly lower than the corresponding values for the stainless steel 

confinement. The contrary was expected. This can be attributed to the experimental set-

up, namely, the thermocouples hot junction pass through inadvertently made drilled 

holes in the PVC wall. This is supported by the attenuated responses given by the 

thermocouples on some experiments. Therefore, in addition to the already done 

rejection of temperature values below the Al fusion, it was decided to reject all the 

temperatures below 1300 ºC (≈ 250 ºC below the temperature of Fe fusion [12]). The 

calculated new means are shown in Figure 12. The standard deviations for the PVC 

case are now in the intervals [287-782ºC] and [87-425ºC], for thermocouples 1 and 2, 

respectively. It can be concluded that the mean values for all the thermite mixtures and 

with the two confinement materials are close. Thus, no significant variations on mean 

temperatures can be correlated to the experimental conditions, namely, to the 

equivalence ratio and the confinement type. 
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Figure 12 – Combustion temperature 
means, obtained in two sample radius 
(10 mm – thermoc. 1 - and 20 mm – 
thermoc. 2), after the rejection of 
temperature values below 1300 ºC. 

 
 

 
The global combustion of Fe2O3/Al system was simulated using the THOR 

thermochemical code (vd. Figure 11). This program predicts the combustion products 

composition as a function of its final PVT state [14,15]. THOR results, as expected, 

gave maximum adiabatic combustion temperature for an equivalence ratio of one. In 

that condition, the mass and energy are less dispersed on sub-products with higher 

enthalpy of formation than stoichiometric products. Fisher and Grubelich [1] calculated 

the adiabatic combustion temperatures for the stoichiometric Fe2O3/Al thermite, with 

and without phase changes in the products, and obtained the values 2862 ºC and 4109 

ºC, respectively. THOR results are in good agreement with the first value. In THOR 

calculation the heat losses to the surrounding and the reaction extension are not 

considered, so the obtained values are higher than experimental temperature means. 

 

CONCLUSIONS  

For both confinement materials, the radial combustion profiles were nearly circular and 

hot spots were observed during the propagation. With the PVC confinement, the 

combustion rates were higher than for the stainless steel confinement. The insulation 

character of PVC limits significantly the heat losses to the surroundings, leading to 

better combustion performances. 

The thermocouple high sensitivity to micro-scale variations leads to an appreciable 

dispersion of temperature results. Thus, the uncertainty in the temperature values does 

not allow a differentiation of the mean temperatures resulting from the different 

experimental conditions, i. e., different equivalence ratio and confinement material. 
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Abstract 

The results of applied investigations in the field of polymer composites based on 

potassium nitrate yielding combustion products capable to smother fire seats of vari-

ous natures are presented. The information concerning combustion of polymer com-

posites yielding fire-extinguishing aerosol, the influence of their composition on fire-

extinguishing capacity, the temperature of combustion, the content of toxic gases in 

combustion products etc., is given. 

The capability of various additives (in particular, oxides of transition metals, 

carbon, phenol derivatives) to activate the combustion of such composites is exam-

ined. It was demonstrated using the composite containing polyvinylbuthyral binder as 

an example, that the dependence of burning rate against the ratio between separate 

activators has extreme shape and correlates with fire-extinguishing capacity of aero-

sol. In addition, the information on composition of combustion products is given. 

This work is supported by Russian Foundation for Basic Research, Grant No. 04-03-

08144. 

Introduction 

Fire is one of prevailing kinds of natural and technogeneous cataclysm accom-

panying by pernicious fatal consequences as for economics and social sphere. The 

use of aerosols yielding during combustion of energetic materials based on salts of 



alkali metals and having fire-smothering effect upon exposure a fireplace in certain 

concentration is one of promising ways in fire-fighting [1]. 

One of issues of the day that is to be solved for further evolution of the trend 

under discussion is the development of materials having more efficient fire-

extinguishing capacity, ecological purity, stability of operation in wide temperature 

range, and having sufficient thermal stability up to 100–120 °C. 

Though that today it is known a lot of aerosol-generating energetic materials 

(AGEM) with fire-extinguishing activity, all of them have those or diverse disadvan-

tages [2]. The fundamental basics of their material science are practically absent. In 

particular, there are no convincing conceptions about their combustion regularities, 

about effect of behaviour of individual components of AGEM in combustion wave on 

combustion process and aerosol formation, about influence of composition and dis-

persity of aerosol on fire-smothering efficiency. In the present work some aspects of 

correlation between peculiarities of combustion of such energetic systems and capac-

ity of yielding aerosol for fire-extinguishing were examined. 

Experimental 

Potassium nitrate with moisture content not more than 0.5 mass % was used as a 

basic component providing the materials for generating fire-smothering aerosol dur-

ing combustion and serving as oxidizer. With rare exception most investigation were 

performed using fraction of oxidizer 63–100 µm.  

As binders in AGEM composition the following substances served: cellulose ni-

trate (nitrocellulose, NC) plastisized by glycerol triacetate (GTA) of methacryl-(bis-

triethyleneglycol)phtalate (MGF-9), polyvinylbuthyral (PVB), polyvinylacetate 

(PVA), copolymers of vinylacetate with ethylene (PVA/PE), polymethylmetacrylate 

(PMMA), polystyrene (PS), phenol-formaldehyde resin (PFR) and block copolymer 

of divinyl and α-methylstyrene (DVMS). As other components dicyandiamide 

(DCDA), cyanuric acid (CA), technical carbon, cellulose were used in AGEM. 



The samples of AGEM were prepared by two ways depending on properties of 

high-molecular component serving as binder. In the case of thermoplastic polymers 

(plastisized NC, PVB, PVA, copolymers PVPE) the components were blended on 

heating rolls at temperatures providing ability of their processing. Usually they were 

higher than glass-transition temperatures of polymer binders by 50–60 °C. Then cy-

lindrical samples with diameter 10 mm, height 10–20 mm (fixed) and effective poros-

ity not more than 3–5% were formed by pressing at the same temperatures as at 

blending. When using PFR the cylindrical blocks with sizes given above were formed 

by common pyrotechnical technology using removing solvent [3]. 

The fire-extinguishing capacity and combustion rate of AGEM were determined 

during burning of their samples of various masses in hermetic chamber of 0.33 m3 

volume with one optically transparent wall. When determining fire-extinguishing ca-

pacity we estimated the consumption of the material for smothering the flame of 

laboratory burner filled by kerosene. Maximum time of fire smothering determining 

the achievement of the effect was about 45 sec after burning of AGEM sample is fin-

ished. This time, as experimentally established in [4], corresponds to maximum con-

centration of aerosol near flame in given conditions. As a rule, if aerosol can’t 

smother flame for this time it will have never smothered. Lowering the mass of sam-

ple in series of experiments, the critical value was determined below which the aero-

sol does not smother burner flame imitating fire set. Found value of the mass related 

to the volume of the chamber was accepted as measure of fire-extinguishing capacity 

(WC, g/m3). The investigations were performed at room temperature and atmospheric 

pressure. The design of the chamber permitted to take samples of aerosol in order to 

define the composition of gaseous products and size of particles of condensed phase. 

The composition and the temperature of products yielding during combustion of 

AGEM were estimated by thermodynamic calculations using conventional technique 

considering equation of state of real gases [5]. In some cases, the composition of 

gases was determined by gas chromatography. The study of thermolysis of AGEM 

and their components were performed using thermobalance of 0.1 mg response in 



non-isothermal mode with heating rate 3 K/min. The size of particles of condensed 

phase was determined microscopically. 

Results and Discussion. 

Table 1 represents calculated and experimental properties of studied AGEM, 

among them there were compositions taken from the literature. The study of the latter 

in conjunction with new materials using the same techniques allowed us to obtain 

more reliable comparative results. It should be noted that Table 1 gives preferably 

(except items 9, 10) the characteristics for optimized compositions chosen from nu-

merous preliminary experiments. The special attention must be given to the fact that 

all compositions studied and taken from the literature have insufficient amount of 

oxidizer (coefficient of oxidizer exceed α=0.5–0.7), i.e. they are manifestly non-

stoichiometric. The examples of AGEM based on PMMA and PS are given in order 

to demonstrate the fact that most of binary compositions especially with non-

energetic binders either do not burn at all at atmospheric pressure or burn with diffi-

culty or non-stable. Presented data are evidence of the fact that the replacement of 

NC by other polymers with less oxygen content inevitably results in necessity of in-

crease of oxidizer (potassium nitrate) content in the composition. This in turn insists 

on admittance into the composition the substances promoting intensification of reduc-

tion-oxidation reactions and providing the completeness of chemical transformations 

of components during combustion. In this connection, we studied the ability of vari-

ous additives to activate the combustion process of compositions based on potassium 

nitrate. In particular it was demonstrated using PVB-containing composition as an 

example, that binary system PVB — potassium nitrate does not burn without addi-

tional components just as systems No. 9, 10 (Table 1). The variation of ratio between 

PFR and carbon activating the combustion process is established to affect signifi-

cantly the process rate and fire-extinguishing capacity (Fig. 1). In this case, the com-

bustion rate continuously decreases with reducing of carbon content, and the material 

does not burn in absence of carbon. The curve of fire-extinguishing concentration has 

minimum corresponding to maximum fire-extinguishing capacity. It is important to 



note that leaving of concentrations beyond the stated range results in loss of fire-

extinguishing capability of compositions. Analogous behavior was observed for the 

compositions of another kind — based on PFR and CA, PFR and DCDA — during 

variation of ratio between potassium nitrate and CA (or DCDA) at constant PFR con-

tent. Formally for all systems the position of extremum on WC curves correlates with 

coefficient of oxidizer exceed.  

Taking into account that processes in condensed phase are determinative in 

combustion of energetic materials the main attention was paid to their examination. 

In particular, the ability of some components to gasification during heating of the ma-

terial in combustion wave is considered. The following regularities were established 

during experiments on high-speed heating of individual components and their mix-

tures. 
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Fig 1. Combustion rate of AGEM based on KNO3 and PVB, and its fire-
extinguishing capacity vs. ratio between phenol formaldehyde resin and 
carbon in composition. 



Table 1. Some properties of aerosol generating fire-extinguishing materials based on 
potassium nitrate. 

 
Properties  

Composition, 
mass % of main 

components Density, 
g/cm3  

Fire-
extin-

guishing 
capacity 

WС, 
g/m3 

Coeffi-
cient of 
oxidizer 
exceed, 

α 

Com-
bustion 

rate 
U, 

mm/sec 

CO con-
tent in 

gaseous 
phase, 
vol. % 

Tem-
perature 
of com-
bustion, 

К 

Litera-
ture 

Based on NC 

1. 
KNO3     —  70 
NC/GTA —  23 

 
1.79 

 

 
12.0 

 

 
0.64 

 
2.5 

 
0.32 

 

 
1523 

 
[2] 

2. 
KNO3     —  64 
NC/MGF-9 — 23 

1.84 13.0 0.64 4.74 0.18 1498  

Based on non energetic polymers 

3.  
KNO3     —  70 
PVA/PE —  6 

1.79 12.1 0.54 2.4 0.4 1480 [6] 

4.  
KNO3 —  70 
PVB —  6 

1.79 14.0 0.56 2.1 0.24 1490  

5.  
KNO3 —  70 
PVA —  6 

1.78 13.6 0.56 6.5 0.14 1450  

6.  
KNO3 —  78 
DVMS —  8.2 

1.84 13.6 0.57 2.0 0.68 1390  

7.  
KNO3 — 70 
PFR —  11 
DCDA — 19 

1.79 8,0 0.62 1.3 0 1300 [7] 

8.  
KNO3 — 64 
PFR — 11 
CA — 24 

1.79 6,5 0.76 1.2 0 1172 [8] 

9.  
KNO3 — 72 
PMMA — 28 

1.80 — 0.63 does not 
burn — 1430  

10. 
KNO3 — 72 
ПС — 28 

1.78 — 0.37 does not 
burn — 1054  
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Fig. 2. Kinetic curves of thermolysis of KNO3-based systems during linear heating 
(4 K/min): 1 — KNO3 ;  2 — KNO3 + carbon; 3 — KNO3 + phenol-
formaldehyde resin; 4 — KNO3 + carbon + phenol-formaldehyde resin; 5 
— KNO3 + cellulose; 6 — KNO3 + cyanuric acid; 7 — KNO3 + dicyan-
diamide. 
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Fig. 3. Kinetic curves of thermolysis of AGEMs containing KNO3, PFR and 

DCDA (No. 7, Table 1) — 1; and KNO3, PFR and CA (No. 8, Table 1) — 
2. 

 



Potassium nitrate has the least ability to gasification (Fig 2). In mixtures with 

fuels, the gasification begins noticeably earlier as well as for the case of pure KNO3 

and for components playing a role of fuels. For example for PFR and DCDA in com-

positions with KNO3, the region of start of their thermal decomposition is distinctly 

shifted to lower temperatures. At the same time the weight loss of compositions with 

CA is equal to its content in binary systems under analysis (Fig. 3). The obtained re-

sults allow us to suppose that the process of oxidation of gasification products and 

DCDA takes place in gaseous phase, and the gasification products force melted PFR 

and KNO3 to be dispersed. In the other compositions, cellulose seemingly carries out 

analogous function. But in contrast to CA due to its interaction with KNO3 the forma-

tion of decomposition products occurs in 150–350 °C temperature range.  

Table 2. Properties of aerosol generating fire-extinguishing materials based on co-
polymer PVA/PE after exposition at high tempreature. 

Exposition at 120 °C, days  
AGEM properties  

0 1 2 4 7 15 

Combustion rate U, 
mm/sec 2.2 2.3 2.3 2.2 2.2 2.2 

Fire-extinguishing ca-
pacity W, g/m3 12.0 12.0 12.0 12.0 12.0 12.0 

Weight loss, % 0 0.27 0.37 0.49 0.50 0.58 

 

One of the advantages of compositions based on non energetic polymers is 

higher thermal stability in comparison with compositions based on NC. Furthermore 

(as followed from presented data) they provide all technical requirements to AGEM: 

satisfactory fire-extinguishing capacity, low content of carbon monoxide in combus-

tion products, required combustion rate. It should be noted that all compositions ac-

cording to thermodynamic calculations have very low content of nitrogen oxides 

(NOX) in combustion products. It is connected in the first place with their super en-

richment by fuel. Therefore during combustion even on air the combustion tempera-



ture is insufficient for formation of noticeable amount of NOX. Considering strict re-

quirements on thermal stability of AEGM we performed the estimation of main op-

eration properties of composition No. 3 (Table 1) after thermostating at 120 °C. The 

results (Table 2) indicate that even under high temperatures of exploitation the 

AEGMs of such composition retain combustion rate and fire-extinguishing capacity 

WC with insignificant weight loss and decrease of density. 
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ABSTRACT 

The thermal properties of potassium dinitramide are of interest since it is a highly 

energetic inorganic oxidant. The present study has been carried out to investigate 

conflicting reports in the literature on the nature of the thermal decomposition 

process in the liquid state. The techniques employed included DSC, simultaneous 

TG-DTA, simultaneous TG-mass spectrometry and thermomicroscopy. These 

measurements were supplemented by quantitative chemical analysis of the reaction 

products. The results suggest that the overall decomposition proceeds by a 

combination of the reactions KN(NO2)2 → 0.5 KNO3 + 0.5 KNO2 + 0.5 N2O + NO and 

KN(NO2)2 → KNO3 + N2O, with the former reaction predominating.  

INTRODUCTION 

The thermal properties of potassium dinitramide (KDN) are of interest since it 

is a highly energetic inorganic oxidant with potential applications in propellants and 

pyrotechnics. Studies by Dubovitskii et al [1,2] established that the rate of 

decomposition in the melt (m.pt 127 °C) was slower than in the solid state. They 

suggested a first order reaction in which potassium nitrate and potassium nitrite were 

formed according to equation (1) :- 

KN(NO2)2 → 0.5 KNO3 + 0.5 KNO2 + 0.5 N2O + NO  (1) 

Lei et al [3] confirmed the formation of both KNO3 and KNO2 using a 

temperature programmed FTIR. They also obtained an overall mass loss of 35.6 % 

from TG studies in nitrogen [4], which was in good agreement with the theoretical 

value of 35.8 % calculated on the basis of equation (1). The decomposition was 

observed to take place in two stages with a mass loss of 2.5 % in the range 70-

110 °C and a further loss of 33.1 % above 200 °C.  
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In contrast, Cliff & Smith [5] observed a 3 stage mass loss when KDN was 

studied by TG at 5 °C min-1 in argon. An overall loss of 30.2 % was given, which is 

close to the theoretical value of 30.3 % based on conversion to the nitrate alone, as 

shown in equation (2).  

KN(NO2)2 → KNO3 + N2O  (2) 

In addition, Cliff et al [6] in an X-ray diffraction study of the decomposition products of 

five alkali metal dinitramides identified only the alkali metal nitrates.  

DSC studies by Oxley et al [7], in which samples were heated in sealed tubes 

at 20 °C min-1, showed a well defined peak for the melting of KDN at 130 °C. This 

was followed by an exothermic peak above 200 °C, due to the decomposition of the 

KDN. Experiments at slower heating rates, revealed a small exothermic reaction 

before melting and the main exothermic peak appeared to have two maxima. Lei et 

al [3] obtained similar curves to those observed by Oxley et al [7] as did Berger & 

Mathieu [8] using simultaneous TG-DTA. 

A more complex DSC curve was obtained by Cliff et al [6], when they heated 

KDN in an uncrimped aluminium pan at 5 °C min-1 in an argon atmosphere. An 

exothermic peak was observed to start in the region of 90 °C, which overlapped with 

endothermic peaks at 108 °C and 128 °C. These were followed by overlapping 

exothermic peaks at 142 °C and 167 °C and a shallow exothermic peak at 227 °C.  

In order to resolve the conflicting observations a programme of work has been 

carried out to investigate the thermal behaviour of KDN in the liquid state. The 

behaviour of this material in the solid state has also been investigated and will be 

reported elsewhere [9].  

EXPERIMENTAL  

Sample Preparation 

Potassium dinitramide was prepared from potassium sulphamate made by the 

addition of potassium hydroxide to a solution of sulphamic acid. The potassium 

sulphamate was added to a mixture of fuming nitric acid and sulphuric acid at -30 °C. 

The reaction mixture was neutralised with concentrated potassium hydroxide and the 

aqueous solution was evaporated to leave a white solid. This was extracted with 

acetone and evaporated to give crude KDN which was then purified by 

recrystallisation from methanol to give a white crystalline product. The samples were 
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either used as received or after crushing in a pestle and mortar to pass through a 

250 µm mesh sieve. They were stored in darkened bottles in a desiccator.  

Thermal Analysis Experiments 

Thermomicroscopy experiments were performed under reflected light 

conditions in an argon atmosphere, using a modified Stanton Redcroft HSM5 hot 

stage unit. The samples were heated at 10 °C min-1 in alumina crucibles using a 

sample mass of 2.5 mg.  

Preliminary thermomicroscopy studies revealed that following fusion of the 

KDN, decomposition took place via a vigorous bubbling reaction. It was therefore 

decided to carry out DSC and TG-DTA experiments in encapsulated aluminium 

crucibles to reduce loss of the sample through spitting. A pin-hole was inserted in the 

crucible lid in order to permit the escape of gaseous reaction products. The 

measurements were carried out in an argon atmosphere at a heating rate of 

10 °C min-1. The sample mass was restricted to 2.5 mg to try to prevent the sample 

leaking out of the crucible. The DSC studies were performed using either a TA 

Instruments DSC 2920 or a Mettler-Toledo DSC 822e, while the simultaneous TG-

DTA measurements were carried out with Mettler Toledo SDTA 851e.  

Simultaneous TG-mass spectrometry experiments were performed using a Du 

Pont TG-951 thermobalance linked to a VG Gas Analysis Gaslab 300 quadrupole 

mass spectrometer via a molecular leak interface and heated capillary. The 

experiments were carried out by heating 5 mg samples in alumina crucibles, fitted 

with alumina lids with pinholes, at 10° C min-1 in argon.  

Evolved gas analysis measurements were also made under fast heating 

conditions by linking the mass spectrometer to a modified version of an infrared 

heating apparatus previously developed for time to ignition studies [10]. The 

experiments were carried out on 1 mg samples in oxidised inconel crucibles, in an 

atmosphere of flowing argon. 

Analysis of Reaction Products 

The nitrate content of the decomposition product of KDN was determined 

using an ion selective electrode (ISE). It was not possible to analyse partially 

decomposed KDN samples by this method since the presence of KDN was found to 

interfere with the analysis. 
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The nitrite content of the decomposed KDN was measured using a 

spectrophotometric method. This was based on the diazotisation of sulphanilamide 

by the nitrite ion in acid solution, followed by coupling with N-(1-napthyl) 

ethylenediamine dihydrochloride. A series of partially decomposed samples was 

prepared for analysis using a Du Pont TG 951 thermobalance. Rapid cooling of the 

samples was achieved by removing the furnace while keeping the quartz work tube 

in place. The overall mass loss was determined by direct weighing of the residues. 

RESULTS AND DISCUSSION 

Thermal Analysis Studies 

Thermomicroscopy revealed movement in the sample above 90 °C. Fusion of 

the salt was observed in the region of 130 °C and bubbles were evolved from the 

melt above 150 °C. These increased in magnitude with increasing temperature and 

the reaction became sufficiently vigorous to eject material from the crucible. At about 

235 °C, rapid solidification of the sample took place to give a white residue. 

DSC studies on KDN in both crystal and powder form showed that following 

the endothermic fusion peak of KDN at 130 °C an exothermic decomposition 

reaction was given with overlapping peaks at 228 °C and 238 °C. The curves 

obtained using the DSC 2920 are plotted in Fig. 1 and indicate no significant 

differences between the two KDN samples. The extrapolated (Te) and peak (Tp) 

temperatures for fusion and decomposition given in Table 1 are based on triplicate 

measurements. The results show that in spite of the vigorous bubbling nature of the 

decomposition reaction good reproducibility has been achieved by encapsulating the 

samples.  

Table 1. DSC Temperatures for KDN Fusion and Decomposition 

KDN Fusion Decomposition 

Type Te / °C Tp / °C Te / °C Tp1 / °C Tp2* / C Tp3 / °C 

Crystals 129.3 132.0 199.0 228.7 236.2 238.1 

 ± 0.8 ± 0.3 ± 0.4 ± 0.3 ± 0.1 ± 0.2 

Powder 130.1 131.9 199.3 227.1 235.6 238.0 

 ± 0.6 ± 0.2 ± 0.3 ± 0.6 ± 0.3 ± 0.2 

*peak minimum 
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A simultaneous TG-DTA plot for a powder sample of KDN is shown in Fig. 2 

and the results of duplicate experiments on the crystalline and powder forms are 

given in Table 2. 

Table 2. Mass Losses for KDN Decomposition 

KDN Mass loss / % 
Type Stage 1 Stage 2 Total 

Crystals 0.46 ± 0.04 34.87 ± 0.14 35.33 ± 0.18 

Powder 0.21 ± 0.01 34.90 ± 0.07 35.11 ± 0.06 

 

The total mass losses for the crystal and powder forms are in good agreement 

with an overall mean of 35.2 ± 0.2 %. Both samples gave small mass losses in the 

region of 120 °C (stage 1) before the main decomposition (stage 2). The first loss 

was more marked in the case of the KDN in crystal form, which gave a value of 

0.5 % compared with 0.2 % for the powdered sample. The expanded TG-DTA plot in 

Fig. 3 for KDN crystals shows that this small loss occurred just before the onset of 

fusion and was arrested by the fusion. 

As in the DSC studies the apparent dip on the main decomposition peak 

occurred at a reproducible temperature (234.4 ± 0.1 °C) and this was found to 

correspond to a decomposition mass loss of about 27 % for the KDN powder 

sample. Thermomicroscopy experiments showed that a white solid began to form in 

the melt at this temperature. It is therefore considered that a peak corresponding to 

the exothermic heat of recrystallisation of the reaction product is superimposed on 

the main decomposition exotherm of the KDN, giving rise to two exothermic peaks. 

Simultaneous TG-MS studies confirmed that the gaseous products of reaction 

for decomposition in the liquid state were N2O and NO and a typical plot is shown in 

Fig. 4. In order to investigate the effect on the decomposition reaction of the possible 

build-up of product gases in the crucible fitted with lids, experiments were also 

carried out using gauze lids. The evolved gas curves obtained using the different lids 

are plotted in Fig. 5. The similarity of the curves indicates that the presence of a self-

generated atmosphere of product gases did not appear to have a significant 

influence on the decomposition mechanism. 

Studies using the IR-MS system showed that the same product gases were 

given under the faster heating conditions. The ratio of N2O to NO had increased 
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implying that more decomposition in the solid state was taking place under these 

conditions. However, further work would be required to verify this, including 

measuring the contribution of the cracking of N2O to the NO signal at m/e 30. 

DSC measurements were performed to investigate whether KDN samples 

which had been stored in darkened bottles in a desiccator, had aged over a period of 

7 months. The results of the measurements on a sample in crystal form are shown in 

Fig. 6, together with the original DSC curve, and it can be seen that the sample has 

not changed significantly on storage in the absence of light.  

However, KDN has been found to be sensitive to daylight and this is 

demonstrated in Fig. 7 by a DSC curve for a sample which has been exposed to 

artificial daylight for a period of 24 hours. Controlled ageing studies of KDN under 

both artificial daylight and UV light will be reported elsewhere [8]. 

 

Analysis of Reaction Products 

FTIR spectroscopy showed that the decomposition product of KDN was a 

mixture of potassium nitrate and nitrite. A number of completely decomposed 

samples from both TG experiments (Du Pont 951 thermobalance) and DSC 

experiments (Mettler DSC 822e) were analysed for potassium nitrate and nitrite 

contents and the results are summarised in Table 3. Considering the small amount 

of material being studied in the DSC experiments and the fact that the samples must 

be extracted from the sealed aluminium crucibles the results show good agreement.  

Table 3. Analysis of Completely Decomposed Samples of KDN for 

KNO3 and KNO2 Content 

Run  

Type 

Crucible/ Lid 

Type 

Sample 

Mass / mg 

KNO2 

/ % 

KNO3 

/ % 

DSC A 2.5 39.3 ± 0.6 59.9 ± 1.1 

TG B 10 39.4 ± 0.1 61.4 ± 0.1 

TG C 10 39.8 ± 0.2 60.1 ± 0.2 

A - encapsulated aluminium, B - alumina + alumina lid, C - alumina + gauze lid 

 

The results obtained using gauze lids are in good agreement with those 

obtained using lids with pinholes. This confirmed the TG-MS measurements which 
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showed that the effect of the self generated atmosphere on the decomposition 

reaction was not significant. 

In one of the preparative TG runs (out of a total of 20) an additional mass loss 

of 13.2% was observed in the region of 150 °C and the main loss above 200 °C was 

reduced to 19.7%. The analysis results for this residue were significantly different 

from those found normally and gave potassium nitrate and nitrite contents of 78.5% 

and 23.2 %, respectively. A similar two stage reaction was observed in one DSC 

experiment out of over 100 experiments carried out on the present sample of KDN 

and two samples of lower purity. No explanation can at present be offered for these 

isolated results, which are closer to the behaviour observed by Cliff & Smith [5]. 

The analysis results in Table 3 show that the molar ratio of potassium nitrate 

to potassium nitrite is 1.29:1. This suggests that the fraction of reaction taking place 

by equation (1) is 0.9 and by equation (2) is 0.1. The calculated mass loss based on 

these proportions is 35.1% which in excellent agreement with the measured values. 

The nitrite analysis results from a series of partially decomposed 

KDN samples are plotted as a function of mass loss in Fig. 8. The result from 

experiments where samples were heated in encapsulated aluminium crucibles at 

10 °C min-1 to 150 °C has also been included. These experiments gave KNO2 

analysis figures of 0.1%, confirming that significant nitrite formation was only taking 

place in the liquid state. These preliminary results indicate that the amount of KNO2 

formed is not a linear function of temperature, although further measurements would 

be required to confirm this. 

CONCLUSIONS 

Potassium dinitramide has been found to melt at 130 °C and to decompose 

exothermically above 200 °C in a vigorous bubbling reaction. TG studies showed 

that decomposition in the melt took place in a single stage reaction. This was 

confirmed by TG-MS measurements which showed that the gaseous products of 

decomposition were N2O and NO and that the decomposition did not appear to be 

influenced by the presence of self-generated atmosphere effects. 

 Thermomicrosopy studies enabled the second exothermic peak observed in 

DSC experiments to be attributed to the re-crystallisation of the products of 

decomposition from the melt and hence was not evidence of a two stage reaction as 

suggested by Lei et al [3]. 
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Quantitative analysis of the products of decomposition showed that potassium 

nitrate and potassium nitrite were formed reproducibility in the molar ratio 1.29:1. 

This indicated that the overall decomposition of KDN, under the present 

experimental conditions where over 99 % of the decomposition occurs in the liquid 

phase, could be described by a combination of equations 1 and 2 in the approximate 

proportions:- 

 90 % KN(NO2)2  → 0.5 KNO3 + 0.5 KNO2 + 0.5 N2O + NO 

 10 % KN(NO2)2  → KNO3 + N2O 

The mass loss calculated on the basis these equations was 35.1 % which is in 

excellent agreement with the measured value. 
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FIG. 1. DSC CURVES FOR KDN CRYSTALS (a) AND POWDER (b) 

(Sample mass, 2.5 mg; 10 °C min-1; atmosphere, argon) 
 
 

60

70

80

90

100

0 100 200 300 400
TEMPERATURE / °C

M
A

SS
 / 

%

-1

0.5

D
TA

 / 
°C

TG

DTA

EXOTHERMIC

 
 

FIG. 2. TG-DTA CURVES FOR KDN POWDER 
(Sample mass, 2.5 mg; 10 °C min-1; atmosphere, argon) 
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FIG. 3. TG-DTA CURVES FOR KDN CRYSTALS 

(Sample mass, 2.5 mg; 10 °C min-1; atmosphere, argon) 
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FIG.4. TG-MS CURVES FOR KDN POWDER 

(Sample mass, 5.3 mg; 10 °C min-1; atmosphere, argon) 
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FIG. 5. EVOLVED GAS CURVES FOR KDN POWDER 

IN CERAMIC CRUCIBLES WITH DIFFERENT LIDS 
(Sample mass, 5 mg; 10 °C min-1; atmosphere, argon) 
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FIG. 6. COMPARISON OF DSC CURVES FOR KDN CRYSTALS  

(a) AS RECEIVED (b) AFTER STORAGE FOR 7 MONTHS 
(Sample mass, 2.5 mg; 10 °C min-1; atmosphere, argon) 
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FIG. 7.  DSC CURVES FOR KDN POWDER (a) AGED IN ARTIFICIAL  

DAYLIGHT FOR 24 HOURS (b) UNAGED 
(Sample mass, 2.5 mg; 10 °C min-1; atmosphere, argon) 
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FIG. 8. PLOT OF KNO2 CONTENT AGAINST MASS LOSS FOR A RANGE OF 

PARTIALLY DECOMPOSED KDN POWDER SAMPLES 
(Sample mass, 10 mg; 10 °C min-1; atmosphere, argon) 
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ABSTRACT 
 

Results of DTA-TG investigation and chemical analysis of electro-exploded aluminum 

nanopowders passivated and/or coated with the reactive reagents: nitrocellulose (NC), oleic 

acid (C17H33COOH) and stearic (C17H35COOH) acid, suspended in kerosene and ethanol, 

amorphous boron, nickel, Teflon, ethanol and air (for comparison) are discussed. Surface 

protection of aluminum nanopowders by coatings of different origin results in significant 

advantages in the energetic properties of the powders. Aluminum nanopowders with a 

protecting surface show increased stability to oxidation during storage period. On the basis of 

the experimental results, a diagram of the formation and stabilization of the coatings on the 

particles has been proposed. Kinetics of ANPs’ interaction with nitrogen and air has been 

discussed. Recommendations concerning efficiency of non-inert reagent passivation are 

proposed on a basis of comprehensive analysis of the experimental data. 

 

KEYWORDS: aluminum nanopowder, passivation, non-oxide coatings, TEM, SEM, 

DTA-TG. 
 



 

LIST OF ABBREVIATIONS 
 
ALEX – aluminum explosive (TM); EEW – electrical explosion of wires; 

ANP – aluminum nanopowder; HTPB – hydroxy-terminated polybutadiene; 

av - volume mean particle diameter, nm; SEM – scanning electron microscopy; 

CAl - metal aluminum content, wt. %; Ssp - specific surface area, m2/g; 

DSC - differential scanning calorimetry; TEM – transmission electron microscopy; 

DTA – differential thermal analysis; TG – thermogravimetry; 

EDS – electron diffraction spectroscopy; XRD – X-ray diffraction. 

E/Es – energy entered into the wire, a.u.;  

 

INTRODUCTION 
 

Nowadays aluminum nanopowders (ANPs), produced by the electrical explosion of 

wires (EEW) method, has become the industrial product with a growing market [1]. In 2003-

2004 the number of publications, attended to ANPs, extremely increased [2-4 and Refs.] and 

this work is aimed to make ANPs closer to application through comprehensive study of their 

advantages. Lately, EEW-ANP (ALEX and its analogues) have been widely studied as 

promising components of propellants and explosives of various types, mainly fast-burning 

ones [1, 4]. Having summarized last literary data concerning ANPs’ advantages, it became 

noticeable that the most promising properties of ANPs, predicted by G.V. Ivanov in 1990s [5], 

are realized in ANP-containing energetic materials: 

1. The temperature of oxidation onset for ANPs is 100-200oC degrees lower than the 

aluminum melting point (660oC), as a result it is closer to the decomposition 

temperature for modern oxidizers [6]. 

2. The powders are stable and not self-aggregative when stored in air at room temperature 

at least for one or two years [7]. 

3. By adding ANPs instead of micron-sized powders to propellants of different types, the 

burning rate increases significantly and the burning rate exponent decreases by 20-30 % 

[4]. 

4. ANPs are ignited and burn inside a very close zone to the propellant burning surface 

which results in reducing two-phase losses by combustion. At the same time Isp rises and 

particles burn entirely [8]. 



 

On the other hand, the most important problem of the usage of ANPs is the strong 

dependence of their properties on the characteristics of their production. Moreover, the EEW-

powders, produced by different companies, sometimes have non-reproducible properties, the 

most negative one is their different stability to oxidation in air, i.e. some ANP samples loose 

metal content very fast when stored [9]. It is mainly due to atmospheric moisture (H3O+) 

which is more reactive than other air components – O2, N2 and CO2 [10]. Most of the physical 

properties of EEW-powders can be affected by several parameters, i.e., electrical parameters 

of powder production (entered energy E/Es and rate of energy entering into the wire RE/Es, 

voltage U, capacity C and inductivity L of the electric circuit, explosion frequency), gas 

atmosphere at explosion (Ar, Ar+N2, Ar+H2 etc.), wire composition and diameter, and 

passivation conditions (gas or liquid passivation reagents, concentration, solvent etc.). 

Additionally, it is impossible to produce ANP with narrow size distribution by EEW: the 

powder always contains large particles which are formed in the explosive chamber close to 

the electrodes – the so called “tail particles” [11]. Hence, even fractionated ANPs are not 

mono-sized. The finest fractions of particles of certain powders can have lower metal content 

but better reactivity when burning, compared to larger particles [12]. Unfortunately, we 

cannot vary technological parameters within a wide range of values because they mainly 

depend on the type of machine used for metallic nanopowders production. For commercial 

and scientific purposes, the majority of producers currently uses “machines of the 4th 

generation” UDP-4 and their analogues which were basically constructed and developed in 

Tomsk, Russia. In the frame of this study, we found some drawbacks for the machine UDP-4, 

e.g., the wide size distribution and the agglomeration degree of Al particles are practically 

independent from the electrical regime and the wire diameter. 

The majority of commercially available ANPs is passivated by inert oxide layers 

consisting of amorphous or crystalline Al2O3 [13]. The mechanism of ANP passivation has 

not been studied until now. In fact, the process of oxide layer formation on the particle surface 

by slow oxidation in air should be called “passivation-up-to-self-saturation”. The structure of 

such self-saturated oxide layers on Al nanoparticles, produced by EEW, was studied in [14]. 

A hypothesis of the formation of an electric double layer, which is typical for colloidal 

systems, with additional capacity on the ‘metal–oxide’ interface of the particles has been 

proposed for the explanation of the relatively high metal content (80-85 wt. %) in EEW 

particles passivated by air [15]. But the experimental approaches for the maximal metal 

storage in Al particles and the chemical analysis of the processes, occurring when passivating 



 

the particles by different substances, should be developed. Analyzing ANP as a component of 

energetic compositions [16], we conclude that three main tasks should be solved for the 

improvement of the properties of ANPs: 

Task 1. Increasing the metal content in powder , i.e., reaching a value comparable with 

micron-sized powders (95-98 wt. % of metal Al). 

Task 2. Searching the coating reagents which are most compatible with recently used 

propellant binders because ANPs in high concentrations extremely increase the propellant 

viscosity [17]. 

Task 3. Applying coatings must protect particles from oxidation when stored in air and in 

propellant binders, but must not have an effect on the burning properties of the particles. 

The problem of “ANP-with-advanced-properties” production is focused in this work. 

In several recent studies, non-oxide layers for the passivation of Al nanoparticles have been 

applied [3, 18], but the metal content was significantly reduced after such treating. In this 

work, powders were prepared by EEW method and passivated by different substances applied 

on their surface: nickel, Teflon, boron, stearic acid, suspended in kerosene and ethanol, oleic 

acid, ethanol, nitrocellulose. This technique of coating the particles at passivation was 

selected because coating of preliminary air-passivated particles is useless for the solution of 

task 1: the oxide layer already, formed on particles (10-20 wt. % of Al2O3), cannot be 

removed or substituted by after-passivation treatment. For the purpose of comparing, three 

air-passivated powders have been produced: aluminum, produced in Ar and in gas mixture 

(Ar+ 10 vol. % H2), and commercially available powder (ALEX). The properties of the 

produced powders were comprehensively studied by several chemical analyses. Experimental 

data for the mechanism of passivation and oxidation of “ANP-with-advanced-properties” 

have been accumulated and analyzed. 

 

EXPERIMENT 

 
ANPs were produced in argon atmosphere using the EEW facilities developed by the 

High Voltage Research Institute, Tomsk, Russia, which was reported elsewhere [19]. The 

initial Al wire, used for ANP production, was 0.27 mm in diameter and of 99.8 % purity. The 

rate of wire feeding was about 50 mm/s. After producing 1-2 kg of powder, the collector with 

the powder was removed, and the working cycle started again. The optimal electric 

parameters, preliminary found, were E/Es = 1.4, U = 26 kV, L = 0.6 µH for the EEW machine 



 

UDP-4G. One criterion for powders with optimum characteristics was the highest specific 

surface area (Ssp): for ANP, produced under selected U, L, E/Es and passivated by air, 

maximal Ssp ~ 18 m2/g. It should be noted that powders with higher Ssp can be obtained under 

higher E/Es, but this ANP is a material with non-stable properties, which gradually chemically 

reacts with almost all known materials except inert gases, but storage of such ANPs in Ar for 

1-2 days results in self-sintering of the particles [20]. 

Non-passivated ANPs immediately self-ignite if exposed to air, making passivation 

essential. Hence, after the EEW machine stopped, the collector with powder was placed into a 

separate pressure-tight passivation chamber. The list of samples, studied within this work and 

their specific surface area (Ssp), determined by BET method, as well as the metal aluminum 

content (CAl) after passivation, measured by modified volumetric analysis [21], and the 

volume mean particle diameter (av) are shown in table 1. The “Zetasizer 3000” by Malvern 

Instruments Ltd., UK, was used for the determination of the particle size (av). 

 

Table 1. Properties of aluminum nanopowders 
№ Sample code Initial wire 

composition 
Gas media 

in explosive 
chamber 

Passivation condition Ssp (BET), 
m2/g 

av, 
nm 

CAl, 
wt. % 

1. ALEX Al Ar Air 11,3 484 86 
2. Al (Al2O3) Al Ar Air 18,6 553 85 
3. Al (Ni) Al (Ni) Ar Air 40,7 237 53 
4. Al (B) Al (B) Ar Air 12,0 610 84 
5. Al (Ar+H2) Al Ar + 10 vol. 

% H2 
Air 9,4 583 92 

6. Al (St Ac) 
ethanol 

Al Ar Stearic acid in ethanol 12,1 255 74 

7. Al (St Ac) 
kerosene 

Al Ar Stearic acid in kerosene 7,3 410 79 

8. Al (Ol Ac) Al Ar Oleic acid in ethanol 14,3 393 45 
9. Al (F) Al Ar Teflon 11,6 284 81 
10. Al (Ethanol) Al Ar Ethanol 9,8 246 73 
11. Al (NC) Al Ar Nitrocellulose in ethanol 12.6 - 68 

 

Sample 1 (ALEX) with widely studied characteristics [22] has been taken for 

comparison. Sample 2 is an ALEX analogue produced under optimum EEW regime with the 

UDP-4G machine. Samples 3 and 4 were obtained from the composite wires Al-Ni and Al-B, 

respectively [23]. For the production of sample 5, Ar gas media in the explosion chamber was 

doped by 10 vol. % of H2. 

Air-passivation (samples 2-5) was carried out at ϑ=30±2oC and p=0.11 MPa in the 

medium of argon gas having an air content of about 0.1 vol. %. These conditions of air-



 

passivation for metal nanopowders were discussed in a previous paper [14]. ANP samples 2-5 

(table 1) were completely passivated by the (Ar+0.1 vol. %) air mixture for 72 hours. The end 

of the passivation period was determined as the moment when the nanopowder stopped 

reacting with air, i.e. when the pressure of the gas mixture (Ar+0.1 vol.% air) in the 

passivation chamber stopped decreasing. For higher concentrations of air in the passivation 

gas mixture, self-heating and powder self-sintering occur. 

Samples 6-11 were passivated by organic substances in solvents before they came into 

contact with air: 

- 0.1 wt. % stearic acid (C18H36O2) solution in ethanol (C2H6O); 

- 0.1 wt. % stearic acid solution in kerosene; 

- 0.1 wt. % oleic acid (C18H34O2) solution in ethanol; 

- 0.1 wt. % Teflon solution; 

- 96 wt. % ethanol; 

- 0.1 wt. % nitrocellulose solution in ethanol. 

Ethanol and kerosene were selected as solvents because they do not interact with ANP. The 

solution for passivation was added to the fresh powder immediately after production and the 

powder solution was mechanically stirred for ~2 hours. The temperature was maintained at 

30±5oC in order to avoid self-heating and partial self-sintering of the powder. The residual 

solvent was evaporated from the ANPs by vacuum treatment at ϑ=10±2oC. 

After the passivation procedures, all powders were stored in an open-to-atmosphere-

box for 2 months in order to simulate the conditions close to industrial. The morphology of 

the particles and compositions (table 2) were tested by TEM-EDS (Philips CM 200 FEG), 

SEM (JEOL 6500 F) and XRD (Rigaku “MAX-B” diffractometer) with CuKα radiation (Ni-

monochromated). 

Since non-oxide passivation coatings were applied on ANPs for usage in Al-HTPB 

solid propellants, two types of ANPs testing were used: reactivity in air (table 3) and N2 (table 

4). DTA-DSC-TG (Universal 2.4 F, TA Instruments) was used for testing ANPs’ non-

isothermal oxidation.  

 

 

 

 

 



 

Table 2. Elemental and phase composition of aluminum nanopowders 
Wt. content of elements, % (EDS) № Sample code 

O Al Ni 
Phase composition (XRD) 

1. ALEX 10 90 - Al 
2. Al (Al2O3) 15 85 - Al 
3. Al (Ni) 22 74 4 Al 
4. Al (B)  11 89 - Al 
5. Al (Ar+H2) 9 91 - Al 
6. Al (St Ac) ethanol 15 85 - Al, traces of Al4C3 
7. Al (St Ac) kerosene 15 85 - Al 
8. Al (Ol Ac) 18 82 - Al, traces of Al4C3 
9. Al (F) 12 88 - Al 
10 Al (Ethanol) n/a Al 
11 Al (NC) n/a 

 
 

Table 3. Reactivity parameters of aluminum nanopowders under non-isothermal heating in 
nitrogen 
№ Sample code mo, 

mg  
∆ Нmelt Al 
(at 660оС), 
 J/g 

Тnitrid onset, 
oС 

∆ Нnitrid Al, 
J/g 

Weight of 
coating 
(gases), % 

+∆ m  
(500-1000oC), 
 % 

α *** 
(500÷ 
1000oC), 
% 

2. Al (Al2O3) 4.3 -245 749 2740 0 38 76 
4. Al (B) 3.5 -287 749 534 3 33** 73 
6. Al (StAc) 

ethanol 
9.5 -109 690 584 11 16 38 

8. Al (Ol Ac) 4.3 -84 700 230 12 21 86 
11. Al (NC) 3.2 -89 553 3940 24* 29** 79 

* desorption of coating accompanies exo-peak on DTA curve (NC burning for sample 11)  
** up to 900оС 
*** degree of conversion α (Al→AlN), assuming metal content in the powders (table 1) 

 
 
Table 4. Reactivity parameters of aluminum nanopowders (m=7.5 mg) under non-isothermal 
heating in air 
№ Sample code 

Тox onset,oС Weight of coating 
(gases), % 

+∆ m (up to 
660oC), % 

+∆ m (up to 
1000oC), % 

α * 
(500÷1000oC), 
% 

1. ALEX 558 2 28 61 93 
2. Al (Al2O3) 563 0 34 61 94 
3. Al (Ni) 565 2 29 57 121 
4. Al (B)  556 16 13 36 48 
5. Al (Ar+H2) 545 2 24 56 68 

6. Al (St Ac) 
ethanol 

549 2 19 57 87 

7. Al (St Ac) 
kerosene 

557 8 21 56 78 

8. Al (Ol Ac) 486 7 14 38 96 
9. Al (F) 538 5 18 55 77 
10. Al (Ethanol) 548 12 23 55 85 
11. Al (NC) n/a 

* degree of conversion α (Al→Al2O3), assuming metal content in the powders (table 1) 
 



 

EXPERIMENTAL RESULTS 
 

Powders’ properties 

As shown in table 1, reduction in the specific surface area for samples 6-11, passivated 

in solutions, probably corresponds to a significant quantity of residual solvent on the surface 

of the particles (low metal content, 45-81 wt. %) in comparison with sample 2 produced under 

the same conditions and passivated by air ("dry" powder). The reduction of CAl is maximal for 

ANP passivated by oleic acid – down to 45 wt. %. Hence, the coating of particles by organic 

reagents leads to considerable reduction of the specific metal-content in the powder (table 1). 

In the case of boron, this effect is not so obvious. It should be noted that the term "specific 

metal-content" characterizes the content of metal in the powder, but not in the particle. ALEX 

has a relatively high metal content and Ssp comparable with sample 4 (boron coated). 

According to TEM observation, the concentration of Al inside the particles increases 

when applying organic coatings (fig. 1), while the specific metal-content is lower for powders 

passivated by organic substances (table 1). The content of metal in the particles, passivated by 

oleic acid, is higher than for ANPs passivated by air. According to TEM data, particles, 

passivated by air, are covered with oxide films (thickness of 4-5 nm), while particles, 

passivated by oleic acid (fig. 1 b), do not have a visible oxide layer. Analyzing the image in 

fig. 1 a, we can observe the beginning of oxide film crystallization, i.e. the critical thickness 

for the amorphous oxide film is 7-8 nm after which crystallization begins. Thus, under 

selected passivation conditions, at a thickness of the oxide layer of 4-5 nm, oxidation of Al 

particles stops and crystallization of the oxide layer occurs. 

  

Fig.1. TEM images of ANPs passivated by air (a, sample 2) and by oleic acid (b, sample 8). 
  10 nm a)   10 nm b) 



 

SEM results confirm that organic-passivated particles hold on their surface a lot of 

residual solvents (fig. 2 a): particles are not separated as in the case of “dry” powders (fig. 

2 b). The narrowest size distribution and the finest particles were found in sample 3 (fig.3 a). 

BET and av data from table 1 do not correlate which probably means the presence of a small 

amount of finest fractions in the samples, but even a small quantity of the finest fraction 

determine the high value of Ssp (see also fig. 3 b). For all samples the diameter of the largest 

particles was not more than 1-2 µm (by TEM, SEM and size distribution analyses). 

  

Fig.2. SEM images of ANPs passivated by stearic acid (a, sample 7) and by air (b, 
sample 2). 

 

 
a) 

 
b) 

Fig.3. Size distribution (a) and TEM image (b) of ANPs, obtained from the composite wire 
Al-Ni (sample 3), passivated by air. 
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The results of the EDS and XRD studies are presented in table 2. All powders contain 

more than 10 wt.% of oxygen (as oxides) on the particle surface. Traces of aluminum carbide 

were found by XRD for samples 6 and 8. Carbon was not determined by EDS because carbon 

films were used as object slides for the samples. Boron was not found, probably because of its 

low molecular weight and, hence, EDS method has a low sensitivity towards this element. 

Powders non-isothermal nitridation and oxidation 

The minimum temperature of nitridation onset (Тnitrid onset) was for ANP (NC) (sample 

11, table 3), which probably was caused by the preliminary activation of its surface during NC 

decomposition at 195oC (fig. 4). The exothermic effect of nitridation (∆ Нnitrid Al) was 

maximal for the sample ANP (NC) (3940 J/g), which could be due to both simultaneous 

nitridation of aluminum with decomposition of residual NC and nitridation of aluminum as a 

result of the preliminary activation of the surface. The degree of transformation of Al into 

AlN was maximum for ANP passivated by oleic acid (sample 8, table 2). 

 
Fig. 4. DTA curves for ANPs under non-isothermal heating in nitrogen (m= 4.4 mg, vheat = 10 
K/min, etalon α-Al2O3). The numbers of the curves correspond to the samples in table 1. 

In contrast to nitrogen, the beginning of intensive ANP oxidation in air is below the 

melting point of aluminum (660oC). The results of DSC - TG analysis of ANP samples in air 

are represented in table 3. The non-isothermal heating of the samples was executed with a rate 

of heating of 10 K/min. The maximum temperature of oxidation onset (ϑox onset) is 

characteristic for sample 3. Probably, this is caused by the presence of refractory nickel (see 



 

table 2) in the composition of the passivating layer on the particle surface. The ϑox onset of the 

air-passivated samples changes in the range from 564-545oC and does not correlate with the 

dimensional characteristics of the powders and the type of the passivating coating. For sample 

8, the oxidation begins at 486oC (much lower than the melting point of aluminum). The 

adsorbed gases weight for the samples of "dry" ANP (samples 1-5) does not exceed 2 %, with 

the exception of the boron-containing sample. The mass of organic coatings (samples 6-10) 

on the particles is 3-4 times higher than for “dry” samples 1-5. It should be noted that the full 

value of the mass of coatings is even higher, since the oxidation processes of coating and 

interaction "aluminum - coating" simultaneously occur with desorption (see table 3, where the 

weight of coatings is higher for the same samples). The degree of conversion up to 1000oC 

(last column, table 4) is relatively high for all samples, except the boron-containing sample 4. 

Apparently, encapsulation of particles by boron leads to the shift of the oxidation process to a 

high-temperature region. The value of α of more than 100 % for sample 3 (table 4) is caused 

by the oxidation of nickel with the formation of refractory oxide in parallel with Al oxidation 

(α calculated for Al without Ni). 

 

DISCUSSION 

 
Comparison of the properties for studied ANP samples has been made for three 

groups:  

1. ALEX, Al (Ar+H2) and Al (Al2O3) powders – air-passivated;  

2. Al (Ni) and Al (B) powders –passivated by inorganic coatings; 

3. Al (St Ac) ethanol, Al (St Ac) kerosene, Al (Ol Ac), Al (F), Al (Ethanol) and Al 

(NC) powders –passivated by inorganic coatings. 

 

ALEX, Al (Ar+H2) and Al (Al2O3) powders 

According to TEM study, ALEX powder is less agglomerated than sample 2 (Al 

(Al2O3), fig. 5) though produced and passivated similarly. Agglomeration of Al particles in 

the explosive chamber is determined by the explosion regime and the aerodynamics of the 

particles in the chamber only. The process of agglomeration cannot be controlled at the stage 

of passivation when particles are already cooled. The specific metal content for the samples 

ALEX, Al (Ar+H2) and Al (Al2O3) is the highest compared to other powders, but, at the same 

time, Al (Ar+H2) powder has a specific surface area Ssp half as much as that of Al (Al2O3): the 



 

explosion in the mixture (Ar+H2) results in higher agglomeration, but agglomerates are less 

oxidized after air-passivation (table 1 and 2). The release of additionally dissolved hydrogen 

from Al particles can be a reason for earlier oxidation in sample Al (Ar+H2) in comparison to 

ALEX and Al (Al2O3) (table 4). 

 
   100 nm          a)  20 nm              b) 10 nm              c) 

Fig. 5. Substructure of agglomerates of ANP particles (sample 2) passivated by air: 
a – necks between particles, b- sintered particles, c - neck substructure. 

 

Al (Ni) and Al (B) powders 

The sample Al (Ni) consists of two types of particles (fig. 3 a): a very fine fraction and 

large particles. 4 wt. % of Ni (table 2), according to EDS, does not cover the surface of large 

Al particles, but is found separately. However, it is also possible that the finest particles are 

covered by Ni. Particle surfaces for this sample are not smooth. Thus, the explosion of Al-Ni 

composite wires results in smaller particle sizes (table 1) than for Al without coating, but the 

size of such small particles is less than the border of stability – about 30 nm for Al [9]. The 

residual non-oxidized Al particles react with air completely at ϑ<1000oC (table 4): Ni does 

not increase the stability of fine Al particles towards oxidation in air. 

Boron-stabilized nano-Al [24] is an attractive material for propellants, because boron-

coated particles can increase the powder combustion enthalpy. The aluminum content and Ssp 

for this sample are nearly the same as for sample 1 (ALEX, table 1), but the degree of 

conversion up to 1000oC is much lower (table 4): probably, boron-coated particles need 

higher temperatures to react with air than other powders. 

 

 

 



 

Al (St Ac) ethanol, Al (St Ac) kerosene, Al (Ol Ac), Al (F), Al (ethanol) and Al 

(NC) powders 

Stearic acid and oleic acid have the same effect on the passivation of Al particles – 

they interact with aluminum. In the case of oleic acid, the interaction with metal is more 

pronounced - CAl decreased to 45 wt. % in sample 8 (table 1). It is noticeable that the 

interaction of Al with stearic acid and oleic acid results in carbidization of the particle 

surfaces (see table 2). Ethanole without organic acid acts similarly: it decreases the metal 

content in the powders and does not improve the powder reactivity in air (table 4). Sample Al 

(F) and Al (NC) seem promising for the use in combustion processes, but the metal content of 

them is low. For the majority of the organic coated particles, we did not observe strong 

organic layers which could protect Al particles from further oxidation. In the case of Al (Ol 

Ac), the particles hold more oxygen than other samples (table 2). Moreover, according TEM, 

organic coated metal particles have two layers: an organic layer and an internal oxide layer 

(fig. 6). 

 
Fig. 6. Two-layer coating of organically passivated Al particles. 

 

CONCLUSION 

 

Ten samples, produced under different experimental conditions and stabilized by 

organic and inorganic substances, have been studied. The most important advantage of non-

oxide coated aluminum nanoparticles is their higher combustion enthalpy than for Al2O3-

passivated Al particles. The drawback of non-oxide coatings is the reduced specific metal 

content in the powders. When calculating the quantity of Al for the preparation of propellant 



 

compositions, the content of the coating on the surface of particles should be taken into 

account. The advantages of the investigated ANPs should also be studied by other methods: 

measurement of the rheological characteristics of “Al-propellant binder” compositions and 

measurement of the burning characteristics of aluminized modern propellants which are 

planned in future time. 
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RS-RDX AND RS-HMX: AGEING AND SHOCK 
SENSITIVITY 
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Reduced Sensitivity RDX (RS-RDX) for use in cast-cured and pressable PBX 

compositions have received a lot of attention and interest from the explosive 

community in the recent years.  There are several producers of RS-RDX, using two 

different nitration processes for the RDX synthesis (the Woolwich process and the 

Bachmann process).  In addition there are different processes for obtaining the 

Reduced Sensitivity properties.  In one case it has been reported that RS-RDX 

produced by the Bachmann process will loose its insensitivity towards shock initiation 

during ageing.  RS-RDX produced by Dyno Nobel by the Bachmann process has 

therefore undergone extensive accelerated ageing testing.  The samples have been 

aged at 60°C and 70°C and the shock sensitivity tested by the Small Scale Water Gap-

test (BICT Gap-test) and the Intermediate Scale Gap-test according to STANAG 

4488.  The results demonstrate that the Dyno Nobel RS-RDX from the Bachmann 

process retains the insensitivity towards shock during ageing.  No degradation of the 

shock sensitivity has been observed. 

 

Dyno Nobel has recently published the results from the first major study of Reduced 

Sensitivity HMX (RS-HMX) of different particle size distributions.  The shock 

sensitivity is at the same level as for RS-RDX in comparable compositions.  Shock 

sensitivity results for RS-HMX used in both pressable and cast-cured compositions 

will be presented.  Accelerated ageing testing of RS-HMX have been initiated.  Such 

studies have never been reported in the literature.  Initial results from the ageing study 

will be presented. 
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BACKGROUND 
 

Dyno Nobel is one of Europe’s largest producers of RDX and HMX. Dyno Nobel has 

a long history of working to improve crystal quality of our products. Some of this 

work has been in cooperation with European research institutes1, 2. In the beginning 

the focus was mainly on crystal shape and crystal surface, but the work has 

progressed to focus on internal defects and inclusions as well. This work has led to the 

introduction of an RDX “Type I” 3 made by the Bachmann process in 2002. This 

quality had significantly improved processing properties compared to standard RDX 

in cast cure compositions like PBXN-109. Other properties like shock sensitivity was 

also improved compared to standard RDX. In 2003, Dyno Nobel introduced our 

reduced sensitivity RDX (RS-RDX)4, 5, 6. All RDX qualities from Dyno Nobel are 

made by the Bachmann process. These qualities are steps on a continuous 

improvement of crystal quality that has been going on for many years. The 

improvements are a result of continuously improved process control and better 

understanding of the unit operations and product properties. 

 

Speculations about ageing having an influence on the shock sensitivity have been 

widely discussed throughout the IM community the last 2-3 years8. Dyno Nobel has 

also done studies of aging for our RS (reduced sensitivity) crystals and compositions 

in cooperation with the Norwegian Defence Research Establishment (FFI). 

 

It was natural to extend the work with RS-RDX to also include RS-HMX7, and we 

have also made good progress in this field.  

 

TEST METHODS  
 
Dyno Nobel has had great success in using the BICT water gap test7 for screening of 

various qualities during development of RS-RDX. This test was therefore also applied 

for HMX screening. We will also present shock sensitivity results on RS-RDX done 

at FFI with the intermediate scale gap test. This test is described in the Stanag 4488. 

The flotation density method as described in STANAG 4566 for CL-20 was used with 

some modifications described earlier7. 
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RS-RDX in pressable compositions 
 
Dyno Nobel has introduced RS-RDX into a pressable composition with 10% binder 

and 90% RDX. This composition is easy to press to a high density (close to 100 % of 

TMD), at a low applied pressure. High % TMD is essential to get good and reliable 

GAP-test results. We expect a low pressure to be important to avoid breaking the 

crystals during the pressing operation. Broken and fractured crystals will most likely 

give rise to hot spots and an increase in shock sensitivity. The excellence about this 

composition is that a good pressability is obtained even when the particle size is 

changed dramatically. 

 

The results illustrated in figure 1 show a 50 % improvement in the shock sensitivity 

when using RS-RDX compared with Dyno Nobel’s standard RDX Type II. Dyno 

Nobel’s RDX “Type I” also shows about 25 % improvement in the shock sensitivity 

compared with the standard RDX. The results also show that the RS-RDX from Dyno 

Nobel is at the same level for shock sensitivity as I-RDX® from Eurenco France. 
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Figure 1: BICT GAP-test results for the RDX used in the pressable composition 
 
Another pressable composition has also briefly been investigated. Comp-A3 was 

selected as it contains 91 % RDX and 9 % wax. In this composition we used crystals 

with a size distribution in the same range as MIL-SPEC class 3 RDX. The batches of 

RS-RDX used in Comp-A3 have been pretested in the standard gap-test composition 

to confirm that they possessed the desired improved shock resistance. The results 

showed that in Comp-A3, there was no significant improvement when RS-RDX was 

introduced compared to standard RDX6. Comp-A3 contains wax, which is a hard 
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binder and crystals may break during pressing with the result that hot spots are created 

and the crystal quality looses some of its shock sensitivity properties. 

 

RS-RDX in cast cure compositions 
Dyno Nobel has, as mentioned above, worked with crystal qualities for a long time. A 

lot of this work has been concentrated on the processability of the crystals when they 

are used in cast-cured compositions. One important parameter for processability is the 

viscosity of the mixture. More details about this have been published earlier 4, 6. 

PBXN-109 with different RDX qualities was tested for shock sensitivity with the 

BICT- gap test and the intermediate scale gap test. The results show that for PBXN-

109, Dyno Nobel’s RS-RDX has the same level of shock sensitivity as the I-RDX® 

from Eurenco France. The standard RDX Type II was not tested in the BICT GAP-

test in PBXN-109. 
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Figure 2: Results from the BICT GAP-test for different RDX qualities used in PBXN-109 
 
The different crystal qualities have also been tested in the intermediate scale GAP-

test, as described in STANAG 4488 by the Norwegian Defence Research 

Establishment (FFI). Figure 3 gives a summary of these results. For some of the 

results obtained, the PBXN-109 composition are prepared from a CXM-7 premix 

where the crystals are precoated with about 5% of the plasticizer DOA 

(Dioctyladipate) which is a standard ingredient in PBXN-109.  

In this test, the shock sensitivity of the “Type I” RDX and the standard Type II RDX 

are at about the same level. When tested with the BICT GAP-test in the pressable 

composition described above, “Type I” RDX is in between the standard Type II and 
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the RS-RDX. Normally we expect our “Type I” RDX to be somewhat less sensitive 

than our Type II RDX. 

We have seen as a consistent trend that when the RS-RDX is precoated with a 

plasticizer as in CXM-7 prior to mixing in to PBXN-109, the shock sensitivity is app. 

1 mm better on the BICT GAP-test compared to if crystals are added uncoated to the 

mix. We do not have a good explanation for this, but it could be related to how well 

the crystals are wetted and coated.  

Finally the figure 3 shows that the RS-RDX has app. doubled the shock initiation 

pressure compared to the standard Type II RDX. Also the results from the large scale 

GAP-test show that Dyno Nobel’s RS-RDX has about the same level of shock 

sensitivity as I-RDX® from Eurenco France. 

 

0
10
20
30
40
50
60
70

Type II RDX,
CXM-7

"Type I"
RDX, Crystals

RS-RDX
Dyno Nobel,

Crystals

RS-RDX
Dyno Nobel,

CXM-7

I-RDX®
Eurenco
France

In
iti

at
io

n 
Pr

es
su

re
 (k

ba
r)

 
Figure 3: Results from the intermediate scale GAP-test for PBXN-109 done at FFI. 
 
Gap test results show a very good correlation between shock sensitivity in the 

pressable composition and in PBXN-109 tested with the BICT gap test, see table 1. 

  
Table 1: Comparison of the BICT GAP-test for the pressable composition and PBXN-109 

 BICT GAP-test results 
Type of composition Pressable composition PBXN-109 
Type of RDX Go No-Go Go No-Go 

RDX, “Type I”, Dyno 10 mm 
(38.8 kbar) 

12 mm 
(32.9 kbar) 

10 mm 
(38.8 kbar) 

12 mm 
(32.9 kbar) 

RS-RDX, Dyno Nobel 8 mm 
(45.8 kbar) 

10 mm 
(38.8 kbar) 

7 mm 
(49.5 kbar) 

8 mm 
(45.8 kbar) 

I-RDX®, Eurenco 
France 

8 mm 
(45.8 kbar) 

10 mm 
(38.8 kbar) 

8 mm 
(45.8 kbar) 

10 mm 
(38.8 kbar) 
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RS-HMX in pressable and cast-cure compositions 
 
We have tested different HMX qualities in both pressable and cast cure compositions. 

Figure 4 shows an overview of the results obtained with a standard HMX crystal 

quality versus RS-HMX crystals in several compositions. Below, the PBXN-5 with 

RS-HMX has too low content of HMX to hold the specification, and thus the 

sensitivity decrease of 2 mm gap may not be real for PBXN-5. From figure 4 we can 

see that the improvement in shock sensitivity is more significant for the cast cure 

composition PBXN-110 and for the softer pressable compositions like PBXN-9 and 

PBXW-11 than for the relatively hard compositions like PBXN-5 and LX-14. This 

corresponds well with the results obtained for RS-RDX in pressable compositions. 
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Figure 4: Comparison of ordinary HMX and RS-HMX for different compositions tested with the BICT 
gap test 
 
For the pressable compositions a pressure of 2000 kg/cm2, or close to 200 MPa, has 

been used. The charges have a diameter of 21 mm used in the BICT gap test. For 

PBXN-9 the density of the charges after pressing have been around 99% of theoretical 

maximum density (TMD) while for the other HMX compositions the density have 

been about 98% of TMD.  

As the results in figure 4 are not directly comparable to the compositions used for 

RDX in the figures 1, 2, and 3, we replaced RDX with HMX in PBXN-109. This was 

done in order to compare the shock sensitivity level of RS-HMX with RS-RDX. We 
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have not found values in the literature that defines the level of reduced sensitivity 

(RS), and we therefore chose to use RS-RDX as a reference. The figure below shows 

that the RS-HMX and the RS-RDX are at the same level. We can also see from the 

figure that the improvement in shock sensitivity is greater for HMX than for RDX. 
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Figure 5: Comparing HMX and RDX in a PBXN-109 composition and tested with the BICT gap test 
 
 
Ageing studies of RS-RDX made by the Bachmann Process 
 
For some time now there have been discussions about the ageing properties of RS-

RDX. Results have been reported where RDX Type II from Holston have been 

retreated by Eurenco France to give I-RDX® properties.  There have been indications 

that this retreated RDX had a reversion of the good shock sensitivity as a result of 

ageing8.  

Dyno Nobel has had our RS-RDX aged under different conditions and tested both 

with the BICT gap test and the intermediate scale gap test.  

 

Both the uncoated RS-RDX crystals and a cast-cured PBXN-109 with the same batch 

of RS-RDX have been aged at 60oC for 6 months. These samples were tested with the 

BICT GAP-test, and the results are given in figure 6. Variations that appear of 1 mm 

between parallels are not considered to be significant. This is just a variation for the 

test. As reference non-aged I-RDX® from Eurenco France and the Dyno Nobel “Type 

I” RDX are also given in figure 6. Ageing test performed at Dyno Nobel at 60oC 

for 6 months show no significant change in shock sensitivity as a result of ageing. 
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Figure 6: Results from BICT GAP-test for PBXN-109 after ageing at 60oC for 6 months. The “Type I” 
RDX and the I-RDX® from Eurenco France are non-aged and as reference only. The 3 results in the 
middle of the figure all show results for PBXN-109 with RS-RDX from Dyno Nobel. The first is non-
aged, the second is with aged PBXN-109 and the third is with aged RS-RDX in a PBXN-109 
composition  
 
 
PBXN-109 with RS-RDX from Dyno Nobel was stored at 70oC for 5 months (equal 

to 20 years storage at ambient temperature) and at 60oC for 6 months. Figure 7 shows 

the results with the non-aged RS-RDX from Dyno Nobel and I-RDX® from Eurenco 

France as reference. Again the test shows no degradation of shock sensitivity as a 

result of ageing when stored at 70oC for 5 months or 60oC for 6 months. There is also 

an ageing test at 60oC for 12 months in progress. 

 

From these results we can see no indications of degradation of shock sensitivity for 

RS-RDX from Dyno Nobel. In fact there have never been reported any degradation in 

literature with RS-RDX from Dyno Nobel. We expect that when we achieve RS 

properties for RDX that is a result of many factors10. We also expect the process steps 

used by the different supplies of RS-RDX to achieve RS properties are somewhat 

different. Therefore it can’t be stated in general that there are any difference between 

RS-RDX made by the Bachmann process or the Woolwich process with respect to 

ageing behaviour.  
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Figure 7: Results from Intermediate gap test for PBXN-109 after ageing at 70oC for 5 months and 
60oC for 6 months. The two results in the middle are the Dyno Nobel RS-RDX aged as PBXN-109, 
while I-RDX from Eurenco France is as a reference  
 
 
Ageing studies of RS-HMX 
 
We have recently started an aging study for RS-HMX to find out if the reduced shock 

sensitivity of HMX is affected by aging. Aging is done on both crystals and 

compositions but so far only results from the crystals have been collected. The aging 

is done at 60°C with a “PBXN-109” composition with HMX instead of RDX. Testing 

is done with the BICT water GAP test. Below the figure shows the development of 

the shock sensitivity with time.  
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Figure 8: Ageing of HMX crystals and tested as “PBXN-109” with HMX 
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Discussion of shock sensitivity 
 
Crystal density has been related to shock sensitivity for RDX in earlier works here at 

Dyno Nobel5, 6 and 7 and by others11. This possible link was also checked for some of 

the HMX crystals tested for shock sensitivity. By using a flotation method, we found 

a link between higher densities or a more narrow density distribution and better shock 

sensitivities. An example of density measurements of standard HMX and RS-HMX is 

shown in figure 9. 

     

Figure 9: Density measurements of standard HMX (left) and RS-HMX (right) by a flotation method, 
with liquid of specific density of 1,890 g/cm3 at the left funnel to 1,905g/cm3 at the right funnel. 

We have seen during the work with RS-RDX and RS-HMX that we can also make 

crystals with shock sensitivity between the standard and the RS qualities by changing 

different process parameters or process steps. Based on previous experience with 

spheroidization, different crystallizations processes and new “RS-process steps”, we 

agree with others 10 who suggest that reduced shock sensitivity comes as a 

contribution from several parameters. Some of these are surface related with respect 

to sharp edges, surface cracks, crystal shape or equal. Some of the effect is related to 

the inside of the crystals with inclusions or impurities. Crystal density seems to give a 

correlation to shock sensitivity, but we are uncertain whether two crystals with the 

same density necessarily have to have the same shock sensitivity if for example the 

surface is very different for these two crystals. Other factors such as crystal size may 

also affect the shock sensitivity.  
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CONCLUSIONS 
 

 Dyno Nobel manufacture three different qualities of RDX, all from the 

Bachmann process: 

o Standard Type 2 RDX. 

o “Type 1” RDX from an improved crystallization process 

o RS-RDX from special processing of the RDX. 

• RS-RDX from Dyno Nobel shows low shock sensitivity in both a  

pressable composition and the cast cure composition PBXN-109, the same 

level of shock sensitivity as I-RDX® from Eurenco France.  

  

• RS-RDX from Dyno Nobel made by the Bachmann process does not show 

any degradation of shock sensitivity after ageing of 6 months at 60°C or at 5 

months at 70°C when tested with the BICT gap test or the intermediate scale 

gap test. 

 

• RS-HMX from Dyno Nobel has shock sensitivity at the same level as RS-

RDX in compositions of comparable solid content. 

 

• Ageing of RS-HMX at 60ºC for 3 months does not show any degradation of 

the shock sensitivity. 
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Abstract  
The properties of pentaamine (5-cyano-2H-tetrazolato-N2) cobalt (III) perchlorate (CP), 
which was first synthesized in 1968, continues to be of interest for predicting behavior in 
handling, shipping, aging, and thermal cook-off situations.  We report coefficient of 
thermal expansion (CTE) values over four specific temperature ranges, decomposition 
kinetics using linear heating rates, and the reaction to three different types of stimuli: 
impact, spark, and friction.  The CTE was measured using a Thermal Mechanical Analyzer 
(TMA) for samples that were uniaxially compressed at 10,000 psi and analyzed over a 
dynamic temperature range of -20˚C to 70˚C.  Using differential scanning calorimetry, 
DSC, CP was decomposed at linear heating rates of 1, 3, and 7 °C/min and the kinetic 
triplet calculated using the LLNL code Kinetics05.  Values are also reported for spark, 
friction, and impact sensitivity. 
 
Keywords: TMA, CTE, high explosive, energetic materials, CP 
 
INTRODUCTION 
The high explosive CP was first synthesized in 1968 by Unidynamics, Inc., Phoenix, 
Arizona [1].  This was a successful collaboration between Unidynamics and Sandia 
National Laboratories, Albuquerque, New Mexico, to develop a detonator that employed 
an energetic coordination compound.  In 1977 the first production of CP began and by 
1979 the first production of a CP detonator for DOE had been successfully accomplished.  
 
Some 36 years later, scientists are still exploring by use of thermal properties and chemical 
degradation of CP and other energetic materials to understand properties that affect the use, 
safe handling, and functional lifetime of the material.  Textbook and literature values of 
various material properties are useful references to experimenters but are often given as 
singular values at ambient temperatures and pressures.  Information such as this does not 
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always suffice for situations such as thermal cook-off where a dynamic temperature-
pressure range is involved [2,3]. 
 
This study was conducted to provide data on CP, lot # EL-82936, and to compare the 
observations to previously analyzed lots of CP.  Here we report the coefficient of thermal 
expansion, CTE (∝), of pressed material and the decomposition kinetics calculated from 
linear heating rates of 1, 3, 7 ˚C/min.  In addition, we measure and calculate the effects that 
various types of initiation sensitivity tests: drop hammer, spark and friction.  
 
Table 1: Properties of CP [4,5] 
Molecular weight  436.98 g/mol 
Color Yellow 
Crystal structure Monoclinic 
Crystal density 1.974m/cm3 x-ray diffraction 
Coefficient of thermal expansion, CTE 60 * 10-6 mm/mm˚K (298 to 323 K) 
Heat capacity Cp(cal/g˚K) = 0.1545 (353-453 K) 
Electrostatic sensitivity Greater than 20kV at 600pF and 500Ω on 

loose powder and unconfined pellet 
 
METHODS AND RESULTS 
 
Sample 
The CP sample material for this study was manufactured by Pacific Scientific of Chandler, 
AZ. 
 
Coefficient of Thermal Expansion  
Thermomechanical analysis (TMA) measures linear or volumetric changes as a function of 
time, temperature and force [6].  It can provide a better understanding of physical 
properties such as glass and solid-solid phase transitions.  Most analyses are presented in 
the form of the coefficient of thermal expansion:  
 
 dL/(dT *Lo) = ∝ (coefficient of thermal expansion)     (1) 
 
where dL is the change in length (µm), dT is the change in temperature (˚C), and Lo is the 
initial length (meters).   
 



We measured the CTE of CP using a TA Instruments Model 2940 TMA that was 
controlled by a TA 500 Thermal Analyzer.  A TMA Mechanical Cooling Accessory, 
manufactured by TA Instruments, controlled the temperature.  A quartz micro-expansion 
probe was used for all samples with a force of 0.01 Newtons (N).  Ultra high purity 
nitrogen carrier gas was used at a constant flow rate of 100 cm3/min.  Samples were heated 
at a linear heating rate of 3 ˚C/min. 
 
Temperature, force, probe and cell constant calibrations were carried out as prescribed [7], 
using indium, lead, tin and zinc metals along with aluminum standard reference material.  
Coefficient of thermal expansion measurements using a certified aluminum standard had 
less than ± 2 % errors associated over the temperature range of –20 to 65˚C. 
 
Our CP sample was uniaxially pressed at room temperature in a compaction die using a 
single pressing cycle of 10,000 psi.  Table 2 gives the measured sample mass, volume, 
density and dimensions used for this experiment.  Comparison to the theoretical maximum 
density (TMD) [8] indicated the sample achieved 85.7% TMD. 
 
Table 2: Sample mass, volume, density and dimensions 
Material length, cm diameter, cm mass, g  volume, cc density, g/cc 
CP 0.089 0.508 0.306 0.0180 1.696 
   
Figure 1 shows a plot of dimensional change versus temperature.  CTE values were 
calculated using equation 1 and are listed in Table 3 for six specific temperature intervals.  
The errors associated with this experiment range from 2-16 parts in 100.  
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Figure1: CP Dimensional change versus Temperature  



 
Table 3: CP CTE values, α, µm/m˚C 
Material -20˚C to 

0˚C 
0˚C to 
25˚C 

25˚C to 
50˚C 

50˚C to 
75˚C 

75˚C to 
100˚C 

100˚C to 
125˚C 

This work 59 55 59 56 55 62 
Lit. value [9] 58 59 60 62 66 71 
 
Decomposition kinetics 
We determined thermal decomposition kinetics using differential scanning calorimetry 
(DSC).  DSC measures the difference in the heat flow between a sample and an inert 
reference measured as a function of time, where both the sample and reference are 
subjected to a controlled environment of time, temperature, and pressure; the rate of 
reaction is assumed to be proportional to the excess heat flow over that expected from 
simple heat capacity.  DSC analyses of CP were carried out using a TA Instruments Model 
2920 and Perkin-Elmer aluminum pan that had a small pin-sized perforation to allow 
generated gases to escape during decomposition.  Samples sizes were limited to <0.2 mg to 
prevent bursting the pan.  Linear heating rates of 1, 3, and 7 ˚C per minute and a purge 
flow of 50 cm3/min of ultra high purity nitrogen were used.  Data was analyzed using the 
LLNL kinetics analysis program Kinetics05. 
 
Chemical kinetic analysis is full of pitfalls for complex reactions.  The basic starting 
equation gives the rate of reaction in terms of a rate constant times a function of the extent 
of reaction: 
 

dα
dt

= k(T ) f (α)
      (2) 

 
where the temperature dependence of k is typically described by an Arrhenius law 
(k=Aexp(-E/RT)), where A is a frequency factor, E is an activation energy, and R is the gas 
constant. 
 
One of the simplest, yet generally reliable, methods of kinetic analysis is Kissinger’s 
method [10], in which the shift of temperature of maximum reaction rate (Tmax) with 
heating rate (β) is given by 
 

ln(β/Tmax
2) = - E/RTmax + ln(AR/E).     (3) 
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The CP reaction rate profile has a very sharp peak, and this method yielded 
 A=3.13×1014 s-1 and E=42.9 kcal/mol, with a standard error of 2.0 kcal/mol on the 
activation energy. 
 
The reaction profile width is only 18% of the peak width of a first-order reaction, so it is 
definitely some type of autocatalytic or shrinking core mechanism.  In addition, the 
reaction has leading and trailing shoulders, indicating multiple processes.  An increasingly 
common method of analyzing such a complex reaction profile is some type of 
isoconversional method, and we use Friedman’s method here, in which an effective 1st-
order k is determined at each percent of conversion by dividing the measured rate by the 
fraction converted and fitting the resulting rate constant at extent of conversion to an 
Arrhenius law [11].  The result is a measure of A and E as a function of conversion, as 
shown in Figure 2 for our CP data.   
 
A comparison of measured and calculated reaction rates is shown in Figure 3.  Sensitivity 
to baseline selection in combination with the extremely sharp reaction profile causes some 
minor problems with the method.  A similar isoconversional analysis by B. Roduit of 
AKTS yielded very similar A and E parameters up through 90% conversion, but both A 
and E then plunged towards zero above 90% conversion.  The AKTS software has a 
baseline optimization feature, which introduces a difference from our analysis for this 
region of the reaction.  The difference makes little practical difference, however, since the 
material is nearly spent by that point.   
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Figure 2:  Conversion dependence of A and E determined by Friedman’s method. 
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Friedman’s method. 
 
Reaction to various stimuli 
Small scale testing of energetic materials and other compounds is done to determine 
sensitivity to various stimuli, including friction, impact and static spark.  These tests are 
monumental importance for several reasons, but mainly to establish parameters for the 
safety in handling and carrying out experiments that will describe behavior of materials 
that are commonly stored for long periods of time.  This report will include the existing 
tests often referred to as drop hammer (impact sensitivity), friction, and spark.  The 
accumulated data will be discussed in this document. 
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Friction sensitivity 
The frictional sensitivity of CP was evaluated using a B.A.M. high friction sensitivity 
tester.  The tester employs a fixed porcelain pin and a movable porcelain plate that 
executes a reciprocating motion.  Weight affixed to a torsion arm allows for a variation in 
applied force between 0.5 and 36.0 kg, and our tests used a contact area of 0.031 cm2.  The 
relative measure of the frictional sensitivity of a material is based upon the largest pin
load at which less than two ignitions 
(events) occur in ten trials.  No reaction is 
called a “no-go”, while an observed 
reaction is called a “go.”  Cp was 
observed to have 1/10 “goes” at 1.0 kg at 
68˚F and a relative humidity of 60%.  CP 
was compared to an RDX calibration 
sample, which was also found to have 1 
event in 10 trials at 1.0 kg.  This material 
is considered to be friction sensitive. 
 
Spark sensitivity 
The sensitivity of CP toward electrostatic discharge was measured on a modified Electrical 
Instrument Services Electrostatic Discharge (ESD) Tester.  Samples were loaded into 
Teflon washers and covered with a 1-mm 
thick Mylar tape.  The density of this 
packed material was 1.4 cm3/g.  The ESD 
threshold is defined as the highest energy 
setting at which a reaction occurs for a 1 
in 10 series of attempts.  Tests were run 
on powder and pellets at 68˚F and a 
relative humidity of 56%.  No reactions 
were observed (0/10) at 10 kV (1J).  This 
material is not spark sensitive under these 
specific conditions.  
 
Impact sensitivity (drop hammer) 
An Explosives Research Laboratory Type 12-Drop Weight apparatus, more commonly 
called a “Drop-Hammer Machine” was used to determine the impact sensitivity of CP 
relative to the primary calibration materials PETN, RDX, and Comp B-3 at 68˚F and 56% 
relative humidity.  The apparatus was equipped with a Type 12A tool and a 2.5-kg weight.  
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The 35-mg ± 2-mg powder sample was 
impacted on a Carborundum “fine” (120-
grit) flint paper.  A “go” was defined as a 
microphone response of 1.3 V or more as 
measured by a model 415B Digital 
Peakmeter.  A sample population of 15 
was used.  The mean height for “go” 
events, called the “50% Impact Height” 
or Dh50, was determined using the 
Bruceton up-down method.  The Dh50 for 
CP for this experiment was 60.6 ± 1.0 
cm.  For comparison, the Dh50 of PETN, 
RDX, and Comp B-3 were measured at 
15.5, 34.5, and 41.4 cm, respectively.  

 

 
 
DISCUSSION 
 
Our CP thermal expansion values as a function of temperature agree with the only previous 
report known to us [9].  The comparison of CP, PETN, HMX and RDX in Table 4 shows 
that CP’s CTE values are basically constant over the temperature range of -25˚C to 75˚C.  
CP’s values are the lowest of this set of energetic materials except at -25˚C where HMX is 
approximately 39% less. PETN’s CTE starts approximately 40% higher than CP, and its 
CTE increases approximately 11% over the temperature range.  HMX and RDX molecular 
structures are well known and have been studied extensively in the past. Both HMX and 
RDX CTE’s almost double over the dynamic temperature range of -25˚C to 75˚C. 
 
Table 4: CTE values (µm/m•C) for CP, PETN, HMX and RDX.  
Temperature, ˚C CP PETN HMX RDX 
-25 57 82 35 49 
25 57 88 49 65 
75 56 91 82 96 
 
Searcy and Shanahan [13] report that decomposition of CP occurs as a three-step 
mechanism where step 1 is the dissociation of the ammonia ligand, and is an endothermic 
process.  Step 2 is the oxidation of the ligand around the cobalt atom by the perchlorate 
ion. Step 3 is the oxidation of the residual solid products by the perchlorate ion.  This 
reaction sequence accounts for the complex reaction profile we observe.  The third step can 
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be very rapid, as is indicated by the sharp reaction peak in Figure 3.  In related 
thermogravimetric experiments at 20 oC/min, using a few tenths of mg, we reproducibly 
observed a weight “gain” from the explosive impulse followed by complete mass loss over 
a 15 s interval.  
 
Two reaction characteristics of interest are the peak reaction temperature for a given 
heating rate and the activation energy, which describes how it shifts with a change in 
heating rate.  Massis et al. [11] report that sealed samples decompose about 50 °C higher in 
temperature compared to open samples.   The decomposition temperatures reported here 
for pierced pans agree well with those for open pans reported by Massis et al., while the 
results of Burnham et al. [14] and Massis et al. for hermetically sealed pans agree well with 
each other when differences in heating rate are taken into account.  
 
Using Kissinger’s method [9], Massis et al. [11] report a range of activation energies from 
39.2 kcal/mol to 49.6 kcal/mol based on impurity that is described as an amide complex, 
our results of 42.9 kcal/mol falls somewhere in the middle of that range.  Massis et al. 
contend that varying amounts of amide complex impurity causes the activation energy to 
shift and therefore one can estimate the stability.  They also observe that gaseous 
decomposition products such as ammonia appear to inhibit the decomposition by shifting 
the reaction to higher temperatures.  Listed below in Table 5 are activation energy values 
reported by Massis et al. from open pan and hermetic pan experiments, and they are 
compared to activation energy determined here and that reported by Burnham et al. [14].  
There are no clear trends in the activation energy as a function of amide complex content, 
so we can merely say that our results lie within the range of literature values.  Since there  
 
Table 5: Activation energy (kcal/mol) of CP with varying amounts of amide complex 
impurity.  Experiments are nonisothermal unless otherwise noted. 
Sample 
configuration 

Lot 36353A 
[10] 
0.9 – 1.0 % 

Lot 47344 
∼ 4 % 

Lot 36164 
8 – 10 % 

Lot 82936 
Amide complex 
% unknown 

Open [11] 44.4 49.6 39.2 --- 
Open (iso) [11] 43.4 42.9 41.7 --- 
Perforated pan 
(this work) 

--- --- --- 42.9 

Hermetic pan [11] 34.4 43.7 42.1 --- 
Hermetic pan [14] --- --- --- 47.1 
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has not been much testing of lot #EL-82936, this report therefore lays a baseline for this 
specific lot of CP.  We did not do any impurity analysis on this material, and there could 
be unknown impurity contributions to the activation energy. 
 
The methods and apparatus used for drop hammer, spark and friction tests have been 
recorded in this report so that other experimenters can compare our results to others with 
reference to these procedures.  Listed below in Table 6 are reported literature values and 
values observed in this work that clearly reflect the differences in testing apparatus.   
 
Table 6: Summary of safety test results 
Test CP, literature [15] This work 
Friction (fine) 30 psig @ 8ft/s 

180 psig @ 3ft/s  
455 psig @ 0.1 ft/sec 

Friction (coarse) < 30 psig @ 8ft/s 
420 psig @ 3ft/s  

------ 

ESD threshold  (J) a 0.165 (fine) 
0.326 (coarse) 

> 1.0 

Dh50 (cm) 19 (fine)  
9 (coarse) 

61 
 

E (kcal/mol) 39.2-49.6 42.9 
a: Samples were approximately 35 mg in mass; no density or sample dimensions are 
available. 
 
Our CP sample appears to be more sensitive to friction than the Indian Head results when 
the drag velocity is taken into account.  Our drop hammer height is higher (lower 
sensitivity).  This could be because our sample is finer by comparison to their particle-size 
trend.  Overturf [16] reports that our sample has a specific surface area of 0.573 m2/g ± 
0.02 m2/g, but there is no surface area reported for the Indian Head samples.  Indian Head 
report particle sizes of 70-90 µm for the fine powder and 100-200 µm for the coarse 
powder, which results in smaller calculated surface areas.  Using a Zeiss microscope we 
measured CP particles in the 5-20 µm range (see figure 4), which confirms that our powder 
is finer than either Indian Head powder.  Our ESD threshold is higher (less sensitive) even 
though our particle size is smaller, which should cause the threshold to decrease [16].  This 
may be due to the electrical pulse that is delivered to the sample. 
 
 
 



 

 
Figure 4: CP lot EL-82936 
 
We have determined that CP, lot EL-82936, compares fairly well to other known CP 
material.  In making this assessment, it became obvious that existing data should be 
compiled in a more accessible format.  Also, future plans should consider bringing all 
laboratories that have a need for understanding the stability of CP together to discuss 
unification of testing methods.  This will not only bring analyses and results in-line, but it 
will also insure that a better understanding of the stability of an energetic material such as 
CP is safe for all that are exposed to its handling, operation or use. 
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1. Introduction  
 

In recent years the technology to manufacture nanopowders from inorganic materials 
(metals, alloys and chemical compounds) based on the electrical explosion of conductors (EEC) 
have been developed. The main feature of the method is that a high-power current pulse is applied to 
a conducting wire overheating it, and then initiating a wire explosion. On expansion of the explosion 
products (vapors, droplets) in a gaseous atmosphere fine fractions condense. This method enables to 
transmit a maximum energy density to the electrical explosion to generate a fast change of physical 
state of the materials.  Depending on the conditions of the electrical pulse and the status of the 
atmosphere various ultrafine or nano-particle sizes can be achieved.  

The EEC-method is realized in the equipment shown in Fig.1, enabling to manufacture more 
than 1000 kg of a powder per year. For the manufacturing of nanopowders of chemical compounds, 
the process of EEC uses atmospheres of special chemically active gases. EEC in nitrogen 
(ammonia) generates powders of metals nitrides, explosions in oxygen containing medium - 
powders of metals oxides. For manufacturing metal carbides EEC has to be made in gaseous 
hydrocarbon (propane, acetylene etc.). However, in this case the obtained mixture of metal carbide 
and metal is contaminated with hydrocarbon pyrolysis products – mainly, carbon. Due to the high 
chemical reactivity the metal powders are good initial substances for synthesis of new materials. In 
addition, EEC has been successfully applied to manufacture powders of tungsten. Therefore it might 
be expected, that fast electrical heating of a mixture of a stoichiometric ratios  of tungsten powders 
and graphite would generate a powder of tungsten carbide with an output of about 100 % which is 
not contaminated by carbon.  

According to this approach the high-temperature carbonization of tungsten to tungsten 
carbide nanoparticles by an electrical heating method in a special reactor is developed. 

        



 
 

Fig. 1: The EEC-equipment in the nanopowder workshop 
  

1. Technology of the nanoparticles manufacturing. 
EEC is realized passing a current pulse with a density of 106÷109 A/s m2 through a metal 

wire. Thus, the conductor is heated up to the melting temperature, melts, and an explosive rupture 
occurs. The process is accompanied by an intensive flash and air-blast, evolving in the gas that 
surrounds the conductor. Generally, the explosive conductor has a cylindrical symmetry. EEC 
allows obtaining almost any kind of metal powder from a wire of the metal. In our opinion, EEC 
works as follows:  A full evaporation of the conductor material does not happen. Starting with an 
energy about the Ес (Ес - the sublimation energy of a conductor metal) fed to a conductor it mainly 
happens a separation of liquid metal by a solid surface of clusters with sizes about 10 nm [1]. 
Further, the explosion products consisting of vapors and metal clusters distributed in it, expand with 
high rates and interacting with themselves and with the gaseous medium surrounding the wire, and 
will result in a disperse droplet/particle system. Combining various kinds of gases in the EEC-
reactor and various types of conductor metals it is possible to obtain nanoparticles of metals, alloys, 
chemical compounds or nanoparticles of a composite structure. It was confirmed, that the 
distribution function of particle sizes for most metals is close to a normal - logarithmic distribution, 
with asymmetry to large size. The characteristic sizes of particles and width of distribution depend 
on the conditions of the discharge circuit, the exploding conductor and surrounding atmosphere. 
Usually, the electrical explosion is realized in a LC-contour, the circuit is sketched in Fig. 2. 

A capacitive energy storage (capacitor bank) C is charged by the high-voltage source up to 
voltage Uо and with the help of the switch K discharges to the conductor. The basic information on 
the process of the explosion is obtained from the analysis of the oscillograms of current and voltage, 
recorded with the help of potential divider R1, R2, current shunt Rsh and oscilloscope O. L and R – 
natural pure resistance and inductance of a contour.  
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LC-contour circuit, b)- characteristic oscillograms of a current and voltage. 
 

Absorbing energy, the conductor is heated up, is melted (the small sudden change on an 
oscillogram of voltage) and is further heated up in a liquid condition to time t1. From t1 the 
conductor strongly expands in cylindrical symmetry and conductivity and current decrease and 
shape a voltage peak. At t2 the circuits is interrupted suppressing the current. During the current 
pause the voltage is loaded on expanding explosion products (t2-t3). Simultaneously, the expansion 
of the explosion products reduce their density and are cooled down. At t3 the breakdown of 
explosion products starts, and the arc recovers or a secondary discharge develops. Depending on the 
circuit parameters and exploding conductor the various scenarios of electrical explosion can 
develop. If the residual voltage on the capacitor is not high enough, the secondary breakdown 
cannot arise and the arc stage does not occur. In another case the arc discharge will develop earlier, 
than at t2, directly the current decays. At modes of explosion, in which practically all accumulated 
energy in the capacitor С (except for losses in a circuit) is released for the heating of the metal wire 
and its destruction an arc discharge does also not occur. Such types of explosion are called in 
literature “coordinated explosion”. The “coordinated explosion” is mainly used for obtaining 
powders of pure metals and alloys. Explosions, where the arc discharge develops at the beginning 
and then beaks down are used for obtaining powders of chemical compounds. “Power content” of 
electrical explosion (on other terminology - the overheating of a conductor metal) depends on the 
kind of metal, which determines the development of the charge process in an electrical circuit. 
Accordingly, metals can be divided into three groups: 

- Metals with high conductivity (aluminum, copper, silver, tin etc.); 
- Metals with low conductivity (iron, nickel etc.); 
- Metals having work function of electrons less than bonding strength (tungsten, 

tantalum, molybdenum etc.). 
The above mentioned discussion concerns a type of oscillograms from to metals of the first 

group, i.e. metals with high electroconductivity. For metals of the second group the development of 
the charge process, and consequently also the type of oscillograms will be different. The conductors 
from these metals considerably increase their resistance at melting and limit a current passing 
through the conductor. In a result, on an oscillogram of a current instead of a precisely expressed 
maximum, a plateau is formed and with other things being equal “power content” of explosion of 
these conductors will be less, than “power content” of explosion of metals from the first group. In 
metals of the third group, even before input in them of bonding strength, due to intensive emission 
of electrons from a surface of a wire, it is overlapped by an arc discharge, and the input of energy 
into the metal practically stops. Recent experiments determined, that the dispensability of powders 
of tungsten in a strongly depends on the physical properties of the gas atmosphere, in which the 
explosion happens. In inert gases, neon, argon, krypton and xenon, the Richardson effect of the 
surface of the conductor at the initial explosion stage initiates shunting of the surface discharge and 
limits the input of energy into the conductor. The injected energy is less than the energy for melting 
tungsten and does not depend on other initial parameters of explosion. The mean particle size of a 
tungsten powder obtained by a wire explosion in these gases is above 10-6 m. For example, at a wire 
explosion of 0.2 mm diameter in argon delivers mean particle sizes of more than 10-5 m. 

Nevertheless, explosions of tungsten wires in electronegative gases (for example, hydrogen) 
deliver powders with the sizes 10-5 to10-8 m. In a fig. 3 a characteristic SEM image of particles are 
shown and, in addition, the size distribution function of a tungsten nanopowder obtained by 
explosions in H2. The distribution function is close to a normal - logarithmic one. The input energy 
into a conductor has Е = 0.6Ес, where Ес is the energy of tungsten sublimation. From these 
experiments follows, that this energy is the maximum energy, which is possible for injecting into a 
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tungsten conductor. Explosion of wires from metals of the first and second group might probably 
allow an “energy content” of more than 2Ес. 
 

                             a)                                                                                           b) 
Fig. 3. The characteristic image of a tungsten nanopowder (a) and distribution function of 
particles on the sizes (b). 
 

The disintegration of metals of the third group under a high-power current pulse differs 
essentially from that of metals of the first and second group. Based on experimental data, one might 
conclude, that for tungsten wires, the expanding vapor/droplet cloud evolves as a result of a metal 
disintegration due to exuding along the wire surface during the shunting discharge, but not by the 
explosion of the total wire volume. 
 
3. Obtaining tungsten carbide by the reaction tungsten with carbon at high temperatures. 

In [3] the applicability of a method for synthesis of carbides LaC2, NiC, ZrC, NbC, Nb2C, 
Ta2C, MoC, Mo2C, W2C from the pure metals is described which uses the explosions in acetylene 
diluted in an inert gas. However, made by EEC the carbide powders are polluted with pyrolysis 
products of hydrocarbons - carbon. Therefore, it might be more effective to manufacture tungsten 
carbide by the direct interaction of tungsten with carbon.  

In [4,5] a plasma-chemical approach is discussed to obtain nanosized WC. This method can 
provide nanopowders with very good characteristics. However, the capacity of this technology is 
very small and up to now it is intended to install this method at laboratory scale. 

Due to the high chemical activity the metal powders for the synthesis of new materials it is 
possible to expect, that on heating of a mixture of a tungsten powders and graphite at stoichiometric 
ratios tungsten carbide will result with an output of about 100 % which is not polluted. 

The classical method to obtain tungsten carbide is the melting in a resistance arc furnace or a 
resistance tube coal furnace. In [6] another method of manufacturing an alloy of tungsten with 3.05 
– 3.22 % C was suggested. The authors considered as the alloy a single-phase W2C (theoretical 
contents of carbon is equal to 3.16 %). By melting it is possible to obtain W2C or a product close to 
a composition of the eutectic mixture WC + W2C (approximately 4-4.4 % C). In alloys containing 
monocarbide of tungsten, free graphite will be always generated owing to the peritectic 
disintegration at melting. 

In [6] it was suggested, to dissolve tungsten carbide obtained by a melt of tungsten 
anhydride, iron and carbon, resulting in rather pure crystals of a composition 93,5% W and 6,1 % C, 
approaching the formula WC. At overheating this substance decomposes with separation of 
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graphite. There is information on obtaining of a tungsten carbide by carbonization with solid carbon. 
The attempts were undertaken to obtain a tungsten carbide with a higher carbon content (above 6.12 
%), but the excess of carbon appearing in an amorphous state. 

Two versions of process engineering (Fig.4) of a nano tungsten carbide were developed and 
approved. 

 
  

 
          

 
Fig. 4. Principle scheme of device for tungsten powder carbonization 
1. Tungsten powder.                      5.Heat isolation. 
2. Spectral- pure graphite rods.      6.Sleeve-nipple. 
3. Retort.                                         7.Motor-reductor. 
4. Heater. 
 

2.1. Carbonization of a tungsten powder was conducted by shavings of spectral - pure 
graphite in a pressurized retort from a stainless steel at a temperature of 1000 oC within 14 hours. 
For a more uniform contact of the reacting components and preventing agglomeration of the powder 
the retort rotated with a speed of 0.5 cycles / min. Overpressure in the retort was reduced through 
the nipple. The initial components of the reaction were weighed in stoichiometric proportion: on 1 
weights % of a graphite shaving – 15.3 weights % of a tungsten powder. Besides accounting for 
losses of carbon on recovery of the atmosphere in the retort the rods were of spectrally pure 
graphite. 

Using the X-Ray analysis, the yield of the reaction consists mainly of tungsten carbide WC 
(Fig.5). There are also initial components - tungsten and graphite, and also a smaller quantity of 
W2C. 

2.2. With the purpose manufacturing WC without carbon impurities process engineering of 
graphite rods using in practice the spectral analysis of metals was developed. The plant consists of 
the heating furnace and resistance permitting to heat up materials to 1300 oС. Inside these furnaces a 
muffle (drum) from а stainless steel or quartz rotates with 60 cycles / min. Inside the muffle through 
holes 6-10 graphite rods and a powder of tungsten (size of particles 10-200 nm), obtained by the 
EEC-method are put. During the operation some samples during the process of 10 to 70 hours were 
investigated. X-ray structural analysis was conducted and the quantity of carbon participation in 
process was determined on analytical weights. The analysis of the X-ray diagrams monitored the 
changes of the reaction depending on temperature and time of exposure. The temperature of the 
process did not rise above 1000 oC because of particle agglomeration, which prevented also the 
rotation of a working zone. The analysis of a granulometry of the resulting tungsten carbide powder 
proved these to be identical to a nanosized WC powder (tungsten 94 %, carbon 6 %) of the same 
particle size as made by the initial (after EEC) conditions. 

 



 
Fig. 5. X-ray diffractogram of the product of tungsten powder carbonization. 
 

The described version of the first method (when tungsten powder is carbidized in shavings of 
spectral - pure graphite) has the advantage that the process duration is less than that of the second 
method. Thus the method and the equipment for manufacturing of tungsten carbide nanopowders 
with more than 1 t per year capacity is established. The resulting tungsten carbide (WC) 
nanopowder have particle sizes of less than 200 nm and the C content is around 6%. A testing 
method is described which can control the quality and the reaction progress. A patent application 
was prepared by the authors. 
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ABSTRACT

In the field of composite energetic materials, properties such as ingredient distribution, particle

size, and morphology affect both sensitivity and performance. Since the reaction kinetics of composite

energetic materials are typically controlled by the mass transport rates between reactants, one would

anticipate new and potentially exceptional performance from energetic nanocomposites. We have

developed a new method of making nanostructured energetic materials, specifically explosives, propellants,

and pyrotechnics, using sol-gel chemistry. A novel sol-gel approach has proven successful in preparing

nanostructured metal oxide materials. By introducing a fuel metal, such as aluminum, into the

nanostructured metal oxide matrix, energetic materials based on thermite reactions can be fabricated. Two

of the metal oxides are tungsten trioxide and iron(III) oxide, both of which are of interest in the field of

energetic materials. Due to the versatility of the preparation method, binary oxidizing phases can also be

prepared, thus enabling a potential means of controlling the energetic properties of the subsequent

nanocomposites. Furthermore, organic additives can also be easily introduced into the nanocomposites for

the production of nanostructured gas generators. The resulting nanoscale distribution of all the ingredients

displays energetic properties not seen in its micro-scale counterparts due to the expected increase of mass

transport rates between the reactants. The unique synthesis methodology, formulations, and performance

of these materials will be presented. The degree of control over the burning rate of these nanocomposites

afforded by the compositional variation of a binary oxidizing phase will also be discussed. These energetic

nanocomposites have the potential for releasing controlled amounts of energy at a controlled rate. Due to

the versatility of the synthesis method, a large number of compositions and physical properties can be



achieved, resulting in energetic nanocomposites that can be fabricated to meet specific safety and

environmental considerations.

INTRODUCTION

Since the invention of black powder, one thousand years ago, the technology for making solid

energetic materials has remained either the physical mixing of solid oxidizers and fuels (e.g. black powder),

or the incorporation of oxidizing and fuel moieties into one molecule (e.g., trinitrotoluene (TNT)). The basic

distinctions between these energetic composites and energetic materials made from monomolecular

approaches are as follows. In composite systems, desired energy properties can be attained through

readily varied ratios of oxidizer and fuels. A complete balance between the oxidizer and fuel may be

reached to maximize energy density. However, due to the granular nature of composite energetic materials,

reaction kinetics are typically controlled by the mass transport rates between reactants. Hence, although

composites may have extreme energy densities, the release rate of that energy is below that which may be

attained in a chemical kinetics controlled process. In monomolecular energetic materials the rate of energy

release is primarily controlled by chemical kinetics, and not by mass transport. Therefore, monomolecular

materials can have much greater power than composite energetic materials. A major limitation with these

materials is the total energy density achievable. Therefore, it is desirable to combine the excellent

thermodynamics of composite energetic materials with the rapid kinetics of the monomolecular energetic

materials. One possible way to do this is to mix the components of composite energetic materials on a size

scale which will limit the effects of mass transport on the reactants, thus providing kinetics similar to those

obtained in monomolecular energetic materials.

We have previously prepared pyrotechnic and explosive composites based on thermite reactions

whose fuel and oxidizer constituents are intimately mixed on the nanometer-sized scale [1-5]. These

energetic nanocomposites, in an attempt to prepare a high energy, high power energetic nanocomposite

with controlled burning properties, are prepared by taking advantage of the unique nanoarchitecture and

mixing properties provided by sol-gel chemistry. In addition, sol-gel chemistry has also allowed for organic

gas generants to be “stitched” into the nanocomposite matrix. This paper will discuss the performance of

energetic nanocomposites containing Fe2O3-SiO2 binary oxidizing phases. Thermite nanocomposites have

been prepared by mixing aluminum nanoparticles with both commercial Fe2O3-SiO2 nanopowders and sol-

gel prepared Fe2O3-SiO2 nanopowders. The effect of these two synthesis and mixing techniques on the



burning rates of the resulting thermites will be discussed. Finally, thermites containing binary oxidizing

phases that incorporate organic functionality for gas generation will be evaluated.

EXPERIMENTAL DETAILS

Synthesis of Fe2O3-SiO2 and Fe2O3-organic functionalized SiO2 (Fe2O3-SiO3/2-R) nanocomposites

Nanocomposites were prepared for Fe2O3-SiO2 oxidizers and Fe2O3-SiO3/2-R oxidizers (R =

–(CH2)2(CF2)7CF3) via previously described sol-gel techniques [6-7]. Preparation of the nanocomposites

was followed by supercritical processing in a Polaron™ supercritical point dryer to produce aerogel,

nanoparticulate materials. Fe2O3-SiO2 oxidizers were subsequently heated at 10 ºC/min to 410 ºC and held

for 4 hours. Following calcination, the oven was switched off and the aerogel oxidizers were allowed to cool

to room temperature overnight. Fe2O3-SiO3/2-R oxidizers were heat treated under vacuum at 100 ºC for 24

hours.

Thermite Preparation

The subsequent energetic nanocomposites were prepared by physically mixing fuel and the

aerogel oxidizers. The fuel particles were 80 nm average diameter aluminum (Nanotechnologies Inc.)

passivated with an alumina (Al2O3) shell that is roughly 4 nm thick and encapsulates the core Al particle.

Mixing was accomplished by suspending the relevant amounts of Al and Fe2O3-SiO2 oxidizer in 60 mL of

hexane. The mixtures were sonicated using a Misonix Sonicator 3000 sonic wand and the hexane was

allowed to evaporate on a hot plate at a temperature of ~80˚C. Once the powders were dry, a

homogeneous mixture was ready for further experimentation.

Physical Characterization

Transmission electron microscopy (TEM) was performed on a Philips CM300FEG operating at 300

keV using zero loss energy filtering with a Gatan energy-imaging filter (GIF) to remove inelastic scattering.

The images were taken under bright field conditions and slightly defocused to increase contrast.  The

images were also recorded on a 2K × 2K CCD camera attached to the GIF. Energy filtered TEM (EFTEM)

element maps were obtained by electron energy loss spectroscopy (EELS) in tandem with the Philips

CM300FEG TEM microscope.  All EELS measurements were made with a Gatan model 607 electron



energy-loss spectrometer attached to the microscope and were made at the Si-L2,3 and Fe- L2,3 edges.

Images were processed using Digital Micrograph™ 3.3.1 software from Gatan, Inc.

Combustion Velocity Measurements

Combustion velocities were measured using a Phantom IV high-speed camera (Vision Research)

that records images up to 32,000 frames per second (fps). The camera records visible emission at 128 x 32

pixels and uses a Nikon AF Nikkor 28 mm 1:2.8 D lens. The camera interfaces with a computer that

transfers the recorded file from the camera and has a data analysis program from Vision Research that

measures velocity. For each test, 150 mg of thermite powder mixture was used. Ignition was achieved

using a spark ignition system for loose powders in a 0.3175 cm square channel 10 cm in length cut into a

transparent acrylic block. All combustion velocities were measured in an open air environment.

DISCUSSION

Synthesis and evaluation of Fe2O3-SiO2-Al energetic nanocomposites

We have previously reported the formulation of Fe2O3-Al energetic nanocomposites via an in situ

sol-gel synthesis of the Fe2O3 oxidizing phase that encapsulates aluminum fuel particles [1-2]. The starting

materials are simple, inexpensive metal salts, primarily FeCl3·6H2O, either nano- or microngrained

aluminum particles, and an organic epoxide that initiates Fe-oxide formation through the establishment of a

uniform pH gradient in the synthesis solution [8-10]. We have recently expanded this epoxide addition

method to the synthesis of Fe2O3-SiO2 nanocomposites containing up to 60 wt% SiO2. Addition of either

TMOS or TEOS to the reaction described above resulted in the first examples of Fe2O3-SiO2

nanocomposites in which Fe2O3 is the major component [6].  TEM images of the resulting nanostructures of

the aerogel oxidizers are shown in Figure 1 for a Fe2O3-SiO2 oxidizer containing 40 wt% SiO2.  The corre-

      
Figure 1. TEM image (a.) of a Fe2O3-SiO2 (40 wt% SiO2) aerogel oxidizer demonstrating the nanoparticulate structure obtained

by sol-gel chemistry. Iron (b.) and silicon (c.) element maps show the dispersion of the Fe2O3 and SiO2 throughout the oxidizer.



sponding Fe and Si element maps show the Fe2O3 and SiO2 components to be mixed on a scale smaller

than 5 nm.

The goal of this work is to examine the influence of SiO2 on the energy release properties of the

Fe2O3–Al thermite reaction. This objective was accomplished by comparing the combustion velocities of

two separate Fe2O3-SiO2–Al nanocomposites: one prepared from mixing commercially obtained

nanoparticles of Fe2O3, SiO2, and Al (Thermite A); and, the other prepared by combining nanoparticles of Al

with the sol-gel prepared, Fe2O3-SiO2 aerogel oxidizers described above (Thermite B). In the case of the

latter, aerogel powders were chosen due to their superior combustion velocities as demonstrated by

Plantier et. al [11].  Mixing of the commercial powders with nanometer Al was accomplished using the same

method described above (Experimental) for the mixing of the aerogel powders with Al. By studying the two

sets of thermites, the effect of sol-gel synthesis on the oxidizer can be isolated with respect to the entire

composite.

Six combinations of oxidizers were prepared for Thermites A and B ranging from 100% Fe2O3 and

0% SiO2 to 0% Fe2O3 and 100% SiO2 in increments of 20 wt% (i.e. 80% Fe2O3 and 20% SiO2, etc). The

amount of Al fuel mixed with the two sets of oxidizing phases was calculated according to the amounts

needed to produce a complete reaction from chemical equations 1 and 2 based on the molar amounts of

(1) 2 Al  +  Fe2O3    →    Al2O3  +  2 Fe  +  ∆H

(2) 4 Al  +  3 SiO2    →    2 Al2O3  +  3 Si  +  ∆H

Fe2O3 and SiO2 present in each oxidizer composition. This value was then multiplied by a fuel:oxidizer

equivalence ratio (Φ ) of 1.2 to obtain the final Al amount. Previous work showed that an Fe2O3-Al

composite burns at an optimum Φ of 1.2, corresponding to a slightly fuel-rich mixture [11]. The amount of

Al fuel metal for each mixture was calculated to vary by no more than 10% over the entire series of thermite

nanocomposites.

For this study, characterizing the energetic performance involved measuring the combustion

velocity. Flame propagation was examined for loose powders confined on three sides by a channel, but

open to an ambient air environment on the top. Although the amount of material and the volume of the

channel are controlled, density gradients may still exist along the sample length. Care was taken to ensure

homogeneity in the quality of the sample.
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Figure 2. Combustion velocity as a function of SiO2 content on a logarithmic velocity scale. Thermite A () corresponds to the

Al combined with discrete nm particles of Fe2O3 and SiO2 and Thermite B () corresponds to the Al combined with sol-gel

synthesized Fe2O3-SiO2 aerogel nanocomposites.

Figure 2 shows the combustion velocity as a function of weight percent SiO2 content and as a

function of the oxidizer synthesis technique. Each data symbol represents an average measurement from 3

or 4 experiments. The standard deviations are ± 0.001 m/s and thus the error bars associated with each

data symbol are too small to appear in the plot. For both composites, as the weight percent SiO2 content

increases, the velocity is reduced. This trend is not surprising because the thermal properties of SiO2 are

more insulative than the highly conductive thermal properties of Fe2O3. For example, the thermal

conductivity for Fe2O3 is 20.0 W/m K and for SiO2 is 1.38 W/m K [12]. The presence of SiO2 hinders flame

propagation by behaving as a thermal heat sink and resisting the transport of heat through the mixture,

thereby reducing the velocity. Although SiO2 contributes to the chemical energy generated, adding SiO2

reduces the overall speed of the reaction by inhibiting thermal transport and reducing the combustion

temperature.

An interesting aspect of Figure 2 is the relationship between the mechanically mixed thermite,

Thermite A, and the aerogel thermite, Thermite B. When no SiO2 is in the mixture, Thermite B produces

more than a factor of 4 increase in the velocity over Thermite A (i.e. 40.5 compared with 8.8 m/s,

respectively). The opposite trend, however, is observed for Thermites A and B when SiO2 is included in the

oxidizer mixture. With 20% SiO2, Thermite B exhibits a 99.4% reduction in combustion velocity, versus only

a 76.3% reduction in combustion velocity for Thermite A. As more SiO2 is included, further reductions in

SiO2 content (weight %)























velocity are observed but the difference in velocity between Thermites A and B remained constant.

Several properties, physical and chemical, may contribute to the different burn behavior of the two

sets of thermites. Differences in the chemical properties between the aerogel and commercial Fe2O3

appear to exist. In particular, the aerogel prepared oxidizer is comprised of stoichiometric Fe2O3, as

characterized by powder X-ray diffraction (not shown). The commercial mixture consisted of amorphous

hydrated ferric oxide that possesses bonded water and hydroxyl groups (-OH) within its structure. These

chemical impurities have been previously shown to inhibit flame propagation [11].

The major difference between Thermites A and B, however, may be the result of the different

preparation method for the sol-gel produced oxidizers. It has been shown previously that the sol-gel Fe2O3-

SiO2 composite oxidizers prepared for this study consist of nanoparticles which contain both oxide phases

in each individual nanoparticle [6-7]. These studies showed no evidence of phase separation between

Fe2O3 and SiO2 above 2-5 nm, well below the observed aerogel particle sizes of 10–20 nm (Figure 1). The

physically-mixed oxidizers, which are comprised of discreet particles of each oxide component, have Fe2O3

and SiO2 phase separation up to 100 nm, based on the manufacturer’s reported particle sizes for the SiO2

powders. This important distinction is demonstrated in Figure 3. The result of burning Thermite A thus

causes the particle ejection of the slower reacting SiO2 from the physically mixed composites, resulting in

faster reaction propagation. Reaction propagation for Thermites A and B containing 40 wt% SiO2 can be

seen in Figure 4. Figure 4a clearly shows discrete particles being ejected from Thermite A, however, no

such particles are observed in Figure 4b for the slower burning Thermite B. In the latter, SiO2 particles

cannot be easily ejected because SiO2 does not exist as discrete particles (Figure 3), thus the less

exothermic Al + SiO2 reaction is forced to occur simultaneously with the Al + Fe2O3 reaction, reducing the

Figure 3.  Nanoscale depiction of the different Fe2O3-SiO2 mixtures in the oxidizing phases of Thermite A (commercial, physically

mixed powders) and Thermite B (sol-gel prepared powders).



    

    

    
     A.  Physically mixed nanopowder (Thermite A)     B.  Sol-gel prepared nanopowder (Thermite B)

Figure 4. Still frame images from high speed photographic data for A. 40 wt% SiO2 Thermite A; and, B. 40 wt% SiO2 Thermite B.

overall burning velocity.

Gas generating Al-Fe2O3-SiO3/2-R (R = –(CH2)2(CF2)7CF3) nanocomposites.

One limitation inherent in any thermite energetic material is the inability of the energetic material to

do pressure/volume-work on an object. Thermites release energy in the form of heat and light, but are

unable to move objects. Typically, work can be done by a rapidly produced gas that is released during the

energetic reaction. Towards this end, the silica phase of sol-gel prepared oxidizers, in addition to modifying

the burning velocities, has also been used to incorporate organic functionality that will decompose and

generate gas upon ignition of the energetic composite [3-4,7]. Phenomenological burn observations of

these materials indicate that the Al-Fe2O3-SiO3/2-R nanocomposites burn very rapidly and violently,

essentially to completion, with the generation of significant amounts of gas. Figure 5 shows a comparison

of the ignition of an energetic nanocomposite oxidizer mixed with 2 µm aluminum metal without (left) and

with (middle) organic functionalization. The still image of the energetic nanocomposite without organic

functionalization exhibits rapid ignition and emission of light and heat. The still image of the energetic

nanocomposite with organic functionalization also exhibits these characteristics, but it also exhibits hot

particle ejection due to the production of gas upon ignition. This reaction is very exothermic and results in

the production of very high temperatures, intense light, and pressure from the generation of the gaseous

byproducts resulting from the decomposition of the organic moieties.
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Figure 5. Still images from the thermal ignition of energetic nanocomposites comprised of sol-gel prepared Fe2O3-2µm Al (left),

Fe2O3-SiO3/2-R-2µm Al (middle), and Fe2O3-SiO3/2-R-40nm Al (right).

These materials were also mixed with nanometer aluminum.  Figure 5 (right) shows a still image of

the ignition of the Al-Fe2O3-SiO3/2-R nanocomposite mixed with 40 nm aluminum. This composite is much

more reactive than the same oxidizing phase mixed with 2 µm aluminum metal; the burning of the

composite with 40 nm aluminum occurs much too quickly to be able to observe the hot particle ejection.

This observation is a good example of the importance mixing and the size scale of the reactants can have

on the physical properties of the final energetic composite material. When the degree of mixing is on the

nanoscale, the material is observed to react much more quickly, presumably due to the increase in mass

transport rates of the reactants, as discussed above.

CONCLUSIONS

We have successfully synthesized energetic nanocomposites using sol-gel methodology.

Nanocomposites based on energetic thermites have been produced with both burn rate modifiers and gas

generators through a silica-oxidizing phase. The energetic materials display an intimate mixing of all

components on the nanoscale. The materials are exothermic when ignited.

These materials have the potential to provide precise amounts of energy and heat at controllable

rates. The use of silica burning rate modifiers allows for the control of reaction rate and energy output, two

factors that can be controlled based on the method of synthesis and the amount of burn rate modifier

present. The ability to precisely control energetic properties also has implications on safety and handling

techniques due to the ability to slow reaction rates and decrease the amount of energy released.

Future work will focus on characterization of the products and controlling temperatures and

pressures generated by such materials.  Such studies will continue to elucidate the influence that



nanoscaled materials will have in the field of energetic composites.  These energetic nanocomposites have

potential applications as pyrotechnics and propellants.
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INITIAL STUDY OF THERMITE PYROTECHNIC MIXTURES FOR THE IGNITION 
OF LARGE CALIBRE GUN CHARGES
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Abstract

The use of high temperature thermite pyrotechnic mixtures for the ignition of large 

calibre gun systems is being explored by QinetiQ, funded by the UK Ministry of 

Defence. A loose powder mixture of aluminium and copper oxide has been ignited 

under confinement within a capillary open at one end. 

The work stems from efforts to understand the energy transfer mechanisms involved 

in electrothermal plasma ignition (ETI) of large calibre gun propelling charges. It has 

been concluded by QinetiQ that, rather than radiative energy transfer, ignition occurs 

mainly by the transfer of latent heat during the condensation phase of cooling 

metallic plasma material. Potential thus exists to emulate the performance of ETI 

simply and relatively cheaply using chemical compositions. Thermite powders may 

offer a route to realising this potential.

Details of the experimental set-up and experimental and modelling results are given 

in the paper. Measurements of the pressurisation rate and temperature are 

compared to simulations using a two-dimensional, multi-phase flow, internal ballistics 

code (FHIBS). A vapour deposition test is compared to that from ETI tests under 

comparable test conditions.

Introduction

QinetiQ, funded by the UK Ministry of Defence (Weapons and Platform Effectors 

Domain), is exploring the possibility of using thermite (metal and metal oxide) 

pyrotechnic mixtures in the form of loose powders for the ignition of large-calibre gun 

charges.

Within QinetiQ, work towards understanding the ignition of gun propellants by 

thermites stems from work with electrothermal organo-metallic plasma ignition. The 

electrothermal ignition (ETI) work has led to the hypothesis of ‘ignition by metallic 

vapour deposition’: the main energy transfer mechanism leading to plasma ignition is 

due to the condensation of the metallic component of the plasma material, and the 

subsequent transfer of latent heat energy during the condensation process in some 
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ETI systems [1, 2]. This hypothesis is in opposition to the conventional view that the 

energy transfer mechanism is radiative [3, 4, 5, 6]. Plasma at the temperature 

required for radiative ignition (generally in excess of 10 000 K) cannot be generated 

using chemical energy and requires some form of electrical discharge, which in turn 

requires an advanced pulse power supply and other ancillary equipment. However, a 

metal vapour, for participation in latent heat energy transfer, can be chemically 

generated relatively cheaply and easily using thermites.

Although the hypothesis for the ignition by latent heat of cooling vapour has been 

previously published [7], little work has been performed using thermite mixtures in 

ignition of gun charges. One reason for this is the perception that the reaction rate for 

such mixtures is too slow. However, much of the work conducted on such mixtures is 

non-representative, having been performed with compressed pellets at atmospheric 

pressure. Another reason why thermites have been overlooked might be because the 

reactions are considered to be 'gas-less'. This might be true if the phase of the final 

cooled products is considered, but the intermediate products are often gassy (metal 

vapour).

Hence, an experiment to challenge these perceptions has been conducted on a 

loosely-packed thermite powder under partial confinement within a capillary open at 

one end, and under conditions representative of a practical igniter for large-calibre 

gun charges. Measurements were made of the capillary pressurisation rate, the 

plume expansion velocity and plume brightness temperature (using time-resolved 

emission spectroscopy). Some vapour deposition tests were also conducted and 

compared to similar vapour deposition tests from electrothermal organo-metallic 

plasma. This experiment, called ‘ICC05’, is described below.

Experimental Set-up for Experiment ICC05

A thermite mixture of copper II oxide and aluminium in a 70:30 mass ratio was 

chosen for Experiment ICC05 because it is well characterised and was known to 

produce copper vapour as an intermediate product. The composition has a specific 

energy of around 4.1 kJ g-1. Between 7.5 g and 12 g of the composition (containing 

30 kJ to 50 kJ of chemical potential energy) was loosely packed into the closed end 

of a 16 mm diameter, 160 mm long polyethylene capillary. The capillary was 

contained within a glass-fibre filament wound vessel body. A copper electrode sealed 

the rear of the capillary, and an annular steel electrode formed a nozzle at the front of 
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the capillary. Figure 1 shows a photograph of the filament wound vessel body and 

capillary components.

Figure 1: Glass-fibre filament wound vessel body and capillary components 

Initiation of the thermite charge was by a heated 1 mm diameter copper wire 

'buttered' (i.e. coated) with a pyrotechnic composition, which ran the length of the 

capillary, connected to the two electrodes. The wire was heated to just below melting 

point over a 30 ms time period using a capacitor bank. It was found that an additional 

small quantity (0.2 g) of sulphurless mealed black powder (SMP) was required to get 

the main composition to respond.

Pressures were measured at three locations within the capillary using calibrated 

piezoelectric transducers. Instrumentation ports in the glass-fibre body lined up with 

holes bored through the capillary for this purpose; both can be seen in Figure 1. 

Measurement of the capillary pressure was used to determined the thermite gas 

mass generation rate.

The radiant (colour) temperature of the reaction products was measured normal to 

the flow of the plume at the capillary nozzle, using time-resolved spectroscopy. The 

spectroscope was absolutely calibrated against a blackbody reference (electrically 

heated graphite) in the manner described in reference [1]. A theoretical Planckian 

curve is fitted to the experimental spectrum. With one fitting parameter - temperature 

– this method can describe a wide range of temperatures for other blackbody

emitters. The emissivity of the emitter (a second fitting parameter) is obtained in the 

case where greybody radiation applies. With ET plasma, for hot plasma (T > 7000 K) 

and for the cooled plasma material metal vapour/aerosol (T < 4000 K),  the copper 

plume had previously been found to be a very good approximation to a blackbody 

emitter (with an emissivity close to unity). For the intermediate temperature, the 

plasma is a strong line emitter with a correspondingly low emissivity and larger
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uncertainties are introduced into the temperature analysis. With the copper vapour 

produced by this reacting thermite, a good blackbody emitter was expected.

The plume was also photographed using a fast-framing ‘Ultranac’ digital camera to 

determine its expansion velocity.

For one 12 g mass test (Test 5), a 700 mm long by 600 mm wide by 2 mm thick

witness card was used to determine whether copper vapour was being produced by 

the reaction. The card was suspended in the horizontal plane axi-symmetric with the 

capillary, with one edge of the card up against the capillary nozzle. This simple set-

up allowed direct comparison with previous vapour deposition tests using 

electrothermal organo-metallic plasma discharges into air.

FHIBS, a two-dimensional, multi-phase flow, internal ballistics code [8] was used to 

model selected tests. The thermochemical code, NASA-Lewis CEA2 (Chemical 

Equilibrium and Applications) [9] was used to supply input data for FHIBS.

Results

Five tests were performed for ICC05. Tests 1 - 2 used 7.5 g and Tests 3 - 5 used 

12 g of the thermite charge. The first test failed to ignite and so it was decided to use 

0.2 g of SMP to aid in the initiation. Subsequent tests successfully ignited.

The material rapidly reacted under these conditions and formed a plume upon exiting 

from the capillary nozzle. Video footage showed a significant number of sparks 

together with a cloud of sooty-looking smoke. It is surmised that the sparks were due 

to a slag comprised of molten aluminium oxide, copper and reacting thermite 

composition and the cloud was a small mass of air-oxidised copper formed from 

cooling copper vapour. This view is supported by the witness card and spectroscopic 

measurement.

Capillary pressures were measured for all tests, although no pressurisation was 

observed for the mis-fired Test 1. Figure 2 shows the pressures for Tests 2 – 5. 
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ICC05 Test 2 - 5
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Figure 2: Capillary pressures for ICC05 Tests 2-5

Apart from a reduction of 2 ms in ignition delay for Test 3, the 12 g tests are similar in 

all respects to each other. No obvious reason for the reduction in ignition delay for 

Test 3 is apparent. However, Test 2 (7.5 g mass of composition) is significantly 

different in several respects from Tests 3 – 5. 

A pressure spike seen with Test 2 (T2) is coincidental with a spike in the voltage

used to heat the initiation wire. The pressure spike is real, as opposed to electrical 

interference from the breaking wire; there is clearly a delay in the pressure spike from 

the three gauges along the capillary (difficult to see in the figure). These indicate that 

the wire broke with a low energy explosion at one location towards the open end of 

the capillary, causing a pressure wave to pass down the length of the capillary 

against the flow of venting material. The cause of the wire break is thought to be due 

to erosion from venting material combustion products. It is unknown what effect this 

had on the overall reaction rate because there are no other similar tests for 

comparison; however, the effect is not thought to be significant. The ignition delay for 

Test 2 is very much less than for the other tests - 10 ms shorter than the ignition 

delay for Tests 4 and 5. This can be understood in terms of wire heating rate - the 

lower mass of composition in contact with the wire for Test 2 would have resulted in 

less heat loss from the wire and thus a hotter wire, leading to increased heating of 

the thermite composition and the observed decreased ignition time. The peak 

pressure for Test 2, at around 4 MPa, is approximately 3 MPa less than for 

Tests 3 - 5. This can be explained by the increase in mass of composition for the 

latter tests.
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The most significant difference between Test 2 and Tests 3 - 5 is in the rate of rise of 

pressure. For each test, the pressurisation rate has been estimated by the slope of a 

linear fit, with error bars given for 95% level of confidence in the slope. For Test 2, 

the pressurisation rate is given as 1.29 ± 0.09 MPa ms-1. For Test 3, the 

pressurisation rate is given as 2.78 ± 0.26 MPa ms-1. Thus, the pressurisation rate for 

12 g of composition is over twice that for the 7.5 g of composition.

The duration of the pressure pulse for all tests was similar, with Test 2 being around 

10 ms, while for Tests 3 - 5 the duration was around 11 ms.

With the 12 g tests, the plume had an exit velocity of 270 m s-1 at the nozzle

decreasing to around 160 m s-1 at 0.5 m from the nozzle. This expansion velocity is 

broadly similar in order to that measured for plasma jets in air [1].

Attempts were made to simulate the test pressures using FHIBS. Figure 3 shows the 

plots for the experimental and modelled pressures (mid-capillary), and derived 

reacted mass (i.e. time-integrated mass of gas) for ICC05 Test 3. Although the rate 

of rise of pressure and peak pressures were in good agreement, the pressure decay 

was poorly matched. This is not surprising since the CEA2 input data indicated that 

most of the products were liquid, whilst FHIBS assumed that the products were 

entirely gas. Also, the combustion behaviour of the thermite composition is unknown, 

as is the size distribution and the geometry of the particles. In this simulation, the

particles were assumed to be disc-shaped with the length and outside diameter both 

equal to 0.177 cm and a burn rate of 0.36 cm s-1 MPa-1. It is evident that a more 

physically realistic model is required if this type of event is to be modelled with any 

confidence.

The mass of generated gas within the capillary is predicted by FHIBS to be less than 

5 g from an initial mass of 12 g. This suggests that much of the thermite composition

either reacted within the plume outside of the capillary, or remained unreacted.
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ICC05 Test 4
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Figure 3: ICC05 Test 4 Experimental and modelled mid-capillary pressure, and 
derived reacted (integrated gas) mass for 12 g mass of thermite composition

Figure 4 shows ICC05 Test 4 experimental and modelled plume temperature, with 

the experimental pressure and the boiling point of copper overlaid for reference. The 

experimental measurements show that the boiling point of copper was just attained 

(2840 K), while the modelled temperature was much lower, peaking at 2250 K. With 

a melting point just over 2300 K and boiling at around 3300 K, aluminium oxide would 

have been a liquid at these temperatures. This supports the assessment from the 

video footage.
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Figure 4: ICC05 Test 4 Experimental and modelled plume temperature for 12 g 
mass of thermite composition (experimental pressure and boiling point of 
copper overlaid for reference)



8

For the spectral temperature analysis, blackbody curve fitting was found to be difficult 

to achieve and required a second wavelength-independent term consistent with an

emitter with variable emissivity. It is noted that this could equally well be due to a 

strongly geometrically curved (e.g. cylindrical) emitter, or non-thermal equilibrium. 

Camera images show the plume to be no more curved than a plasma jet, and no 

such difficulties were experienced with these and so excessive curvature has been 

ruled out. Furthermore, no good reason for non-thermal equilibrium is readily 

apparent. Hence, the explanation for the need for a second fitting parameter is likely 

to be a varying-concentration mixture of copper aerosol/vapour (known to have high 

emissivity from previous studies with cooled organo-metallic plasma) and molten 

aluminium oxide (low emissivity) leading to a varying effective emissivity. Some 

values of the emissivity of aluminium oxide are quoted in Table 1 [10].

Temperature (K) Normal emissivity

600 0.69

1000 0.55

1500 0.41

Table 1: Emissivity values for aluminium oxide

Figure 5 shows an example experimental spectrum and colour temperature analysis

using Planckian curve fitting. The colour temperature is 2840 K and the emissivity 

0.68. The fit is reasonable, especially given the two-body emissivity suggested 

above. Other values for temperature and emissivity makes the fit worse. Interestingly, 

the fit gets better immediately that the plume starts to cool.
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Figure 5: ICC05 Test 4 Example experimental spectrum and colour
temperature analysis
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The witness card showed evidence of the oxides of copper as a result of copper 

vapour deposition (oxidation presumably occurring post deposition). This result was 

broadly similar to tests using copper plasma [1]. Figure 6 shows a comparison 

between 30 kJ electrothermal discharge in a copper plasma jet test (left) and ICC05 

Test 5 witness cards (right). (The orange copper I oxide is much clearer on colour 

images.) These results are similar to each other in terms of both damage and 

deposition. This indicates that copper vapour is present in the products of the 

thermite composition (an aerosol produces different marks on witness cards), and 

that the igniter brisance of both systems is of the same order of magnitude.

 
Figure 6: Comparison of witness cards for 30 kJ electrothermal discharge and 
ICC05 Test 5 

Discussion

Thermites are already used in igniters for small arms [11] and rocket motors [12]. The 

work presented in this paper demonstrates that the time over which thermite powders 

combust within a pressurised environment would make them eminently suited to 

large calibre gun igniters. Furthermore, thermites offer a route to realise the potential 

to emulate the performance of ETI (given the hypothesis for ignition by metallic 

vapour deposition) at a reduced cost. It is thus planned to continue the experimental 

work towards gun ignition, initially at 40 mm.

Although the thermite mix used for this work is an interesting pyrotechnic material, it 

might have limited use for gun ignition due to the formation of abrasive solid 

aluminium oxide. However, it should be noted that the use of nano aluminium may

produce non-abrasive oxides.

Further work is required to improve the modelling capability in this area. Firstly, there 

is the need to characterise these materials in terms of combustion rate with closed 

vessel tests at various loading densities. Condensed products could be treated as a 

Copper II oxide

Copper I oxide

Result from 30 kJ 
electrothermal discharge

Copper II oxide

Copper I oxide

Result from ICC05 Test 5
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separate phase with some means of creation/destruction, and possibly its own 

equation of state.
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Abstract 

 

One- and two-dimensional models of initiation in detonators are being developed for the 

purpose of evaluating the performance of aged and modified detonator designs.  The 

models focus on accurate description of the initiator, whether it be an EBW (exploding 

bridgewire) that directly initiates a high explosive powder or an EBF (exploding 

bridgefoil) that sends an inert flyer into a dense HE pellet.  The explosion of the initiator 

is simulated using detailed MHD equations of state as opposed to specific action-based 

phenomenological descriptions.  The HE is modeled using the best available JWL 

equations of state.  Results to date have been promising, however, work is still in 

progress. 

 

Introduction 

 

There is great interest in better understanding the dynamics of exploding bridgewire 

(EBW) performance and its role in the process of initiation in EBW detonators.  Also, it 

is desirable to have a design tool for evaluating the merit of altered and proposed 

exploding bridgefoil (EBF) and slapper detonator designs.  In particular, we need to 

better understand the mechanism by which electrical energy stored in a fireset transforms 

into initiating energy within a high explosive and how this mechanism is disrupted by 

changing materials and geometry.  This work uses the LLNL-developed 

magnetohydrodynamic (MHD) code CALE to model the explosion of EBWs when 



placed in a circuit with a fireset.  The models began as 1-D, but now have been 

generalized to 2-D with the capability of including details due to aging, such as the 

growth of intermetallic compounds. 

 

The goals of this work-in-progress include: development of sufficiently accurate 2-D 

models for pure metal EBWs surrounded by high explosive, development of models that 

predict performance of aged systems, and experiments to validate the MHD models in 

CALE at “low” energies and the associated analyses needed for model validation.  The 

final product will be a simulation capability for EBW and slapper initiation in arbitrary 

configurations, an assessment tool for detonator reliability.  To date, preliminary models 

of initiators have been developed, with current work focused on proper addition of the 

initiating HE, and model validation experiments. 

 

Methods & Results 

 

CALE successfully incorporates state variables for current density and magnetic field, 

necessary for a complete MHD description of initiator burst.  By supplying appropriate 

initiator electromagnetic material properties, a more “first principles” approach to 

modeling the burst is achieved, instead of relying on phenomenological descriptions of 

specific action to predict burst time. 

 

One-dimensional models of wire burst have been compared with recent and historical 

closed-form calculations, as well as underwater wire burst experiments and full detonator 

test fire experiments.  The 1-D models predict most metrics of interest (such as time of 

burst and burst current) with reasonable accuracy, but are still in need of improvement in 

predicting EBW pressure output.  This is due in part to needed refinement in the CALE 

material models at these “low” energies of interest for more detailed treatment of phase 

changes.  Figure 1 demonstrates qualitative agreement between experiment and 1-D 

simulation streak images. 

 



 
 
Figure 1.   Left:  Experimental streak image of a gold wire exploding in 
water (Wilkins, et al.)  This is like a 1-D movie of an EBW cross-section 
as it explodes.  Time increases to right, while radius increases upward.  
Note wire expansion, followed by the material expansion (lower sloped 
curve) and the shock wave sent into the surrounding medium (upper 
sloped curve).  Right:  1-D simulation of the underwater EBW experiment, 
presented as a streak image.  Colors depict pressure levels in the wire and 
water.  CALE calculates the wire’s melt, vaporization and burst times with 
reasonable accuracy, sending the associated pressure waves and shocks 
into the surrounding medium.  Note that the dominant shock wave occurs 
at burst, with smaller shocks at other times, as in the experiment. 

 

Also, two-dimensional models have been created to better understand both longitudinal 

and axial aspects of EBW performance.  Figure 2 shows comparison between a 

longitudinal view of an exploding gold bridgewire, and a 2-D CALE simulation. 

 

 
 
Figure 2.   Left:  Experimental frame image (side view) of a gold wire 
luminescing as it explodes.  Right:  Preliminary 2-D longitudinal 
simulation of the underwater EBW experiment.  Here colors show 
material temperature levels.  It is possible the “hot patches” of material are 
the code’s way of indicating the luminescent spots seen in experiment. 

 



The incorporation of a preliminary material model for gold-indide is a recent 

accomplishment, due in part to experimental studies completed in order to find this 

material’s coefficient of thermal expansion.  This property is needed for estimation of the 

Gruneisen gamma, a parameter that influences both shock and MHD aspects of the 

material’s response.  Figures 3 and 4 illustrate the experimental and modeled response of 

pure gold and gold-indide affected EBWs. 

 

  
(a)                                          (b) 

 

   
(c)                                           (d)                                          (e) 

 
Figure 3.   (a)  Axial cross-section of a new soldered gold EBW at the 
wire-solder mound junction.  (b)  Computational representation of a new 
gold EBW between two solder mounds in CALE.  (c)  Soon after burst, 
CALE predicts a relatively uniform burst pattern.  (d)  Well after burst, the 
shock emanating from the EBW remains uniform.  (e)  Experimental 
frame image of a new bursting EBW shows uniform shock bubble 
surrounding a fairly uniformly bursting gold plasma. 

 
 



  
(a)                                          (b) 

 

   
(c)                                           (d)                                           (e) 

 
Figure 4.   (a)  Axial cross-section of an aged soldered gold EBW at the 
wire-solder mound junction; the region between the pure gold and the 
solder is gold indide.  (b)  Computational representation of a highly aged 
gold EBW with gold indide present between two solder mounds in CALE.  
(c)  CALE predicts the gold indide explodes well before main wire burst.  
(d)  Later into the response, the burst pattern remains highly non-uniform; 
pressures are significantly weaker than for new EBWs.  (e)  Experimental 
frame image of an aged bursting EBW confirms a very non-uniform burst 
pattern. 

 
 

Current work is devoted to developing appropriate initiation models for high explosive 

powders that are typically used with EBWs in detonators (for instance, PETN).  Recent 

models incorporate half-dense PETN as an initiating medium using best-fit reactive flow 

models for the HE response, as provided by Clark Souers of LLNL.  Resources 

permitting, the powder initiation simulation will be enhanced using Ignition and Growth 

phenomenological models developed by Craig Tarver, et al. at LLNL, and possibly the 

SCORE shock initiation criteria of Hugh James, et al. of AWE.  



 

Plans for future work exist for extensive model validation through underwater burst 

experiments on specially made EBWs of various materials.  Further refinement of axial 

2-D models is needed, particularly for comparison with these validation experiments.  

The models will be benchmarked against pure gold, copper, aluminum and gold inidide 

EBFs.  After the validation phase, this modeling work will continue with sensitivity 

studies on existing and new initiation systems of interest. 
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ABSTRACT 
 
 Laser diode ignition experiments were conducted in an effort to characterize the effects of scale and heating rate 
on microscale explosive ignition criteria.  A high-power laser diode was used to initiate the explosive BNCP in time 
scales on the order of microseconds.  Power density was varied from 0.2 MW/cm2 to 4.5 MW/cm2, while laser spot 
size was varied from 40 microns to 200 microns.  Over forty experiments were conducted to characterize the effect 
of power density (heating rate) and spot size (scale) on ignition delay. 
 
 

INTRODUCTION 
Goal 
 The primary goal of this study was to investigate 
the effects of scale and heating rate on the critical 
temperature of explosives.  The critical temperature 
is defined as the temperature at which the energy 
balance between chemical energy release and thermal 
conduction favors thermal runaway within the 
explosive.  It is known that critical temperatures are 
scale dependant, and furthermore, that the critical 
temperature is affected by heating rate; however, 
experiments that characterize these effects have 
typically been conducted at large scales with 
relatively low heating rates.  The recent trend towards 
the miniaturization of explosive devices underscores 
the need to understand the critical temperature of 
explosives at small scales and high heating rates. 

 
Approach 
 The present work seeks to build this 
understanding by performing experiments that allow 
for the fast thermal heating of a relatively small 
portion of an explosive.  This is accomplished by 
using a high powered laser diode and focusing optics.  
The focusing optics are used to produce a small laser 
spot size on the surface of the explosive, thereby 
directly thermally heating a correspondingly small 
volume of the explosive.  By using relatively high 
laser power densities, it is possible to quickly heat 
this small portion of the explosive to the critical 
temperature.  If the power density is high enough, the  
___________________________________________ 
 
 
 
 

 
area of the explosive directly heated by the laser 
radiation will reach the critical temperature before a 
significant amount of energy is conducted away from 
the ignition region. 
 From a research perspective, using lasers to 
initiate explosives is advantageous because it allows 
the researcher to closely control and measure how 
much energy is delivered to the explosive and the rate 
at which that energy is delivered (power).  
Furthermore, the researcher has some degree of 
control over how much of the explosive material is 
heated by the laser.  This is accomplished primarily 
by varying the spot size produced by the laser, as 
control over the penetration depth of the laser light 
into the explosive is much more limited and difficult 
to measure.  Finally, using a laser to initiate the 
explosive makes it possible to incorporate a recently 
developed diagnostic technique that provides 
valuable ignition-related data. 
 
Background 
 Laser initiation of explosives can be achieved 
through two different mechanisms: purely thermal 
and shock.  With extremely high power densities, it is 
possible to ablate the surface of the explosive, or a 
thin film adjacent to the explosive, which causes 
relatively prompt shock initiation of the explosive.1-4  
This can be accomplished by directly irradiating the 
explosive, referred to as direct initiation, ablating a 
thin metal film directly in contact with the explosive, 
referred to as the “laser exploding bridgewire 
(EBW),” or driving a thin metal flyer across a small 
gap to initiate the explosive, referred to as the “laser 
driven slapper.”  With any of these options, laser 
power densities well over 1 GW/cm2 are necessary. 

* Sandia is a multi-program laboratory operated by Sandia 
Corporation, a Lockheed Martin Company, for the United States 
Department of Energy’s National Nuclear Security Administration 
under contract DE-AC04-94AL8500. 



 For power densities lower than those required for 
surface ablation, the initiation mechanism is purely 
thermal.  In this case, the explosive is heated until the 
critical temperature is reached, after which a self-
sustaining reaction is achieved.  Since there is no 
shock component to the initiation, the reaction begins 
as a deflagration and must progress through a 
deflagration-to-detonation transition (DDT) in order 
to achieve detonation. 
 While clearly not as fast as laser shock initiation, 
one of the advantages of purely thermal laser 
radiation is that it allows for the use of lower laser 
power densities and, therefore, lower power lasers.  
In particular, it is feasible to use laser diodes, which 
offer relatively low cost and size.  These advantages 
make laser diodes ideal candidates for potential use 
in various laser-initiated ordnance applications. 
 The present work, which began approximately 
four years ago, has focused on achieving short 
ignition delays through purely thermal laser ignition 
with laser diodes.5-7  Before this work began in 2001, 
the ignition delay associated with laser diode ignited 
(LDI) devices was on the order of milliseconds, or 
hundreds of microseconds at best.8-15  This is in 
contrast to laser shock initiated devices, which 
typically achieve prompt detonation within hundreds 
of nanoseconds.  The objective of this work is to 
bridge the large divide between the two approaches 
by using the most advanced semiconductor and optics 
technology to achieve faster ignition delay times.  
Past experiments have already achieved ignition 
delays on the order of one microsecond.6,7 

 
Laser Diode Ignition 
 Ignition energy, and therefore ignition delay, is 
primarily dependent on the rate at which the laser 
energy is delivered (power) and the area to which that 
power is delivered, with the combination expressed 
as power density, and customarily represented in 
units of watts per square centimeter (W/cm2).  The 
dependence of ignition energy on laser power density 
for purely thermally heated laser devices is depicted 
in Figure 1.  At power densities below threshold 
(Region I), the laser causes the explosive to heat to a 
steady state temperature that is less than the critical 
temperature.  Thus, even infinite energy (or time) 
will not lead to ignition.  This region is referred to as 
the conduction dominated region.  At power densities 
above threshold (Region II), the critical temperature 
is reached before the steady state temperature, and 
the explosive is ignited; however, it is possible for a 
significant amount of energy to conduct away from 
the ignition region before ignition is achieved.  As 
power density is increased in this region, referred to 
as the “conduction affected” region, the explosive is 
heated to the critical temperature more quickly, and 

therefore less energy is required to achieve ignition.  
Finally, at relatively high power densities, the 
explosive is heated to its critical temperature before a 
significant amount of energy can be conducted away 
from the ignition region.  In this region, referred to as 
the “conduction unaffected” region (Region III), the 
energy required to reach the critical temperature is 
constant, since no energy is “wasted” due to 
conduction away from the ignition region. 
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Figure 1: Firing energy vs. power density for 
typical LDI devices. 

 
 The assumption of constant ignition energy in 
Region III is only valid if the critical temperature of 
the explosive is independent of heating rate and scale.  
As defined previously, critical temperature is most 
often described as the temperature at which the 
energy balance between chemical energy release and 
thermal conduction favors thermal runaway within 
the explosive.  With the high heating rates and 
relatively small heated areas (or volumes) associated 
with high-power, yet purely thermal, laser diode 
ignition, it is possible to heat local areas of an 
explosive to extremely high temperatures before an 
appreciable amount of heat is conducted away from 
the region of the explosive heated directly by the 
laser.  One might expect, then, that the critical 
temperature would be independent of heating rate and 
scale in this regime, assuming that a sufficient 
amount of the explosive is heated to the critical 
temperature.  The present research seeks to 
investigate this hypothesis by conducting several sets 
of experiments with different heating rates, i.e., laser 
power densities, and different scales, i.e., laser spot 
sizes. 

 
DESCRIPTION OF EXPERIMENTS 

Instruments 
 The laser used for all experiments was a Model 
S35-808-1 fiber coupled laser diode array, 



manufactured by Apollo Instruments, Inc.  The 
laser’s driving electronics are custom built into a 
single housing that is co-located with the laser diode 
unit.  This helps to reduce circuit inductance, which 
allows for fast rise times and fall times.  Pulse width 
is continuously variable from zero to 5 µs. 
 The output of the laser diode array is coupled to 
a 100 micron core diameter fiber optic using focusing 
optics.  The 808 nanometer wavelength laser is 
capable of reaching power levels as high as 70 watts 
from the fiber output, with continuous variability 
below this level. 

 
Detonator 
 A single ignition increment configuration was 
used for all experiments, allowing for direct 
comparison between heating rates and spot sizes 
while avoiding potential affects from explosive type, 
particle size, pressed density, etc.  A relatively 
standard ignition blend was chosen, consisting of 
crash-precipitated BNCP (mean particle size diameter 
of 25 microns) mixed with 1% carbon black (by 
weight).  BNCP16 (tetraammine-cis-bis(5-nitro2H-
tetrazolato-N2)cobalt(III) perchlorate) is a cobalt 
coordination compound that is readily initiated by 
laser radiation, provided that measures are taken to 
increase the absorptivity of the explosive to the 
spectrum of the laser.  In addition, the explosive 
DDTs quite well if properly configured, a requisite 
property for thermally-initiated explosives. 
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Figure 2: Schematic of LDI detonator (not to 
scale). 

 
 A schematic of the laser diode detonator is 
shown in Figure 2.  The detonator consists of a 
focusing optics assembly and a charge holder 
assembly.  The focusing optics assembly collimates 
the light from the 100 micron core diameter fiber and 
refocuses the light to the desired spot size on the 
surface of the explosive.  The charge holder is 

bonded to the focusing optics assembly, and the 
ignition increment is pressed directly on top of a 
sapphire window that is bonded to the optics 
assembly. 
 The diameter of the charge cavity is 2.03 
millimeters.  The ignition increment was pressed to a 
nominal height of 1.02 inches using a pressure of 110 
MPa.  A CP (pentaammine(5-cyano-2H-tetrazolato-
N2)cobalt(III) perchlorate) DDT increment was 
pressed on top of the ignition increment to a nominal 
height of 2.03 mm, and consisted of coarse particle 
size CP pressed to a pressure of 70 MPa.  The single 
DDT increment was incorporated to ensure that the 
laser-initiated ignition increment was capable of 
initiating the DDT increment. 
 
Test Matrix 
 A test matrix was devised to investigate and 
characterize ignition using several different laser spot 
sizes and several different laser power densities.  
Four nominal spot size diameters, D, were 
investigated, including 200, 100, 50, and 40 microns.  
The experiments spanned over six different nominal 
power densities, q”, including 0.2, 0.5, 0.75, 1.0, 2.5, 
and 4.5 MW/cm2.  While desirable spot sizes and 
power densities were chosen when possible, practical 
limitations associated with the capabilities of the 
laser (power and pulse width) and the capabilities of 
the focusing optics (spot size and throughput 
efficiency) also played a role in determining the test 
matrix.  The tabulated test matrix is shown in Table 
1.  When possible, five experiments were performed 
at each test condition. 
 

Table 1: Test matrix. 
Power Density Spot Size # of Exp.

[MW/cm2] [µm] [-]
0.2 200 5
0.2 100 5
0.5 100 5
0.5 50 5
0.75 100 5
0.75 50 2

1 50 5
2.5 50 5
4.5 40 9

 
 
 A series of “crowbar” experiments was also 
conducted.  The crowbar experiments involved using 
a constant power density but variable pulse width.  
The objective was to determine how much laser 
energy, if any, was required to sustain the reaction in 
the explosive once ignition occurred.  These 
experiments were conducted using the highest 
achievable power density (4.5 MW/cm2), which 
corresponds to the smallest achievable spot size 
diameter (40 µm). 



Experimental Set-Up 
 Figure 3 shows a schematic of the set-up used in 
the experiments.  A fiber optic bundle is used, which 
consists of six diagnostic fibers arranged around the 
laser delivery fiber in a rosette pattern.  The 
diagnostic fibers serve as “pick-up” fibers, and are 
used to gather the various light signals from the 
explosive during the experiment.  This includes the 
reflected laser signal as well as the light signal from 
the reacting explosive.  Careful analysis of these 
signals with the proper diagnostic equipment can 
provide significant insight into the ignition 
phenomenon, provided that proper diagnostic 
equipment and methods are utilized.  This technique 
was designed and developed by the author, and is 
described in detail in Refs. 5-7. 
 Five of the six diagnostic signals are sent to 
various photodetectors.  Three of the signals are sent 
directly into three photodetectors with different 
sensitivities, including a 10 MHz detector, a 125 
MHz detector, and a 1 GHz detector.  The different 
sensitivities maximize the chance of achieving strong 
photodetector signals while avoiding saturation.  The 

fourth signal is sent to a 10 MHz detector through a 
narrow bandpass filter that passes wavelengths near 
the laser wavelength, while the fifth signal is sent to a 
10 MHz detector through a bandstop filter that 
removes wavelengths near the laser wavelength. 
 The sixth and final diagnostic signal is sent to a 
five-color pyrometry system.  A pyrometer is a type 
of non-contact thermometer that measures the light 
emitted by a surface in order to calculate the 
temperature of that surface.  Relative (or ratio) 
pyrometry was chosen instead of absolute pyrometry, 
mainly because the optical details (i.e., reflectivity, 
transmission losses, geometry, photodetector 
calibration, etc.) of the set-up were not known and 
not easily measured.  Furthermore, many of the 
parameters potentially changed between experiments. 
 A brief description of the pyrometry system is 
given next; for a detailed description of the 
pyrometry system used in this work, please see Ref. 
17.  Also, general details about absolute and ratio 
pyrometry can be found in Ref. 18. 
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Figure 3: Schematic of experimental set-up. 
 



 With relative or ratio pyrometry, light emitted by 
a surface is measured at two or more wavelengths.  
The ratio of these signals is then compared to the 
ratio predicted by Planck’s law, and a temperature is 
calculated.  Planck’s law is given by 
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where e is the blackbody heat flux from a surface, T 
is the surface temperature, λ is the wavelength of 
light, C1 =37413 W-µm4/cm2, and C2 =14388 µm-K.  
The maximum wavelength of Plank’s law is given by 
Equation 2, which is often referred to as Wien’s Law: 
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 When making temperature measurements, multi-
color pyrometry is more sensitive to temperature if 
the chosen wavelengths are on the “blue” or short 
wavelength side of maximum.  However, Planck’s 
law rapidly falls to zero at shorter wavelengths, 
which causes the window of usable wavelengths on 
the “blue” side of the maximum is narrow.  Thus the 
wavelengths must be as close to the maximum as 
possible.  For the present work, temperatures ranging 
from room temperature to approximately 2500 K 
were expected.  This meant that at the cold 
temperature (room temperature), λ should be close to 
~9600 nm, and at the hottest temperature (~2500 K), 
λ should be close to ~1200 nm.  Other wavelengths 
would ideally be interspersed between these two 
values. 
 The selection of “ideal” wavelengths (based on 
theory) must of course be balanced against practical 
considerations, including the characteristics of 
readily available detectors.  These included silicon 
(Si) detectors (wavelength range spanning ~300 to 
1000 nm), photomultiplier tubes (PMTs, wavelength 
range spanning ~100 to 900 nm) and indium-gallium-
arsenide (InGaAs) detectors (wavelength ranges from 
~500 to ~2600 nm).  Each of these detector types has 
different available bandwidths and sensitivities 
associated with it. 
 Finally, it is important to avoid wavelengths near 
the absorption band of the transmission media 
(optical fiber and air).  Based on all of these 
considerations, the following five wavelengths were 
chosen: 700, 900, 1270, 1600 and 2100 nm.  PMTs 
were used with the shorter wavelengths (700 and 900 
nm), while InGaAs detectors were used with the 
longer wavelengths. 
 The layout of the pyrometer is shown in Figure 
3.  The system uses a series of wavelength filters 
(dichroic mirrors and bandpass filters) to separate the 
five desired wavelengths from the overall light signal 
gathered from the diagnostic fiber.  The intensity of 

each wavelength signal is then measured as a 
function of time with the appropriate detector. 
 Calculations performed to estimate the signal 
strength reaching the detectors resulted in powers 
ranging from less than 0.1 nanowatt (nW) to greater 
than 1 microwatt (µW).  These extremely low 
expected powers, combined with the relatively short 
expected ignition delays (less than 5 µs), resulted in a 
challenging detector design, particularly for the 
longer wavelengths. 
 For the 700 nm and 900 nm channels, it was 
possible to use PMTs, which are advantageous due to 
their high sensitivity and high speeds.  The amplifier 
chosen for each channel was an AC-coupled low 
noise bipolar voltage amplifier with a stated 
bandwidth of 100 MHz and a gain of 40 dB.  The 
stated noise was ~400 pV/Hz1/2.  It was thought that 
the gain provided by this amplifier would be 
sufficient to detect signal levels > 1 nW, even with 
the relatively poor sensitivity of PMTs at 900 nm. 
 For the remaining near infrared (NIR) channels, 
it was necessary to use thermoelectrically cooled 
InGaAs photodiodes, due to the long wavelength.  It 
was attempted to optimize several parameters while 
selecting the detectors, including the time constant of 
the detector, the noise equivalent power, and the 
sizing of the necessary amplifiers (a detailed 
description of the detector selection is omitted here 
but can be found in Ref. 17).  The implemented 
design used an AC-coupled high-bandwidth bipolar 
transimpedance amplifier and the input capacitance 
of each transimpedance amplifier was matched to the 
capacitance of each NIR photodiode.  The voltage 
amplifiers used for each channel were the same as 
those used for the PMTs. 
 Calculations indicated that for a 10nW input 
signal, the signal-to-noise ratio, S/N, of the system 
would be sufficient to resolve the thermal emissions 
of the solid surface against inherent noise in the 
detector systems.  Indeed, it was hoped that the 
system would even yield usable data when light 
levels approached a 1 nW level.  As will be discussed 
below, however, the implemented design did not 
yield signals that could be used for temperature 
calculation at low temperatures.  This is most likely 
due to large, unexpected sources of noise in the 
preamplifiers and amplifiers. 
 Output from the DDT column is detected by a 
single 1 mm core diameter fiber.  This fiber, which is 
damaged and subsequently re-cleaved after each 
experiment, is run to a 10 MHz detector, as shown in 
Figure 3. 

 
Experimental Method 
 A method was devised to accurately reconstruct 
a power density versus time plot for each experiment.  



Energy was measured using an Ophir energy meter 
that was specifically configured to measure the 
energy of short pulses of 808 nm light.  It was 
discovered that the fiber optic bundle assembly used 
in the experiments could be used to reconstruct the 
shape of the laser pulse delivered to the energy meter.  
This is accomplished by utilizing the diagnostic 
fibers to gather a portion of the reflected laser light 
from the surface of the energy meter while measuring 
the energy in the pulse.  The intensity of the laser 
light is directly proportional to power, implying that 
the signal from the photodetector is directly 
proportional to power.  Since the energy delivered by 
the pulse is known, the proportionality constant can 
be calculated by integrating the photodetector signal 
to calculate an “unscaled” energy, and dividing the 
unscaled energy into the actual measured energy. 
 Using this method allows for the construction of 
a power versus time plot, or a power density versus 
time plot (power density is simply calculated by 
dividing the power by the area associated with the 
laser spot size used in the experiment).  This baseline 
plot can then be compared to the signal gathered from 
the actual experiment. 
 

RESULTS 
Photodetector Data 
 Figure 4 shows photodetector data from an 
experiment performed with a power density of 0.2 
MW/cm2.  Note that the baseline data are scaled to 
indicate the power density used for the experiment, 
and the photodetector data from the experiment are 
superimposed on the baseline data for comparison 
purposes.  The signals follow each other extremely 
closely until about 1.5 µs after the start of the laser 
pulse.  At this point, the explosive begins to react, 
which causes a deviation of the photodetector signal 
from the baseline signal.  Note that the signal 
decreases upon reaction. 
 Figure 5 shows similar data for an experiment 
performed with a much higher power density of 2.5 
MW/cm2.  Note that the reaction starts much more 
quickly in this case, as the photodetector signal 
deviates from the baseline signal after just 350 ns.  
For this particular experiment, reaction is marked by 
an increase in the photodetector signal compared to 
the baseline signal. 
 
Filtered Data 
 The previous section gave two examples which 
showed that the photodetector signal can increase or 
decrease with respect to the baseline signal.  Before 
the explosive begins to chemically react, the signal to 
the photodetector solely represents the reflected laser 
light from the unreacted explosive.  Chemical 
reaction, when it occurs, produces high-temperature 

ionized gases that emit light; however, this plasma 
also strongly absorbs light.  The overall signal can 
therefore either increase, decrease, or possibly stay 
the same, depending on the whether the intensity of 
the light emitted by the plasma is greater than, less 
than, or about the same as the intensity of the light 
initially reflected by the unreacted explosive. 
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Figure 4: Photodetector data, q0” = 0.2 MW/cm2. 
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Figure 5: Photodetector data, q0” = 2.5 MW/cm2. 

 
 Filters were utilized with two of the diagnostic 
fibers in an effort to deconvolute the competing 
effects of the reflected laser light and the light 
emitted by the plasma.  The light from both fibers 
was collimated, passed through a filter, and then 
refocused onto the face of a photodetector.  A 
bandpass filter was incorporated with one fiber, while 
a bandstop filter was used with the other.  The 
bandpass filter only passed light near the laser 
wavelength, while the bandstop filter stopped a 
narrow bandwidth of light that included the laser 
wavelength. 
 It was expected that the signal from the bandstop 
filtered photodetector would essentially stay near 



zero until the explosive began to react, since the 
reflected laser light would be removed from the 
signal.  In contrast, it was expected that the signal 
from the bandpass filtered photodetector would 
follow the rise of the laser, and that the signal would 
consistently decrease upon reaction, since the signal 
from the reflected laser light would decrease upon 
formation of the highly absorbing plasma. 
 The signals gathered from the bandstop filtered 
photodetector looked as expected (See Figure 6), 
although the signal strength was relatively low.  The 
custom made filter removes the laser wavelength 
very well; however, the signal does not begin to 
increase until well after reaction, as indicated by the 
10 MHz photodetector data also shown in Figure 6. 
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Figure 6: Bandstop filtered data. 
 
 The signals gathered from the bandpass filtered 
photodetector were not as useful as hoped.  First of 
all, as with the bandpass filtered photodetector, signal 
strength was low.  Secondly, the off-the-shelf filter 
did not pass as narrow of a wavelength band as the 
bandstop filter stopped.  Finally, it became evident 
that the reacting explosive produced ample light in 
the passing bandwidth.  Thus, the signal did not 
solely consist of reflected laser light.  For these 
reasons, the data from the bandpass filtered 
photodetector are not presented in this paper (it is 
only mentioned here to document the effort).  Future 
efforts, if any, would incorporate a custom designed, 
narrow bandpass filter, as well as a more sensitive 
photodetector or photomultiplier tube. 
 
Pyrometry Data 
 As was described previously, the five color 
pyrometer was designed with five wavelengths 
spread out through the NIR spectrum so that 
temperatures could be calculated from ~700 K up to 
~2500 K.  It was expected that the three InGaAs 

detectors would be sensitive enough to measure 
temperatures in the lower end of this range, while the 
PMTs would be useful at the higher end of this 
temperature range. The system was designed to have 
adequate amplification and a noise level low enough 
to ensure a strong signal to noise ratio in the resulting 
voltage traces at all temperatures within this range.  
Unfortunately, the system did not perform as 
designed.  In particular, it was discovered that the 
noise level present in the transimpedance and voltage 
amplifiers was much larger than calculations from the 
manufacturer’s specifications predicted.  The noise 
levels were so large that the signal to noise level was 
less than unity.  The result of this underperformance 
was that the data channels for each of the NIR 
photodetectors recorded noise in every experiment.  
Thus, it was not possible to measure the lower 
temperatures of the IP surface expected prior to 
ignition. 
 At the higher temperature ranges, the 700 and 
900 nm channels were expected to be sufficiently 
amplified to record enough data to measure higher 
temperatures; however, the 900 nm channel used an 
amplifier to boost the signal to measurable levels and 
this channel correspondingly had the same noise 
problems as those present in the NIR channels.  The 
only recourse was to directly measure the 
unamplified output of the 700 and 900 nm channels.  
Unfortunately, the sensitivity of the PMT’s at 900 nm 
was not large enough to produce measurable signals 
at early time scales. 
 Thus, the only pyrometry channel that yielded 
useful data was the 700 nm channel.  This did not 
allow for a temperature calculation using the ratio 
pyrometry technique, since ratio pyrometry demands 
that data from at least two different wavelength 
channels be recorded to calculate temperature.  
Although absolute pyrometry could have been 
implemented at this point, the design of the detonator 
optics and lack of necessary calibration equipment 
did not allow it here. As a result, the pyrometry 
system was not able to measure pre-ignition 
temperatures, but the single active 700 nm channel 
did yield useful results that will be discussed in 
subsequent sections. 
 

DISCUSSION 
Variable Pulse Width (Crowbar) Experiments 
 Variable pulse width (PW) experiments were 
conducted with high power density and small spot 
size.  The goal of these crowbar experiments was to 
establish how much, if any, additional laser energy is 
needed to promote a self-sustaining reaction in the 
explosive once reaction begins.  These experiments 
were conducted with the highest possible power 
density to ensure negligible heat loss due to 



conduction away from the region of the explosive 
heated directly by the laser diode.  The smallest 
achievable spot size, 40 µm, was used with the 
highest laser power setting to achieve a nominal 
power density of 4.5 MW/cm2 (this is the nominal 
power density actually delivered to the explosive).  
The laser pulse width was set to 3 µs for the first 
experiment and was decreased until the laser failed to 
initiate a self-sustaining reaction (defined as a 
reaction that consumed the ignition increment and 
DDT increment, and referred to as a “fire”) in the 
explosive. 
 Figure 7 shows the data from a typical 
experiment.  The laser pulse width for this 
experiment was 2 µs.  The 10 MHz photodetector 
signal suggests that reaction begins after 270 ns.  The 
700 nm signal from the pyrometer begins to rise 
almost immediately, and has a distinct inflection 
point after about 670 ns, after which the signal 
strength increases dramatically.  Output is detected 
after 4.18 µs. 
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Figure 7: Crowbar data, 2 µs pulse width. 
 
 A total of nine experiments were conducted with 
pulse widths that varied from 250 ns to 3 µs, and the 
results are summarized in Table 2.  All experiments 
conducted with a pulse width over 450 ns resulted in 
a “fire,” while experiments conducted with a pulse 
width less than 450 ns resulted in a “no-fire.”  The 
two experiments conducted with a pulse width of 450 
ns resulted in a fire and a no-fire, suggesting the 
threshold pulse width is near this level. 
 For all experiments, the time required for the 
photodetector signal to deviate from the baseline 
signal, tign, averaged 0.28 µs, with a relatively low 
standard deviation of 0.05 µs.  The data from the 700 
nm channel of the pyrometer are slightly more 
difficult to interpret, however.  In some cases the 
signal began increasing almost immediately after the 
laser was functioned, while in other cases the signal 

appeared to begin to increase at roughly the same 
time as the signal from the unfiltered photodetector 
deviated from the baseline signal.  In all cases, the 
signal has an inflection point that separates a 
shallower slope portion of the signal from a steeper 
slope portion, although the inflection point is more 
pronounced in some experiments than others.  It is 
theorized that the initial portion of the signal with the 
shallower slope is a result of the heating of the 
carbon black in the ignition increment.  Any signal 
from the 700 nm channel implies that at least a 
portion of the ignition increment is heated to an 
extremely high temperature.  It is possible that the 
high power density in the experiment heats the 
carbon black so quickly that the temperature increase 
of the explosive, or at least a significant portion of 
the explosive, lags behind the temperature increase of 
the carbon black.  Thus, there is a slight delay before 
the critical temperature is reached in a substantial 
enough portion of the explosive, resulting in the 
subsequent increase in signal strength that results in 
the steeper slope portion of the curve.  At any rate, 
the time required to reach the inflection point, which 
averages 0.69 µs with a standard deviation of 0.07 µs, 
is shown in Table 2. 
 

Table 2: Crowbar data. 

PW Energy Result tign Eign tss ign Ess ign tout
[µs] [µJ] [-] [µs] [µJ] [µs] [µJ] [µs]
3.00 198.0 FIRE 0.25 8.0 0.75 40.7 4.24
2.00 124.0 FIRE 0.27 8.9 0.67 32.1 4.18
1.00 65.0 FIRE 0.28 9.6 0.62 31.1 4.22
0.50 33.0 FIRE 0.24 7.7 0.64 28.8 4.35
0.50 33.0 FIRE 0.26 8.4 0.80 32.3 4.38
0.45 32.0 FIRE 0.38 15.8 0.68 30.1 4.17
0.45 32.0 NO FIRE - - - -
0.40 28.0 NO FIRE - - - -
0.25 17.5 NO FIRE - - - -

0.28 9.7 0.69 32.5 4.26
0.05 3.0 0.07 4.2 0.09

Average
Std. Dev.

Unfiltered PD 700 nm Pyro

 
 
 The time to output, tout, was extremely consistent 
for each experiment, with an average time of 4.26 µs 
and a standard deviation of just 0.09 µs.  This implies 
that the excess laser energy from the experiments 
with relatively long pulse width does little to 
accelerate the deflagration process once the ignition 
increment is initiated, indicating that the energy input 
from the laser into the reacting explosive is negligible 
(or ineffective) compared to chemical energy release. 
 A calculation was performed for each 
experiment that determined the amount of laser 
energy required for the unfiltered photodetector 
signal to deviate from the baseline signal, as well as 
the energy delivered up to the time where the signal 
from the 700 nm channel reaches the inflection point.  
These values are also tabulated in Table 2.  An 



average of 9.7 µJ is required for the unfiltered 
photodetector signal to deviate from the baseline 
signal, while an average of 32.5 µJ is required to 
reach the inflection point on the signal from the 700 
nm pyrometer channel.  Interestingly, the latter 
energy is consistent with the energy delivered from 
the shortest pulse that achieved ignition and sustained 
reaction (450 ns pulse with 32 µJ of energy).  This 
suggests that once reaction begins, it is possible that 
the reaction will quench without the additional laser 
energy required to promote a self-sustaining reaction.  
At this particular energy delivery rate (i.e., power 
density), it appears that 32 µJ of energy is required to 
achieve a self-sustaining reaction. 
 
Nomenclature 
 At this point it is instructive to discuss 
nomenclature that will be used for the remainder of 
the paper.  Strictly speaking, an explosive is always 
reacting, and the reaction rate is dependent on the 
temperature of the explosive.  When the explosive is 
heated by an external source (in this case a laser) the 
temperature increases, increasing the rate of chemical 
energy production, until the energy delivery rate from 
both the chemical reactions and heating source is 
sufficient to promote thermal runaway within the 
explosive.  At this time, which will be referred to as 
“ignition” (abbreviated as subscript “ign”), the 
explosive is still dependant on the heating source, and 
the reaction could quench if the heating source is 
removed.  Finally, the reaction progresses to achieve 
temperatures that allow for a self-sustaining reaction 
without additional energy from the external heating 
source.  This point will be referred to as “self-
sustained ignition” (abbreviated as subscript “ss 
ign”).  For simplicity, the explosive will be referred 
to as an “unreacted” explosive before ignition and as 
a “reacting” explosive after ignition. 
 Determining when ignition and self-sustained 
ignition occur has its limitations.  Strictly speaking, 
the signal to the unfiltered photodetector should 
deviate from the baseline case immediately, since the 
chemical reactions from the explosive should provide 
additional energy as soon as the explosive is heated 
when compared to the non-reactive baseline case (the 
surface of the energy meter).  This additional energy, 
however, is so small initially that the sensitivity 
limitations of the photodetector prevent this from 
being observed.  Eventually, the additional energy 
from the chemical reactions is sufficient to cause the 
signal to deviate noticeably from the baseline signal.  
Referring to this point as “ignition” is somewhat 
arbitrary since it is dependant on the sensitivity of the 
photodetector and the alignment of the optics; 
however, the limited sensitivity of the photodetector 
creates an artificial threshold that therefore requires 

something significant to occur in the unreacted 
explosive to cause a noticeable deviation in the 
photodetector signal.  Similarly, the inflection point 
in the signal from the 700 nm pyrometry channel 
(which uses a PMT tube with much higher sensitivity 
than a photodetector) implies that something 
significant had to happen within the reacting 
explosive. 
 
Variable Power Density and Laser Spot Size 
Experiments 
 Thirty-seven experiments were conducted with 
various power densities and spot sizes.  For the most 
part, five experiments were conducted for each power 
density and spot size combination, although only two 
experiments were conducted with a power density of 
0.75 MW/cm2 and 50 micron spot size due to a 
shortened supply of 50 micron optics devices.  A 5 µs 
laser pulse width was used for all experiments; 
however, the average data from the variable pulse 
width experiments are also included in this section, 
including only the data from the six experiments that 
resulted in a “fire” (it was established that the 
variable pulse width did not appear to affect the 
ignition, self-sustained ignition, or output times). 
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Figure 8: Experimental Data, q0” = 1.0 MW/cm2, 

D = 50 µm. 
 
 It should be noted that for experiments 
conducted with power densities of 1.0 MW/cm2 and 
lower, the signal from the 700 nm pyrometer channel 
did not exhibit the inflection point seen in Figure 7.  
In fact, in four out of the five experiments conducted 
at 1.0 MW/cm2, there is no initial increase in the 700 
nm signal, and the signal simply ramps up quickly 
later in time, as shown in Figure 8.  It was previously 
suggested that the initial increase in the 700 nm line 
is caused by high temperature carbon black that heats 
at a significantly higher rate than that of the 



neighboring explosive particles.  Thus, the data from 
the experiments at 1.0 MW/cm2 suggest that this 
power density is marginal in achieving this 
phenomenon.  Indeed, at all power densities below 
1.0 MW/cm2, the initial increase in the signal from 
700 nm pyrometry channel prior to achieving the 
self-sustaining reaction is not evident.  For 
experiments that did not exhibit this initial increase, 
the time to self-sustained ignition was taken as the 
time required for the signal to first increase, as shown 
in Figure 8. 
 As before, the energy required to produce 
ignition and self-sustained ignition was calculated for 
each experiment.  The energy was then normalized 
by dividing by the area associated with the spot size 
of the optics device used in the experiment, 
producing an energy density that is most 
conveniently represented in units of nanojoules per 
square micron, or nJ/µm2.  The results, along with the 
timing data, are tabulated in Table 3.  Note that the 
data is averaged for each test conditions over all 
experiments conducted at that test condition. 
 

Table 3: Data summary (averaged). 
q0" D tign E"ign tss ign E"ss ign tout

[MW/cm2] [µm] [µs] [nJ/µm2] [µs] [nJ/µm2] [µs]

0.2 200 1.98 3.5 2.13 3.8 5.32
0.2 100 2.10 4.0 3.56 7.0 6.62
0.5 100 0.75 2.9 1.40 5.9 4.47
0.5 50 0.68 2.5 1.16 5.1 4.38

0.75 100 0.44 2.4 1.10 7.4 4.15
0.75 50 0.54 3.0 1.22 7.0 4.54

1 50 0.53 3.7 1.31 11.2 4.89
2.5 50 0.30 4.3 0.66 12.7 4.10
4.5 40 0.28 7.7 0.69 25.9 4.26

 
 
 Ideally, the energy density, E”, required for 
ignition would be constant over a large range of 
power densities and spot sizes, assuming the power 
density is large enough to preclude significant heat 
conduction away from the ignition region, small 
enough to avoid ablation of the surface of the 
explosive, and large enough to preclude problems 
associated with a critical mass of the explosive that 
must be heated to the critical temperature before 
ignition can occur.  Of course, it is exactly these 
types of discrepancies which this research is hoping 
to uncover.  Thus, it is especially instructive to look 
for discrepancies in the energy density required for 
ignition when comparing the data, and to attempt to 
relate these discrepancies to effects from spot size 
(i.e., scale), power density (i.e., heating rate), and 
other factors, if appropriate. 
 In general, the ignition energy density and self-
sustained ignition energy density were fairly constant 
for power densities ranging from 0.2 to 0.75 
MW/cm2, with the exception of the experiments 

conducted with 0.2 MW/cm2 power density and 200 
micron spot size, which produced an unusually low 
energy density.  With 0.5 MW/cm2 and 0.75 
MW/cm2 power densities, spot size did not appear to 
have a significant effect on either ignition energy 
density or self-sustained ignition energy density.  At 
power densities of 1.0 MW/cm2 and above, both the 
ignition and self-sustained ignition energy densities 
are significantly higher than at the lower power 
densities. 
 The exceptionally low self-sustained ignition 
energy density for the experiments conducted with a 
0.2 MW/cm2 power density and 200 micron spot size 
is difficult to explain, especially since the ignition 
energy density is consistent with the other 
experiments conducted with power densities ranging 
from 0.2 to 0.75 MW/cm2.  Initially, it was suspected 
that the lower self-sustained ignition energy was 
simply the result of stronger signals that reached the 
700 nm channel of the pyrometer from the 200 
micron spot size, the largest spot size examined; 
however, comparisons of the average output time of 
the 200 micron spot size (tout = 5.32 µs) versus the 
100 micron spot size (tout = 6.62 µs) at 0.2 MW/cm2 
also suggest that there is a significant discrepancy 
between these two spot sizes.  It appears that the 
increased spot size served to reduce the critical 
temperature, but not enough data were acquired to 
make a definitive conclusion.  Alternatively, it is 
possible that the experiments were affected by 
conduction away from the ignition region, especially 
considering that 0.2 MW/cm2 is the lowest power 
density examined.  In future experiments with more 
advanced semiconductor technology, it may be 
advantageous to investigate this further at higher 
power densities (the 0.2 MW/cm2 power density is 
the highest achievable power density with current 
semiconductor technology and a 200 micron spot 
size). 
 Initially, the significant increase in the ignition 
and self-sustained ignition energy density at high 
power densities may appear to suggest that the 
critical temperature is significantly higher at higher 
heating rates.  This, however, is likely not the case.  It 
is important to note that the ignition increment 
contains a mixture of carbon black and BNCP.  
Simplistically, the carbon black can be thought of as 
an absorbing medium while the BNCP can be 
thought of as a non-absorbing medium.  This implies 
that the carbon black particles heat when irradiated 
by the laser, and then transfer that heat to the 
explosive particles.  If the rate of heat transfer from 
the carbon black to the explosive is approximately 
consistent with the rate of heating from the laser, then 
the material can practically be treated as 
homogeneous.  At high laser power densities, 



however, it should be expected that the carbon black 
could heat at a rate much higher than the rate of heat 
transfer from the carbon black to the explosive.  In 
this case, the average temperature of the explosive 
would lag significantly behind the average 
temperature of the carbon black. 
 It is likely that this phenomenon explains why 
the ignition and self-sustained ignition energy density 
tend to increase at relatively high power density.  The 
higher energy is likely the result of the energy that is 
“wasted” by heating the carbon black to temperatures 
that far exceed those necessary for ignition.  In fact, it 
is possible, and even probable that the carbon black is 
vaporized by the laser.  If this is the case, excess laser 
energy could be causing an increase in the rate of this 
phase change instead of a temperature increase of the 
carbon black. 
 Indirectly, this phenomenon suggests that some 
significant portion of the explosive must be heated to 
or above the critical temperature for self-sustained 
reaction to commence.  If the problem is reduced to a 
single spherical explosive particle that is heated by 
high-temperature carbon black particles that 
uniformly surround the explosive particle, one can 
imagine the temperature gradients that would be 
present in the portions of the explosive particle that 
are adjacent to carbon black particles as a function of 
time.  At some given time, a significant enough 
portion of the explosive particle will be heated to 
levels that allow for chemical energy release that is 
significant enough to heat neighboring portions of the 
explosive particle and other explosive particles to 
allow for self-sustained reaction.  Thus, it is difficult 
to conclude if the critical temperature is increasing 
with the higher heating rates, since microscale 
conduction within the region of the explosive heated 
directly by the laser appears to play a significant role 
in the ignition phenomenon. 
 Irrespective of the effect on the microscale 
ignition criteria, the experiments conducted reveal 
that extremely short ignition delays are attainable 
with laser diode ignition.  In all cases, the BNCP was 
initiated in less than 2 µs, and ignition delays as short 
as 300 ns were achieved with the highest power 
densities. 
 

SUMMARY 
 Laser diode ignition experiments were conducted 
to investigate the effects of scale and heating rate on 
critical temperature of the explosive.  It was noted 
that at the lowest power density (i.e., slowest heating 
rate but largest spot size), a lower energy density was 
required to initiate the explosive with a 200 micron 
spot size compared to a 100 micron spot size; 
however, spot size did not appear to affect energy 
density at higher power densities.  At power densities 

of 1.0 MW/cm2 and above, it was found that the 
energy density required to initiate the explosive was 
higher than for lower power densities.  This was 
attributed to non-uniform heating of the carbon black 
compared to the explosive, which resulted in a “lag” 
in the temperature increase of the explosive 
compared to the carbon black.  This indirectly 
implies the existence of a critical volume, or mass, of 
the explosive that must be heated to or above the 
critical temperature before self-sustained ignition can 
occur. 
 In all cases, the explosive was initiated in 2 µs or 
less, and ignition delays as short as 300 ns were 
achieved with the highest power densities. 
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