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Thirty-Fifth International Pyrotechnics Seminar, July 13-18, 2008 
 

PREFACE 
 

We welcome you to the 35th International Pyrotechnics Seminar which is the fourth Seminar to 
be held in Fort Collins, Colorado. In addition to the USA Seminars, there has been a large 
amount of interest in the international community with seminars held in Australia, Germany 
(twice), France (twice), the UK (Jersey), Sweden, China (twice), New Zealand, Russia, and 
Japan. We hope that this 40th anniversary seminar continues the tradition of a stimulating 
meeting and that both attendees and their companions enjoy their visit to Colorado. 
 
This series of Seminars was created through the vision of Mr. Bob Blunt, formerly of the Denver 
Research Institute.  Bob, who passed away in 1995, gloried in the Colorado Mountain country, 
and all US Seminars were held in Colorado until the 1998 Seminar (25th Seminar) at Monterey, 
California.  Subsequently, US Seminars have again been held in Colorado to continue the 
tradition.  
 
We are delighted that the winner of the Frank Carver Bursary Award will participate in this 
Seminar.  The Bursary Award winner is Konstantin Monogarov of Russia, presenting a paper 
entitled Nano-Aluminum Powder Doped with Barium:  Chemical States of Ba and Al Studied by 
X-ray Photoelectron Spectroscopy.  
 
In addition to the book of proceedings that is being distributed at the Seminar, we also are 
distributing a CD-ROM disc containing the proceedings.  Papers presented at this Seminar that 
were unavailable in time for inclusion in the proceedings book were included in the CD-ROM if 
received before the CDs were produced.  Please note that papers containing color (plots, pictures, 
etc.) are printed in this bound copy in black and white, but the color rendition may be viewed on 
the CD of the proceedings. The papers may also be submitted for publication in Propellants, 
Explosives and Pyrotechnics, the official journal of the International Pyrotechnics Society. Our 
thanks go to Dr. Joe Schelling of Albuquerque for editing and compiling the proceedings for 
both the book and the CDs. 
 
The organizers of this Seminar and the host sponsoring organization, IPSUSA Seminars, Inc., 
wish to acknowledge the major contributions made by Mrs. Linda Crouse of Applied Research 
Associates, Inc. for her expertise in the planning, logistics, and operations of this Seminar.  
Linda’s contributions were invaluable to the success of this Seminar. 
 
On behalf of the Seminar host and sponsor, IPSUSA Seminars, Inc., we wish to take this 
opportunity to thank the authors and attendees at this Seminar for achieving the Seminar’s goal 
of sharing scientific and technical information on energetic materials among the international 
community. We hope you have a memorable week enjoying the Fort Collins, Colorado area and 
the 35th International Pyrotechnics Seminar. 
 

Bernard E. Douda and Larry L. Brown, Co-Chairs 
35th International Pyrotechnics Seminar and the 40th Anniversary of the IPS Series 

July 13 – 18, 2008 
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THERMAL PARAMETERS OF THE BURNING WAVE  

FOR BARIUM NITRATE/ MAGNESIUM/ ORGANIC ADDITIVE 

PYROTECHNIC MIXTURES 

Varyonykh N.M.∗, Obeziyaev N.V.∗∗, Sheludyak Yu.E.* 

Introduction 

In earlier studies [1,2] with the help of analysis of experimental data on the burning rate for 

double mixtures of barium nitrate with different metallic fuels it was found that the combustion 

mechanism of these mixtures is determined by the temperature T = 867K, at which barium nitrate melts 

and decomposes. Generally pyrotechnic compositions contain, besides an oxidizer and a fuel, some 

organic additives, which play the roles of a binder and a fuel. Addition of organic substances to 

pyrotechnic compositions may significantly influence the combustion mechanism of them. In this study 

the analysis of experimental data [5] on the burning rate for stoichiometric Ba(NO3)2 / Mg mixture with 

addition above 100% of phenol-formaldehyde resin SF-0112 (iditol) in the amount of 5% and 10%, 

epoxide resin ED-5 (5% and 10%) and naphthalene (5%, 10% and 15%) has been carried out within the 

limits of the enthalpy approach [3,4]. 

1. Method of Analysis of Experimental Data 

In the basis of analysis of experimental data there is the following equation 

)/( hhqu mm −=ρ , (1) 

which comes out from the law of conservation of energy for reactive system. In the equation (1) u, ρ and 

h are the linear rate of combustion, the porosity and the enthalpy of a combustible system at the initial 

temperature T correspondingly; qm and hm are the heat flow and the enthalpy in the critical section of the 

burning wave at the temperature Tm correspondingly. In the coordinates h-(uρ)-1 the experimental data on 

the burning rate can be placed on a straight line, what allows to determine the thermal parameters in the 

critical section of the burning wave qm and hm. The value of the heat flow in the critical section of the 

burning wave qm is determined by heat-generation process during chemical reactions in the zone of high 

temperatures as well as by heat transfer process from the zone of high temperatures to the critical section 

of the burning wave. The value of the maximum enthalpy in the critical section of the burning wave hm is 

a physicochemical characteristic of a combustible system and it is determined by the nature of a 
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combustible system as well as by the kinetics of chemical reactions in the zone of low temperatures. It is a 

quantity of heat, with the help of which an inert system can be heated to the temperature T*. The 

temperature T* is connected with the temperature in the critical section of the burning wave Tm with the 

help of the following equation: 

*

2

TT
T

R
E

m

m
−

= , (2) 

where E is the energy of activation, R is universal gas constant. 

Thus the mass burning rate uρ is determined by the initial energetic condition of a combustible 

system – its enthalpy h and two parameters in the critical section of the burning wave hm and qm which do 

not depend on the initial temperature. 

Expression for the temperature coefficient of the burning rate looks like this: 

hh
C

T
u

m

p
T −

=
∂

∂= )ln( ρβ , (3) 

The value of βT does not depend on the conditions of heat exchange with the surroundings, but it 

is determined only by the values of the parameter hm, heat capacity Cp and enthalpy h of a combustible 

system. 

In the zone of high initial temperatures, where during the period of thermostatting τT the heat 

generation from chemical reaction becomes noticeable, the equation (1) looks like this: 

),(Q Tm

m
Thh

qu
τη

ρ
+−

= , (4) 

where Q is the thermal effect of the reaction, η(T, τT) is the part of the reacted combustible system at the 

temperature T during the time τT. 

Expression for the temperature coefficient of the burning rate in the zone of high temperatures 

looks like this: 

η
η

β
Q
/Q

+−
∂∂−

=
hh

TC

m

p
T , (5) 

The value of βT  in these temperatures zone passes through zero and may be negative, but the dependence 

of the burning rate on the temperature passes through the maximum and has the limiting value at T→T* 

η
ρ

Q
mqu =  . 
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Therefore at those initial temperatures, which are near the temperature of self-ignition, the 

dependence (uρ)-1 = f(h) deviates from linear and the analysis of experimental date in those temperatures 

zone will result in misrepresentation of the values of hm and qm. 

2. Experimental Data on the Burning Rate for Barium Nitrate /Magnesium/ Organic Additive 

Mixtures 

In Table 1 there are the experimental values of the burning rate for triple systems – barium 

nitrate/magnesium/organic additive at initial temperatures 213, 293 and 473 K, which were obtained in 

the study [5]. The initial stoichiometric double mixture contained 68.3% of Ba(NO3)2 and 31.7% of Mg; 

5% and 10% of phenol-formaldehyde resin SF-0112, 5% and 10% of epoxide resin ED-5 and 5%, 10% 

and 15% of naphthalene were added to this mixture above 100%. The average particle size of barium 

nitrate was 120 μm and that of magnesium – 130 μm. The mixtures were pressed into paper shells with 

the inner diameter of 15 mm, the porosity was Π = 0.2. The samples were thermostatting and burnt in 

massive steel capsules. 

 

Table 1 

Experimental Data on the Burning Rate for Triple Systems – Barium Nitrate/Magnesium/Organic 

Additive 

Burning rate u, mm/s, at the initial temperature T, KAdditive % of additive 
(above 100%) 213 293 473 

Without additive 0 2.86 3.14 3.95 
5 3.68 4.10 5.90 Phenol-formaldehyde resin 

SF-0112 10 3.28 3.62 5.52 
5 3.02 3.33 4.12 Epoxide resin EP-5 10 2.40 2.56 3.18 
5 2.40 2.59 3.97 

10 2.09 2.28 4.69 Naphthalene 
15 2.18 2.35 5.77 

Temperature dependences of density ρ, heat capacity Cp and enthalpy h , which are necessary for 

evaluation of the parameters hm and qm, were calculated on the basis of the reference data [6].  

3. Results of Experimental Data Analysis 

The values of the thermal parameters of the burning wave hm and qm , which have been obtained 

as a result of analysis of experimental data [5] on the burning rate of barium nitrate/magnesium/Organic 

additive pyrotechnic mixtures, are presented in Table 2. In Table 2 there are also the root-mean-square 

error of approximation of experimental data su and the quantity of heat, which is necessary for heating the 
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mixture from the temperature T = 293K to the melting point of barium nitrate Tf = 867K and the melting 

point of magnesium Tf = 923K h' (the component is in a solid state) and h'' (the component is melted).  

 

Table 2 

Thermal Parameters of the Burning Wave for Barium Nitrate/Magnesium/ Organic Additive Mixtures 

Enthalpy of mixture h, kJ/kg  
at the melting temperature  

of the component Tf, K 
867 923 

Additive % of 
additive 

hm, 
kJ/kg 

qm, 
kJ/(m2s) 

su, 
% 

h' h'' h' h'' 
Without additive 0 670 4248 0.6 510.6 649.6 709.7 820.6 

5 512.3 4076 0.1 541.3 673.6 - - Phenol-
formaldehyde 
resin SF0112 10 512.9 3497 1.0 569.2 695.5 - - 

5 748.7 4752 0.9 536.3 668.7 731.3 836.9 
Epoxide resin ED-
5 10 875.6 4152 0.2 559.7 686.0 750.8 851.8 

5 770.1 3844 - 561.9 694.2 756.8 862.5 
10 690 2892 - 608.6 734.8 799.7 900.5 Naphthalene 
15 906.7 3519 - 651.1 771.9 838.8 935.5 

 

For the initial double mixture the value of hm is between h'', (T = 867K) and h' (T = 923K). 

Addition of phenol-formaldehyde resin SF-0112 to the mixture results in decreasing in the value of hm 

below h' (T= 867K) but addition of epoxide resin ED-5 results in increasing in the value of hm up to the 

enthalpy of the mixture at the melting point of magnesium. 

Evaluation of the parameters hm and qm for mixtures containing naphthalene has been done on the 

basis of the experimental data on the burning rate only for two initial temperatures T = 213K and T = 

293K. At T = 473K experimental values of the burning rate are significantly higher than the values 

calculated according to the equation (1) using the parameters hm and qm, obtained from the low 

temperatures data. According to the data [5] the decrease in the mass of mixtures containing naphthalene 

after heating them up to the temperature 473K during 3 hours practically corresponds to naphthalene 

content in the mixture while the decrease in the mass of mixtures containing other additives does not 

exceed 0.7...1% what corresponds to natural water content in the samples. Therefore the samples with 

naphthalene after heating them to the temperature T = 473K become, in fact, barium nitrate/magnesium 

double mixture with significantly increased porosity because of naphthalene evaporation. Such a change 

in the state of the tested sample results in a sharp increase in the burning rate. 

The values of hm for mixtures containing naphthalene, which have been obtained as a result of 

analysis of low temperatures data, are near the enthalpy of the mixture at the melting temperature of 
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magnesium. However, because of a small range of initial temperatures the evaluation error for the 

parameters hm, and qm, can be very large. If we use the value of h' (T = 867K) as hm, the error of 

description of initial data shall not be more than the error of the experiment (Table 3). 

 

Table 3 

Naphthalene 
additive, % 

hm = h' (T = 867K),  
kJ/kg 

qm  
kJ/(m2⋅s) 

su, 
% 

5 561.9 2836 1.2 

10 608.6 2564 0.5 

15 651.1 2726 1.0 

Thus addition of 15% (above 100%) of epoxide resin ED-5 and naphthalene to barium 

nitrate/magnesium double mixture does not change the combustion mechanism of the mixture. The 

temperature in the critical section of the burning wave Tm is near the melting temperature of magnesium 

and the chemism of the process in the critical section is determined by interaction between the oxygen, 

generated at the initial stage of barium nitrate decomposition, and metallic and organic fuel. 

Addition of 5% and 10% of phenol-formaldehyde resin SF-0112 to barium nitrate/magnesium 

double mixture results in noticeable decrease in the values of hm, to which the temperatures T* = 838K 

and T* = 824K correspond. According to the equation (2) the temperature T* is lower than the 

temperature in the critical section of the burning wave on the following magnitude: 

2* mm T
E
RTT =− , 

which is Tm – T* = 40...50K for typical values of the energy of activation E = 125...167 kJ/mol. 

Therefore, in this case, the temperature in the critical section of the burning wave coincides with the 

melting temperature of barium nitrate and the chemism of the process is determined by barium nitrate 

decomposition during its melting. The decrease in the value of hm in comparison with other mixtures on 

the basis of barium nitrate is caused by the fact that phenol-formaldehyde resin SF-0112 decomposes with 

exoeffect when it is heated to the temperatures above 470K [6]. Therefore the difference h' (T = 867K) - 

hm increases when the content of phenolformaldehyde resin SF-0112 in mixture increases. 

Hence, addition of organic additives does not change the combustion mechanism of mixtures on 

the basis of barium nitrate. The temperature in the critical section of the burning wave is equal to or a bit 

higher than the temperature 867K at which barium nitrate melts and decomposes. However the use of 

organic additives, which decompose with exoeffect at relatively low temperatures, results in significant 
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reduction in energy consumption when heating the mixture to the critical state. 
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ABSTRACT 
 

This effort represents a continuation of our investigation of charcoal briquet combustion, the 
previous eight parts of which we presented at the four International Pyrotechnics Seminars held in the 
years 2002 through 2006. The present effort concerns itself with evaluation of two brands of charcoal 
briquets, viz., “Kingsford” which has been the mainstay of our work thus far, and “Royal Oak” which 
became available to us relatively recently. The main difference between these two brands is that the 
“Royal Oak” briquets are larger in size and consequently possess a significantly lesser number of briquets 
per kilogram and a smaller specific external surface area than the corresponding values for the 
“Kingsford” briquets. The objectives of the work were (1) to determine if the differences in the external 
surface areas would affect the times to complete ignition, and (2) to assess the role of surface area in 
determining the kettle internal temperature-time histories. A Weber covered cooking kettle has served as 
the grill in all of our work.  

The ignition studies revealed that the surface area indeed has an influence on the time to complete 
ignition, which for the “Royal Oak” briquets was about 25 percent longer than for the “Kingsford” 
briquets. These differences are not serious, but the chef has to be aware of them when planning an 
outdoor party.  

The combustion of the charcoal briquets has appeared to be a surface phenomenon, in which the 
glowing “flameless” surface moved inward and the ash clinged in such a way that the overall shape of the 
briquet remained effectively constant. Thus we theorized that the kettle internal temperature-time 
histories would primarily be a function of the external surface area of the briquets. The availability of two 
brands of briquets having different specific surface areas made this portion of the investigation possible. 

We plotted the temperature-time histories from nine tests in ten graphs, and each graph included 
two such histories. The data from the Primary Cooking Method (in which the briquets cover the entire 
charcoal grate) completely confirmed our theory. For the Alternative Method (in which the briquets are 
confined in Aluminized-Steel Holders on either side of a drip pan), the data confirmed our theory when 
the two tests compared the effect of different weights of one brand of briquets. However, for those graphs 
in which we compared the histories obtained from identical surface areas for both brands of briquets, the 
histories failed to show agreement, and thus these results did not support our theory. Finally, graphs in 
which we compared the two cooking methods completely failed to confirm our theory, and in fact each 
set of two curves exhibited vastly different profiles. The combustion mechanisms in the two cooking 
methods appeared to be totally different from each other.  

We have assumed that the temperature-time histories provide an accurate picture of what is 
occurring in the kettle. Consequently, we have begun to utilize these data to select the brand and quantity 
of briquets that will provide appropriate temperature profiles in the time frame for each cooking process. 
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INTRODUCTION 

At the four International Pyrotechnics Seminars held in 2002 through 2006, the Austing's have 
reported on various aspects concerning 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 briquets combusting in a stream of fresh air entering through 
inlet dampers in the bottom of the kettle.  

The first three parts of the investigation, published at the Twenty-Ninth Seminar, dealt with the 
experimental details (Austing and Austing, 2002), the derivation of possibly applicable reaction kinetics 
expressions (Austing, 2002a), and a preliminary assessment of the order of the combustion reaction 
(Austing, 2002b). The primary objective of these first experiments was the preparation of food for 
subsequent dining pleasure; the collection of scientific data was secondary.  

Consequently, at the Thirty-First Seminar, Austing shifted the emphasis solely to scientific 
purposes. He again divided this portion of the investigation into three parts, which respectively discussed 
(1) revised experimental methodology and mathematical relationships to compute the weight loss of the 
briquets and to measure the kettle internal temperature both as functions of time (Austing, 2004a), (2) the 
collection of appropriate data and mathematical analyses to compute the First Order reaction kinetic data 
for the charcoal combustion (Austing, 2004b), and (3) data to assess the effect of lid removal on the kettle 
internal temperature (Austing, 2004c). These three portions constituted Parts IV through VI of the 
investigation.  

At the Thirty-Second Seminar, in Part VII Austing (2005) investigated the applicability of the 
“Shrinking Core Model” (Levenspiel, 1972) for the charcoal briquet combustion. The data revealed that a 
First Order reaction at the surface of the core was the controlling resistance.  

A sizable portion of our investigation has involved the so-called Alternative Cooking Method, 
wherein the briquets occupy space on either side of a drip pan placed in the center of the charcoal grate. 
In Part VIII at the Thirty-Third Seminar, Austing (2006) evaluated the effectiveness of Aluminized-Steel 
Briquet Holders, which confine the briquets in a more-orderly manner in comparison to the traditional 
method of simply making loose unconfined piles. Comparative data showed that the use of the Holders 
allowed a significant reduction in the number of briquets required to complete the cooking of selected 
types of meat, in terms of the time required to achieve the desired temperature in the center of the cut.  

In the initial phases of our investigation, we evaluated three brands of charcoal briquets, viz., 
“Kingsford”, “Lady Lee”, and “Osco”. The first and foremost conclusion from this was that all three very 
adequately satisfied our initial objective, i.e., to properly cook the various foods according to our 
requirements. In fact, it was impossible to decide which brand was premier in this regard. Physically, the 
“Kingsford” and “Osco” brands were similar in terms of briquet size, number of briquets per kilogram 
and specific external surface area. On the other hand, the “Lady Lee” briquets were notably larger, and 
thus had fewer briquets per kilogram and a smaller surface area. These differences appeared to have very 
little, if any, effect on the combustion of the briquets as we utilized them. The ignition of the briquets, 
however, was a different story, because in comparison to the other two brands the “Lady Lee” briquets 
required a longer time for complete ignition to occur. This does not represent a serious concern, but the 
chef has to be cognizant of this factor when planning an outdoor party.  

Shortly after the conclusion of the work described in Parts I through III, the “Lady Lee” brand 
became unavailable and a different distributor began to market the “Osco” brand. The labeling on the bag 
gave no indication as to who manufactured the briquets. As a consequence, we had no assurance that the 
new briquets would exhibit the same properties and performance as the previously-utilized briquets; we 
therefore discontinued the evaluation of the “Osco” briquets. This decision along with the unavailability 
of the “Lady Lee” meant that only the “Kingsford” brand was available for the balance of our 
investigation, the results of which we have reported in Parts IV through VIII.  
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Approximately three years ago, a fourth brand of briquets became available to us. These briquets, 
marketed under the name “Royal Oak”, possess physical properties similar to those of the “Lady Lee” 
brand, particularly with respect to the briquet size. This report thus constitutes Part IX of our 
investigation, and the objectives here are two-fold. viz., (1) to measure and compare the physical and 
ignition properties of the “Kingsford” and “Royal Oak” brands, and (2) to record the kettle internal 
temperature for the two brands, with the goal of determining how the size of the briquets affects the 
temperature-time histories. Conceivably, such data might be useful in the selection of the size and number 
of briquets for a given outdoor cooking assignment.  

 
PROPERTIES OF CHARCOAL BRIQUETS 

Physical Properties  

As stated in the Introduction, in this portion of the investigation we have evaluated two brands of 
briquets, viz.:  

(1) “Kingsford”, manufactured by the Kingsford Manufacturing Company, Oakland, 
California 94612 USA.  

(2) “Royal Oak”, manufactured by Royal Oak Enterprises, Inc. Roswell, Georgia 30076 
USA.  

Table 39 summarizes the average physical properties of these two brands. The following 
comments about these data are in order:  

(1) We utilized a water displacement method to obtain the densities; these values represent the 
average or overall bulk density. The use of a helium pycnometer (Sasse', 1984) would yield the 
true density, which would be in the range 1440~1560 kg/m3. 

(2) We have assumed that the briquets approximate oblate spheroids in shape (which is formed by 
rotating an ellipse about its minor axis).   

Table 39. Physical Properties of Charcoal Briquets  

                     Property                    “Kingsford” “Royal Oak”
ρo, Density (kg/m3) 934 934 
Number of Briquets per kilogram 41 30 
Do, Minor Axis (mm) 26.2 34.9 
dm, Major Axis (mm) 52.4 52.4 
External Specific Surface Area (m2/kg) 0.191 0.162 
xa, Weight Fraction of Ash 0.2094 0.2561 
 

For such a volume, Beyer (1978) shows that the initial external surface area is related to the 
minor and major axes by the following relationships: 
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Then, the external specific area for a total quantity of briquets is given by  
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where: nb = the number of briquets 

mco = the initial weight of the briquets (kg) 

(3) The Table shows that the major axes of the two brands are identical. However, the minor axis of 
the “Royal Oak” is significantly greater, which means that the Number of Briquets per Kilogram 
and the External Specific Surface Area for this brand are both significantly less. This represents 
no consequence at all in the combustion of the briquets for purposes of preparing foods, but data 
to be discussed shortly show that the time for complete ignition is strongly affected.  

(4) The data show that the weight fractions of ash for both brands are about an order of magnitude 
greater than that of charcoal utilized, for example, in the preparation of Black Powder (Sasse', 
1984). Since the manufacture of the briquets is a largely proprietary process, details concerning 
their composition remain sketchy. However, the high ash content may be related to steps taken in 
the manufacturing so that the briquets achieve a very uniform burning behavior, which is one of 
their important characteristics for the proper preparation of food.  

Some of the properties of the “Kingsford” briquets as specified in Table 39 are somewhat 
different from those that we have previously reported. These differences may be the result of a slight 
change in the shape by the manufacturer. According to the information on the label, there are more edges 
and greater surface area to shorten the time required for complete ignition; in addition, two grooves on 
each briquet provide air channels to promote faster heating and more uniform burning.  

Ignition Characteristics  

In the Part I manuscript, we documented the two means for igniting the charcoal briquets, viz., 
the “electric starter” method and the “lighter fluid” method.  

The former involves the use of a 500-W heating element encased in a ceramic-lined copper tube, 
and in the United States requires a 120-V, 60-Hz alternating current power source. We initially embed the 
starter in a pyramid of briquets for about 15 min; we then remove the device, restack the briquets, and 
then spread them out uniformly when they become fully ignited.  

When using the lighter fluid method (almost exclusively for the Alternative Method of cooking), 
we load the briquets into the Aluminized-Steel Holders on either side of a drip pan placed on the charcoal 
grate. We then squirt about 250 mL of the fluid directly onto the briquets, which of course readily adsorb 
the fluid; the lighter fluid is a petroleum distillate of low to moderate volatility. We then ignite the system 
with standard matches, and initially flame appears and persists for less than 10 min. After an additional 
period of time, complete ignition is achieved and we are in a position to begin the cooking process.  

The criterion for assuming that complete ignition has occurred is the formation of a grey ash over 
the entire surface of the briquets. We have previously noted that combustion subsequently occurs in a 
flameless mode best described as a “smoldering”, which Karim Moallemi et al. (1993) define as a self-
sustaining oxidation of the solid in air. The combustion thus appears to be a surface phenomenon, such 
that in Part VII of our investigation we considered the “shrinking core” concept as one of the possible 
kinetic models.  

Table 40. ·Time durations for Complete Ignition of the Charcoal Briquets 
 

 Electric Starter Method Lighter Fluid Method 

Briquet Brand Time 
Ambient Temp. 

Range Time 
Ambient Temp. 

Range 
“Kingsford” 28 ± 1 min 11 to 28°C 17 ± 1 min 4 to 28°C 
“Royal Oak” 35 ± 2 min 22 to 31°C 22 ± 2 min 12 to 28°C 
Note: Each time duration is quoted as the average ± the standard deviation. 
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Table 40 summarizes the data on the ignition of the briquets by the two methods. The data show 
the following trends:  

(1) Complete ignition by the lighter fluid occurs much more rapidly than ignition by the electric 
starter.  

(2) For both methods, complete ignition for the “Royal Oak” brand requires a somewhat longer time 
than for the “Kingsford” brand. This perhaps can be attributed to the smaller external specific 
surface area of the former.  

(3) The ambient temperature does not exert a major influence on the time durations, as judged by the 
relatively low magnitude of the standard deviations in comparison to the magnitude of the 
averages.  

(4) The time durations quoted for the “Kingsford” briquets in Table 40 are notably shorter than those 
reported previously in Table 3 of Part I, specifically by 15 percent for the Electric Starter Method 
and 23 percent for the Lighter Fluid Method. This phenomenon appears to be the result of the 
changes in the shape of these briquets, as stated on the label. Thus, our data show that the 
manufacturer has achieved its goal, which was to shorten the ignition times.  

 
MEASUREMENT OF THE KETTLE INTERNAL TEMPERATURE-TIME HISTORIES 

The relatively recent availability of the '''Royal Oak” brand of charcoal briquets, having a 
somewhat greater minor axis and hence a smaller external specific surface area in comparison to the 
“Kingsford” brand, prompted this portion of our investigation. The objective here was to determine the 
extent to which these properties would affect the kettle internal temperature-time histories. If the 
differences were major, such data might in some instances be important in selecting the brand and 
quantity of briquets for preparation of certain types of foods.  

Experimental Procedures  

We have previously discussed the two distinctly different cooking methods that are utilized in 
conjunction with the Weber covered cooking kettle, and we have designated these as the “Primary 
Method” and the “Alternative Method”. The difference is the placement of the charcoal briquets with 
respect to the foods being prepared.  

In the Primary Method (Figure 31), the briquets are spread across the entire charcoal grate, and 
the food is cooked directly above the briquets. In the Alternative Method (Figure 32), the briquets are 
confined in Aluminized-Steel Holders on either side of a drip pan placed in the center of the charcoal 
grate, and the food is positioned directly above the drip pan. Both of these photographs show the briquets 
at the time that complete ignition has been achieved, and just before the lid is placed on the kettle.  

Figure 33 represents a photograph of the fully-assembled Weber kettle, and also shows the placement of 
the temperature probe for measurement of the kettle internal temperature. We inserted the probe through 
the outlet port in the lid, and the probe was held in place by a special bracket attached to the handle. The 
photograph shows the Modular Instrument resting on the adjoining table.  
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Figure 31.  Photograph of the Placement of the Charcoal Briquets for the Primary Cooking Method.  
 

 
Figure 32.  Photograph of the Placement of the Charcoal Briquets for the Alternative Cooking Method. 
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Figure 33.   Photograph, showing the Fully-Assembled Type 6100 Weber Cooking Kettle, and the 

Temperature Probe* inserted through the Outlet Port in the Lid of the Kettle. 

(*Platinum Pt101IR Immersion Probe utilized in conjunction with a Solomat MPM500e 
Modular Instrument. Solomat Instrument Division, Stamford, Connecticut 06090 USA.)  

The time at which we placed the lid on the kettle marked the start of the experiment, i.e., time 
zero. We then recorded the kettle internal temperature after 5 min, after l0 min, and subsequently every 10 
min for a total of 150 min. We then terminated the experiment by closing the inlet dampers and outlet 
port.  

The experiments discussed in this manuscript were purely scientific in nature, with the objective 
of recording the kettle internal temperature-time histories as a function of the various parameters 
involving only the charcoal briquets. In other words, we did not prepare foods, because (as shown 
previously in Part VI) this factor would have influenced the temperatures, and would have made 
interpretation of the data more difficult.  

Experimental Parameters  

In the early phase of our investigation (Part I), we theorized that the total external surface area of 
the briquets would have a major influence on the kettle internal temperature, due to the observation that 
the combustion appeared to be a “shrinking core” surface phenomenon.. We constructed tabulations of the 
initial internal temperature as a function of the total surface area, but no smooth correlation resulted. 
Nevertheless, our goal now was to record these data over a longer period of time. Thus, the total external 
surface area became the major experimental parameter in our current investigation. We adjusted this by 
utilizing the two brands of briquets, and by varying the initial weight (and hence the number) of briquets.  
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Table 41. Summary of Experimental Conditions 

 Charcoal Briquet Data  

Test No. Brand Weight Number 
Total External 
Surface Area 

Ambient 
Temperature 

Primary Method: 
PM-73 “Royal Oak” 2.350 kg 71 0.382 m2 23.0°C 
PM-74 “Kingsford” 2.353 kg 99 0.454 m2 24.6°C 
PM-75 “Kingsford” 1.984 kg 82 0.380 m2 29.6°C 
PM-76 “Kingsford” 1.424 kg 57 0.270 m2 25.9°C 
PM-78 “Royal Oak” 1.384 kg 46 0.232 m2 14.3°C 

Alternative Method: 
AM-82 “Royal Oak” 1.421 kg 43 0.231 m2 23.2°C 
AM-83 “Kingsford” 1.418 kg 59 0.273 m2 19.3°C 
AM-84 “Kingsford” 1.201 kg 50 0.231 m2 22.5°C 
AM-85 “Royal Oak” 1.688 kg 51 0.274 m2 23.8°C 
 
Table 41 summarizes the relevant experimental conditions. The external surface areas were calculated 
from Equations (80) and (81) presented earlier, and then from the following relationship:  

   St = Senb (83) 

where:  St = the total external surface area (m2)  

The Table shows that the ambient temperatures differed by no more than about 10°C; also, all the tests 
were conducted on relatively calm, sunny days, so that the wind could not exercise any influence on the 
experimental results.  

Experimental Results  

In order to assess the effect of the total external surface area, we constructed ten graphs of the 
kettle internal temperature-time histories. In each of these graphs; we plotted two such curves in order to 
facilitate interpretation of the data. In addition, each curve has its own unique legend, and each curve has 
been plotted at least twice.  

Primary Method 

Our previous data has shown that a greater weight of charcoal briquets will generally result in 
higher internal temperatures. Figure 34 verifies this observation for two weights of “Kingsford” briquets. 
In this graph, we have not specified the surface areas, because these are directly proportional to the 
weights, and in preparing to utilize the cooking kettle it is easier to simply weigh the briquets rather than 
to calculate the surface areas.  

Figure 35 assesses the effect of equal external surface areas for the two brands of briquets. 
Obviously, here the weights of each of the brands are vastly different. The results show that the 
temperatures are effectively equal throughout the entire l50-min history, which confirms our initial 
premise the total external surface area of the briquets controls the kettle internal temperature.  

In Figure 36, the weights of the two brands are effectively equal, such that the surface area of the 
“Kingsford” brand exceeds that of the “Royal Oak” brand. Although the two temperatures are equal 
initially, within a short time the greater surface area of the “Kingsford” briquets causes these temperatures 
to be higher for the duration of the experiment. Thus, these results add striking credence to what we 
observed in the previous paragraph. 
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Figure 34.  Data Contrasting the Effect of “Kingsford” Briquet Weight on the Kettle Internal 
Temperature-Time Histories, for Two Tests involving the Primary Method. 
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Figure 35.   Data Comparing the Effect of Equal Briquet External Surface Areas on the Kettle 

Internal Temperature-Time Histories, for One Test on each Brand of Briquets and 
utilizing the Primary Method. 
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Figure 36.   Data Contrasting the Effect of Equal Briquet Weights but Very Different External 
Surface Areas on the Kettle Internal Temperature-Time Histories, for the Primary 
Method. 
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Alternative Method  

Figures 37 and 38 show the effect of briquet weight, for respectively each brand of briquets. At 
this juncture, we are unable to explain the initial results in Figure 37 (during the first ½ h), but for the 
remainder of the time the data again verify that the greater weight (and surface area) of the “Kingsford” 
briquets causes higher kettle internal temperatures. On the other hand, the data in Figure 38 for the “Royal 
Oak” brand appear to confirm our theory completely.  

Next, Figures 39 and 40 show the effect of two different surface areas in the two graphs but 
identical in each graph. In Figure 39, the use of the “Kingsford” briquets causes a very much higher 
temperature for almost the first half of the test, after which the two temperatures are in fairly good 
agreement. In Figure 40, the temperatures are identical initially, but then the “Kingsford” briquets cause a 
higher temperature for the remainder of the experiment.  

As described in Part VIII of our investigation, we confine the briquets in the Aluminized-Steel 
Holders when employing the Alternative Method. Perhaps, this confinement precludes the full effect of 
the “shrinking core” surface phenomenon that we discussed earlier, such that the total surface area of the 
briquets is not available to sustain the combustion. The effect appears to be greater for the “Royal Oak” 
briquets than for the “Kingsford” briquets. This, however, is not necessarily a disadvantage, depending on 
what foods are being prepared.  

Comparison of the Two Cooking Methods  

In an effort to further confirm the effect of total surface area on the kettle internal temperatures, 
we have prepared three graphs in which we plot the results of one test for each of the two cooking 
methods. Based on everything that we have said thus far, if our theory concerning total briquet surface 
area is valid, then the two curves in each graph should be nearly identical; or that for the Primary Method 
may slightly exceed that for the Alternative Method. In retrospect, however, such is not what the graphs 
show.  



-603- 

 
Figure 37.   Data Contrasting the Effect of “Kingsford” Briquet Weight on the Kettle Internal 

Temperature-Time Histories, for Two Tests involving the Alternative Method. 
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Figure 38.   Data Contrasting the Effect of “Royal Oak” Briquet Weight on the Kettle Internal 

Temperature-Time Histories, for Two Tests involving the Alternative Method. 
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Figure 39.   Data Showing the Effect of Equal Briquet External Surface Areas on the Kettle 

Internal Temperature-Time Histories, for One Test on each Brand of Briquets and 
involving the Alternative Method. 
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Figure 40.   Data Showing the Effect of Equal Briquet External Surface Areas on the Kettle 

Internal Temperature-Time Histories, for One Test on each Brand of Briquets and 
involving the Alternative Method. 
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Figure 41 comes the closest to what we believe the results should be. Here, we compare the two 
cooking methods for the “Royal Oak” briquets, wherein the total surface areas and the weights are nearly 
identical. However, at different times in the experiments, the temperature differences between the two 
tests vary from about 10°C to about 40°C. These differences are much too great if the surface area theory 
is valid.  

Figure 42 compares the two cooking methods for the “Kingsford” briquets. These results are even 
more difficult to explain. For nearly the first two-thirds of the experiments, the temperature for the PM-
Test was lower than for the AM-Test, at one point by as much as 60°C. Finally, at about 90 min, the two 
temperatures exhibited fairly good agreement for the remainder of the test durations.  

Finally, Figure 43 shows a comparison for the two cooking methods and for each brand of 
briquets. Here, the surface areas for the briquets are almost identical, yet the curves show identical 
temperatures only at about 60 min.  

Discussion 

The above Figures 34 through 36 for the Primary Cooking Method to a certain extent lend 
credence to our theory that the briquet external surface area controls the kettle internal temperature. The 
curves suggest that the temperature is a function of the weight of the briquets and also, of course, a 
function of the surface area. So it does not matter which brand of briquets is utilized, because the surface 
area dictates the magnitude of the temperatures.  

The manufacturer of the Weber Covered Cooking Kettle* recommends that the briquets 
completely cover the charcoal grate and be one layer deep. Our measurements show that this is 
tantamount to about 64 briquets, for either the “Kingsford” or “Royal Oak” brand, because both major 
axes are identical. However, because the minor axis of the “Royal Oak” is larger, the weight will be 
somewhat greater and the external surface area slightly greater than for the “Kingsford”. 

                                                 
* Weber-Stephan Products Company, Palatine, Illinois 60067 USA 
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Figure 41.   A Comparison of the Kettle Internal Temperature-Time Histories for the Two 

Cooking Methods, wherein the External Surface Areas of the “Royal Oak” Briquets 
were Equal in the Two Tests. 
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Figure 42.   A Comparison of the Kettle Internal Temperature-Time Histories for the Two 

Cooking Methods, wherein the External Surface Areas of the “Kingsford” Briquets 
were Equal in the Two Tests. 
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Figure 43.  A Comparison of the Kettle Internal Temperature-Time Histories for the Two 

Cooking Methods, for Different Brands of Briquets in the Two Tests but Equal 
External Surface Areas. 
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Based on our observations, the temperature thus should be slightly greater when the “Royal Oak” briquets 
are utilized. However, this recommendation by the Kettle manufacturer is just that, it is a 
recommendation. The individual outdoor chef may decide to utilize less than complete coverage of the 
charcoal grate, or with the briquets greater than one layer deep, depending on the temperature 
requirements and on what foods are being cooked.  

Figures 37 through 40 for the Alternative Method provide only partial confirmation of our theory 
concerning the effect of total briquet surface area. However, we must assume that the data accurately 
reflect what is occurring in the covered kettle. We therefore have begun to utilize these curves to provide 
the desired temperature-time history-for each cooking assignment; and then on this basis we select the 
brand and number of briquets. To illustrate, our previous data in Part VIII for Test No. AM-26 for the 
preparation of Country Ribs showed that the temperature at the center of the cut reached the desired value 
of 74°C in 60 min, when 50 “Kingsford” briquets were utilized; this corresponded to a total external 
surface area of about 0.23 m2. More recently, we consulted the curves in Figures 37 and 40, and on this 
basis theorized that the temperature profile provided by the use of 59 reshaped “Kingsford” briquets 
would be adequate to cook the Country Ribs in about 60 min. The results that we subsequently obtained 
confirmed that our selection of this number of briquets was correct, because the Ribs were indeed ready to 
be removed from the Kettle at that time.  

As implied earlier, the data that we have gathered do not explain the discrepancies observed in 
Figures 41 through 43, wherein we compare the two cooking methods for identical external briquet 
surface areas in each of the graphs. Thus, the combustion mechanisms in the two methods must be totally 
different from each other.  

 
SUMMARY AND CONCLUSIONS 

This manuscript summarizes our findings in the ninth part of our investigation on the ignition and 
combustion of charcoal briquets utilized for the outdoor preparation of food. In most of the previous 
work, we evaluated “Kingsford” briquets in a Weber covered cooking kettle. However, recently, an 
alternative brand known as “Royal Oak” became available. These briquets were somewhat larger than the 
“Kingsford” briquets, and as a consequence exhibited a fewer number of briquets per kilogram and a 
smaller external specific surface area. Thus, this part of our investigation had two objectives: (1) to 
evaluate the physical properties and ignition of the “Royal Oak” briquets in comparison to those of the 
“Kingsford” briquets, and (2) to assess the role of total external surface area in determining the kettle 
internal temperature-time histories.  

We have utilized two methods to ignite the briquets, viz., an electric starter and a petroleum 
distillate lighter fluid. For both brands of briquets, inherently the use of the electric starter caused the time 
duration for complete ignition to be about 60 percent longer than that required by use of the lighter fluid. 
Also, the external specific surface areas of the briquets played a significant role in the ignition durations, 
in as much as the “Royal Oak” briquets having the smaller area required 25 percent more time than 
required for the “Kingsford” briquets. This is not a cause for serious concern, but the chef has to be 
cognizant of these differences when planning an outdoor party.  

An interesting corollary of these data concerned a change in the shape of the “Kingsford” briquets 
in an effort to shorten the ignition times. In comparison to our original data in Part I, the new shape has 
resulted in a 15 percent reduction in the time for the electric starter method and a 23 percent reduction for 
the lighter fluid method.  

In all of our previous efforts, we have observed that the combustion of the charcoal briquets 
occurred as a surface phenomenon, such that the glowing combustion surface moved inward and the ash 
clinged to the briquet in such a way that the overall shape of the briquet remained effectively constant. 
We thus theorized that possibly the kettle internal temperature-time histories would primarily be a 
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function of the total external surface area of the briquets, and secondarily of the briquet weight. The 
availability of two brands of briquets having different specific surface areas made this part of the 
investigation possible.  

To effect the comparisons, we plotted the temperature-time histories from nine tests in ten graphs, 
and each graph included two such histories. For the Primary Method (in which the briquets cover the 
entire charcoal grate), the data effectively led credence to our theory. For the Alternative Method (in 
which the briquets are confined in Holders on either side of a drip pan), the data only partially confirmed 
the theory. Finally, graphs in which we compared the two cooking methods completely failed to support 
the theory. We thus concluded that the combustion mechanisms in the two methods are totally different 
from each other.  

Future effort will focus on further measurements and computations with respect to the “Royal 
Oak” briquets. The objectives will be to determine the First Order reaction kinetics correlations, and to 
assess the applicability of the “Shrinking Core Model” to the combustion process, in manners similar to 
the methodology in Parts V and VII, respectively.  
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ABSTRACT 
 
The phenomenon of reduction of the burning rate as a result of blowing of the solid propellant burning 
surface with small velocity of the combustion products of the same composition refers to as the effect of 
"negative erosion". The phenomenon of "negative erosion" is one of typical anomalies of burning. 
Understanding of the mechanism of the phenomenon of “negative erosion” is important from the point of 
view of formation of correct representations about fundamental laws of burning of the energetic materials. 
In the paper the new concept of the phenomenon of “negative erosion” is suggested. Earlier it was 
assumed, that the phenomenon of “negative erosion” is exclusively gas-dynamics effect, which has not 
been connected with the processes in the liquid-viscous layer of the burning solid propellant. 
“Wandering” micro-torches on the burning surface causes excitation of the micro-vortex cells - periodic 
toroidal vortex micro-structures. Suggested new concept of the phenomenon of "negative erosion" is 
developed on the basis of the universal concept of the spatial-periodic micro-structures excitation on the 
energetic material burning surface, for the first time suggested in author's papers and opens essentially 
new possibilities for guidance by processes in the burning wave of the energetic materials. The 
phenomenon of "negative erosion" is the most frequently observed in the solid propulsion systems with 
the charges having two and more coaxial channels.  
 
 

INTRODUCTION 
 

Combustion instability represents one of the most complex engineering problems yet confronted in the 
solid propulsion system development. Research of the processes of non-stationary burning and anomalies 
of burning of the energetic materials (EM) opens essentially new possibilities for improvement of existing 
theories of burning of the EM. 

Knowledge of the combustion instability problem resides in a small part of the technical community, 
partly because it is difficult to learn - as a result, it is not effectively utilized and is always in danger of 
extinction.  

The solid rocket combustion instability community is divided into to two populations: the 
“Classicists” who firmly believe that the theory for combustion instability is fully developed and cannot 
be improved (except in small details) and the “Revolutionaries” who hold that there are several parts of 
the basic theory that require major modifications. Unsteady flow effects and associated performance 
problems continue to appear unexpectedly in high-energy combustors despite over six decades of intense 
study. Large percentage of new systems experience combustion instability. Such difficulties are usually 
not anticipated in the design process. Serious system design errors, resources wasted on poorly conceived 
experiments, and even the cancellation of important propulsion system development programs can be 
traced to the lack of sufficiently complete physical models. 

In real solid propulsion systems, combustion normally occurs under conditions of blowing, i.e., with 
motion of a hot combustion products (CP) along the burning surface of the EM. In this case, the burning 
rate of the EM may be significantly higher than its burning rate without blowing.   
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The phenomenon of reduction of the burning rate as a result of blowing of the propellant burning 
surface with small velocity of the CP of the same composition refers to as the effect of "negative erosion" 
(Refs. 1, 2, 3). The phenomenon of "negative erosion" is one of typical anomalies of burning. These 
researches have special importance in connection with possibilities to suppress the combustion instability 
in reduced smoke solid propellant systems. Non-aluminized composite and double base propellants are 
designated as reduced smoke or smokeless propellants, which are required in some missile applications 
(Fig. 1).  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 1. The pulse solid propulsion system with end-burning charge. 
 
 

These are prone to cause combustion instability problems irrespective of the grain configuration in solid 
rocket motors. There is no particle damping effect in these propellants due to absence of aluminum in 
their propellant formulation. 

The necessity of the revision of the “negative erosion” models is determined by the fact that the 
mathematical apparatus of the present-day models does not contain the necessary elements to obtain 
solutions adequately describing these phenomena. It is desirable to base a new “negative erosion” model 
on experiments in which the temporal stepwise nature and the spatial non-uniformity of the torch micro-
structures on the burning surface are pronounced most clearly. 

Understanding of the mechanism of the phenomenon of “negative erosion” is important from the point 
of view of formation of correct representations about fundamental laws of burning of the energetic 
materials. 

 
 

THE PHENOMENON OF “NEGATIVE EROSION”: EXPERIMENTAL DATA 
 

The term “erosive burning” refers to the combustion of EM in a hot gas flow (including the CP of the 
same EM). A homogeneous EM with the key role of the subsurface gas layer is adequately described by 
the relatively simple model of erosive burning proposed by Vilyunov (Refs. 1, 2) and by the Zel’dovich 
model, which is close to the former. 

The phenomenon of “negative erosion”, i.e., a decrease in the burning rate at low blowing velocities 
has been studied experimentally (Refs. 1, 2, 4) and theoretically (Refs. 3, 5 – 12). Plausible explanations 
of the effect have been proposed for EM combustion with the gas phase controlling the burning rate.  

The schematic representation of the experimental setup used for studying of the phenomenon of 
erosion are shown on the Figure 2. The experimental data corresponding to realization of the phenomenon 
of the “negative erosion” are presented on Figure 3 (Refs. 1, 2). This data was obtained for erosive 
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burning of a ballistite gun-powder N with using of cylindrical specimens of 8 mm in diameter and 45 mm 
in length with protected ends. The experiments were performed at two pressure levels: 5 and 8 MPa. As 
may be seen from the graph, the erosion coefficient, represented as a function of the dimensionless 
parameter Vi, is almost independent of pressure. 

According to (Refs. 1, 2), the relative increase in the mass burning rate m due to blowing, which is 
called the erosion coefficient cVc uu=ε , depends on the dimensionless parameter Vi, known as the 
V.N.Vilyunov’s parameter.  

                                                                                                                                                              (1) 
 
 
 
 
 
 
 

 
 
 
 
 
 
 

 
 
 
 

Fig. 2. Schematic representation of the experimental setup. 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 3. Erosion coefficient of a ballistite gun-powder N as a function  
of the dimensionless parameter Vi : 1 - 5 MPa; 2 - 8 MPa [1, 2]. 
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The most simple model of the phenomenon of “negative erosion” looks as follows: 
 
 
                                                                                             
                                                                                                                                                              (2) 
 

 
Positive erosion has a well-established physical explanation: the higher burning rate is attributable to 

an increase in the effective thermal conductivity and diffusion coefficients in the developed small-scale 
turbulent product flow (Damkohler-Shchelkin effect).  

With regard to the “negative erosion” there is more questions than answers. In the some works of 
foreign authors, “negative erosion” was also explained by possible experimental errors (Ref. 2).  

 
 

PREVIOUS THEORETICAL CONCEPTS OF THE  
PHENOMENON OF “NEGATIVE EROSION” 

 
Possible explanations of the “negative erosion” effect (Refs. 1, 2) was connected with hypothesis 

treats “negative erosion” as a consequence of a decrease in reaction rate in the presence of large-scale 
turbulence or hypothesis that “negative erosion” can be explained from the standpoint of small-scale 
turbulence as a consequence of the inequality of the transport coefficients, i.e., the diffusion coefficient 
and thermal diffusivity (both the laminar values and their turbulent analogues). 

The most favorable conditions for “negative erosion” develop at the laminar-turbulent transition, since 
loss of stability leads directly to large-scale fluctuations, small-scale turbulence appearing only at very 
large Reynolds numbers (Ref. 2). Earlier, also, it was assumed, that the phenomenon of “negative 
erosion” is exclusively gas-dynamics effect, which has not been connected with the processes in the 
liquid-viscous layer of the burning solid propellant (Refs. 3, 5 - 12). 

In accordance with the new version of physical model of the cellular-pulsating burning of the EM, 
suggested in the paper of Gusachenko, L.K. and Zarko, V.E. (Ref. 13), instability of the burning surface 
and the phenomenon of excitation the micro-cellular structures on the burning surface is connected with 
exothermic reactions under the burning surface. The burning cells are identified as the “local flashes” 
with ejection of the gaseous substances. Ejection of the gaseous substances is accompanied by 
circulation of adjoining gas. Authors of this hypothesis assume that under the burning surface the 
intensive heat release is realized, and accordingly arises a maximum of the temperature. In other words, 
the assumption concerning "leading role" of the zone of under-superficial reactions is done. In particular, 
in this paper the process of ejection of the mass from the burning cell is considered, while on the burning 
surface there is a system of the micro-torches, connected with the spatial-periodic micro-structures on the 
burning surface. 

However, according to known experimental data, existence of local "wandering" micro-torches of 
flames on the burning surface was founded (Refs. 14, 15). The frequency of appearance of the micro-
torches coincides with the frequency of temperature fluctuations on the temperature profiles. 

The hypothesis of exothermic reactions under the burning surface (Ref. 13) does not explain 
experimentally confirmed dependence of the sizes of the burning cells from the pressure.  

Besides, using of this hypothesis, authors (Ref. 13) try to give a new possible explanation for the 
phenomenon of "negative erosion”. However, in this concept, the dependence of the phenomenon of 
"negative erosion” from the sizes of the cells on the burning surface and from the pressure level is not 
considered.  

At the same time, the similar physical model was suggested earlier in the papers (Refs. 16, 17, 18), as 
one of possible variants of explanation of excitation of the cellular micro-structures on the burning 
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surface. In these papers was investigated the structure of the solid propellant heated-up liquid-viscous 
layer. The experimental data have shown there are a number of spatial zones formed through the 
thickness of the heated-up EM at burning, which are formed by various components and phases with 
different densities, agglomeration states, temperature and thermal characteristics. For example, in the 
composite solid rocket propellant heated up layer may be 6 - 7 phases and 5 - 6 inter-phase layers, that is 
11 - 13 spatial zones, differing on thermal characteristics, including density. With time, the density of 
these spatial zones may vary, because within the heated-up layer there are structural transformations (for 
example, evaporation and condensation). Also was indicated that in the heated-up liquid-viscous layer 
occurs volumetric exothermic chemical reactions.  

But later, this concept has been reconsidered and the new concept connected with excitation of the 
thermo-electric convection in the liquid-viscous layer has been suggested. Accordingly, the laws of the 
phenomenon of the “negative erosion” can be explained with using of the concept of excitation of the 
thermo-electric convection in the liquid-viscous layer. Such physical model of the phenomenon of 
"negative erosion" has principle difference from the model suggested in the paper (Ref. 13). 

At the same time, the temperature distribution in the burning zone shows the "relative stability" of the 
micro-torch structures. Figure 4 shows the results of study of the temperature fields at burning of the low-
temperature condensed systems by means of digital optic visualization (Ref.19). In the experiments was 
used low-temperature propellant with following composition: oxidizer - the polydisperse ammonium 
perchlorate (34 %) with the sizes of particles of 10-150 microns, polyurethane binder (35 %) and cooler - 
ammonium chloride (31 %) with the sizes of particles of 8-120 microns. In the research gun-powder 
plates with thicknesses of 12 mm and with widths of 12 mm were used. Besides in the paper (Ref. 19) the 
data concerning parameters of the cellular structures on the burning surface (Table 1) are presented. 

 
Table 1. The properties of the burning zone (Ref. 19). 

 
 

P, MPa 
 

The size of the burning 
cells, microns 

The portion of the burning surface of the 
sample, occupied by the burning cells, % 

2 700 - 1500 30 - 50 
4 - 6 300 - 500 60 - 70 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 4. Temperature distribution in the burning zone from the transverse coordinate 
in two cross-sections at P = 3.5 MPa: 1 - is the temperature profile which is 
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passing through the zone of the burning cell; 2 - is the temperature profile 
which is passing through the zone of depression [19]. 

All previous theoretical concepts did not take into account existence of pulsating micro-torch 
structures on the EM burning surface. At the same time, the reality of existence of such micro-structures 
has been convincingly proved by numerous experiments. One of such experimental results is presented on 
Figs. 5-7. 

Earlier executed researches in this area, did not consider characteristic conditions in which the 
phenomenon of "negative erosion" can be realized. In particular, the phenomenon of “negative erosion” 
was investigated at the pressure level of 10 MPa, when the sizes of the burning cells are minimal (Refs. 3, 
5 - 11, 13). Such analysis was executed without taking into account of existence of the micro-torches and 
vortex cellular structures on the burning surface. In other words, the burning surface was considered as 
the "inert" surface, without excitation of the micro-torch periodic structures. The same situation 
concerned description and simulation of the phenomena of “negative erosion” at burning of the granular 
propellants (Ref. 12). Accordingly, the mathematical model is based on the representations mismatching 
the experimental data. 

 

 
 

Fig. 5. Burning of the ballistite gun-powder "N" in 
the nitrogen atmosphere at the pressure 0.4 MPa. 
Two torch micro-structures on the burning surface 
are observed. 

 

Fig. 6. Burning of the ballistite gun-powder "N" in 
the nitrogen atmosphere at the pressure 0.6 MPa. 
Four torch micro-structures on the burning surface 
are observed. 

 

 

 

Fig. 7. Burning of the ballistite gun-powder "N" in 
the nitrogen atmosphere at the pressure 0.8 MPa. 
Six torch micro-structures on the burning surface 
are observed. 

 

 
 

Pulse wise effusing jets of the micro-torches from the burning surface induce round themselves 
surrounding medium fluxion. As a result of interaction of the pulsing jets with this induced flow of a 
surrounding medium the toroidal-shaped micro-vortexes are generated. 
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In the following part, the basic physical laws accompanying formation of the toroidal-shaped vortex 
micro-structures over the burning surface of the EM will be considered.   

PHENOMENON OF FORMATION OF THE TOROIDAL-SHAPED VORTEXES OVER 
THE BURNING SURFACE: THE EXPERIMENTAL DATA 

 
It is only recently (since the late 1970s) that high-temperature (plasma) toroidal vortices in air have 

begun to be studied. A high-temperature toroidal vortices usually forms when an axisymmetric pulsed 
plasma flow is ejected into air from a specially designed plasmatron. Experiments show that the high-
temperature toroidal vortices in air is most stable when the plasma flow is subsonic (Ref. 20). 

At  1B ≤β , ( uBB tΔτ=β , Bτ - is the high-temperature toroidal vortices formation time; utΔ - is 
the time during which the plasma is ejected from the discharge chamber) a mushroom-shaped plasma 
cloud (similar to that formed in nuclear or high-power conventional explosions) arises during a discharge 
in a subsonic ejection mode. In the late stage of ejection (t > utΔ ), the mushroom cap transforms into a 
high-temperature toroidal vortices (a glowing plasma ring) and the accompanying plasma cloud that is not 
involved in vortex motion. As time elapses, the glowing ring separates from the plasma cloud.  

Anomalously long lifetime and stability of high-temperature toroidal vortices in air are related to the 
toroidal configuration of the vortex motion of the plasma or gas (Ref. 20). 

The high-temperature toroidal vortices exists as a self-maintained hydrodynamic structure evolving 
according its own laws of motion only after a toroidal plasma core rotating as a solid body has formed in 
it. It is such toroidal vortices that are stable. In the course of its formation, the high-temperature toroidal 
vortices accumulates rotational and translational kinetic energy (Ref. 20). After the high-temperature 
toroidal vortices has formed, it propagates as a self-maintained hydrodynamic structure at the expense of 
this accumulated energy. It follows from experimental results that the rotational kinetic energy of such a 
high-temperature toroidal vortices is a factor of 2.5 to 3 higher than its translational energy. 

The reduction in the heat flux from the high-temperature toroidal vortices can be explained as follows: 
In rotating frame of reference, an elementary volume of the gas undergoes the equivalent gravity force 
(the centrifugal force) directed from the rotation axis. As is well known, the hotter gas in a gravitational 
field moves (convects) against gravity under the action of the buoyancy force. In this case, the hotter 
plasma and, in a later stage, the hotter gas also should move toward the rotation axis (the minor axis of the 
torus) under the action of the force that is an analog of the buoyancy force in the gravitational field. As a 
result, the hotter plasma (gas) is accumulated near the rotation axis and becomes to be insulated from the 
ambient medium. 

With regard to the forces acting inside the vortex (such as the Coriolis force, buoyancy force, and 
viscous force), they may lead to a partial conversion of the internal vortex energy (the thermal energy 
released due to electron - ion recombination, chemical reactions, and condensation of vapor) into 
rotational energy. As the thermal energy is released, the local plasma density in the vortex decreases and 
the plasma with a reduced density undergoes the buoyancy force directed to the rotation axis. The plasma 
moving toward the rotation axis under the action of this force undergoes the Coriolis force, which acts to 
accelerate plasma rotation. Thus, under the action of the buoyancy and Coriolis forces, the thermal energy 
released in the vortex is partially converted into the rotational energy; i.e., the loss of the rotational energy 
is reduced. If the released energy is larger than the total energy loss, then the vortex is enhanced; 
otherwise, it is self-maintained. From this point of view, the high-temperature toroidal vortices in air can 
be regarded as a self-organized dynamic system. In other words, the lifetime of the vortex as a self-
maintained hydrodynamic structure increases due to the forces arising in it (Ref. 20). 

The above forces can lead to the suppression of the fluid velocity fluctuations (especially low-
frequency ones) in the direction perpendicular to the axis of gas rotation. The stabilization of an arc 
discharge by the forced rotation of the gas in the discharge chamber may also be attributed to the action of 
these forces. Therefore, the problem of the forces acting inside the high-temperature toroidal vortices 
deserves special consideration. 
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In spite of the shape of a toroidal vortex (an ellipsoid of revolution with a major axis perpendicular to 
the vortex propagation velocity) being poorly streamlined, its drag coefficient for the same Reynolds 
numbers turns out to be less than the drag coefficient of an axisymmetric teardrop-shaped body (0.045), 
which is known to be the best streamlined form. 

The drag coefficient Cx of a toroidal vortex (Refs. 20, 21) is directly proportional to the expansion 
angle of the vortex. This explains the experimentally observed relationship between Cx and α. 
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where A ≈  1.1-1.5;  
Observed over the burning surface development of pulsing micro-torch structures is similar to the 

processes of formation of the high-temperature toroidal-shaped vortices and low-temperature vortex rings 
produced by ejecting of pulsed subsonic plasma/gas jets into air. 

 
SIMULATION OF CONDITIONS OF FORMATION OF THE MICRO-TORCH STRUCTURES 

ON THE BURNING SURFACE OF THE ENERGETIC MATERIAL, CONNECTED WITH 
EJECTION OF THE MICRO-JETS 

 
An experiment, connected with formation of a laminar circular vortex at jet penetrating through a filter 

layer was performed in the paper (Ref. 22). It was shown that a mechanism of the laminar circular vortex 
formation is controlled only by the gas flow acceleration in the jet. 

Conditions of execution of this experiment are similar to conditions of formation of the micro-torch 
structures on the burning surface of the EM, connected with ejection of the micro-jets. 

Figure 8 shows a schematic diagram of the experimental setup, which comprises chamber 1 having the 
shape of a rectangular parallelepiped containing a horizontal layer of granulated silica gel or glass beads. 
The particle size was varied from 3 x 10–3 to 15 x 10–3 m, and the filter layer thickness, from 0.02 to 0.4 
m. The square (0.5 x 0.5 m) chamber bottom and top bases are closed with a steel grid made of a 1-mm-
thick wire. The side walls of the chamber (0.45 m high) are made of a transparent organic glass. 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Fig. 8. A schematic diagram of the experimental setup: (1) chamber with a filter layer; 

(2) collimator of an IAB-451 shadow device; (3) slit diaphragm; (4) circular 
vortex; (5) piezoceramic pressure sensors; (6) doubly-beam oscillograph; 



-567- 

(7) combustion tube (open at the upper end); (8) mercury lamp (DRSh-1); 
(9) video cameras (Ref. 22). 

Figure 8 also shows the top view of the optical system and the side view of a circular vortex 4 and the 
filter layer. The time required for the pulsed jet front to travel through the filter layer is determined using 
two piezo-ceramic pressure sensors 5 situated on the bottom and top surfaces of the layer. The signals 
from pressure sensors are monitored by a double-beam oscillograph 6. 

The bottom surface of the filter layer is in contact with the open end of a cylindrical tube 7, the other 
end of which is closed. The tube has an inner diameter of 0.05 m and a length of 1.00 m and is filled with 
a propane-air or propane-oxygen mixture. The gas mixture burns when ignited with a high-voltage 
electric spark. The power of the jet of exhaust products at the entrance of the filter layer can be controlled 
by the duration of the gas mixture burning, which depends on the ignition point coordinate along the tube 
axis. Figure 9 shows a typical photograph of a laminar circular vortex formed in the jet above the filter 
layer (Ref. 22). The axis of the vortex ring coincides with the jet direction at the exit of the filter layer. 
The upper boundary of the circular vortex imaged on the photograph corresponds to the jet front.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 9. A typical photograph of a circular vortex formed in a pulsed jet of 
combustion products after passage through a filter layer (Ref. 22). 

 
It was found that the vortex ring formation at the exit of the filter layer takes place at any thickness of 

this layer and depends only on the initial jet power. Increase in the exhaust power above the upper 
boundary leads to turbulization of the jet, whereas a decrease in this power below the threshold leads to 
the formation of a laminar stream or a jet decay inside the filter. An increase in the minimum jet energy at 
a constant filter layer thickness leads to a decrease in the time of jet passage through the layer. This result 
is quite natural from the standpoint of kinematics, since the vortex motion is the only form of laminar 
accelerated motion of a continuous medium. 

This result also confirms reality of existence of the toroidal vortex structures above the burning surface 
of the EM. 

 
STAGES OF THE HIGH-TEMPERATURE TOROIDAL VORTICES FORMATION 

 
The mechanism for the formation of high-temperature (plasma) vortices and low-temperature vortex 

rings produced by ejecting pulsed subsonic plasma/gas jets into air was investigated experimentally in the 
paper (Ref. 21). A toroidal vortex forms due to the interaction between a pulsed jet with the flow induced 
by this jet in the ambient medium. 

An analysis of studies of both high- and low-temperature toroidal vortices and vortex rings in air and 



-568- 

water shows that they have much in common (Refs. 20, 21, 23, 24). For the same Reynolds numbers, the 
value of the drag coefficient Cx for toroidal vortices may be much smaller than the drag coefficient for an 
axisymmetric drop-shaped body (0.045), which is known to be the best streamlined object. 

Although the formation process of a high-temperature toroidal vortices and its subsequent dynamics 
are similar to those of a low-temperature toroidal vortices, their thermo-dynamical, spectral, physic-
chemical, and other temperature-related properties are different. 

In the paper (Ref. 20), a new high-temperature toroidal vortices property - a considerable reduction in 
the thermal flux from the surface of the rotating plasma torus in the direction perpendicular to its axis - 
was discovered experimentally. 

Since toroidal (ring) vortices have long been studied, mechanisms for their formation are not yet quite 
clear. 

It can be seen from Figs. 10b - 10f that the internal structure of the mushroom cap of a pulsed jet 
represents a toroidal spiral in the forming vortex. 

 
 

 
 
 
 
 
 
 
 
 
 
 

Fig. 10. Formation of a low-temperature toroidal vortex in atmospheric-pressure air. 
The photographs were taken at (a) 2, (b) 10, (c) 18, (d) 21, (e) 25, and (f) 36 ms 
after the beginning of jet ejection. The exposure time is ~ 0.1 ms. (Refs. 21, 24). 

 
The stability of these vortices is determined by the forces acting on them. These forces, in turn, depend on 
the initial parameters of the vortices. 

An analysis of the experimental results shows that the formation of high-temperature toroidal vortices 
and low-temperature vortex rings proceeds in three characteristic stages: the initial stage (Fig. 10 a), the 
stage of formation of a toroidal spiral in the forming vortex (a mushroom-shaped cloud) (Figs. 10 b - 10 
f), and the stage in which a steady distribution of the rotational velocity (in the mushroom cap) is 
established in the vortex after the end of plasma/gas ejection.  

Let us consider each stage in more detail. To better understand the process of toroidal vortices 
formation, a qualitative pattern of this process (see Fig. 11) was constructed using the experimental data 
on the formation of toroidal vortices (Fig. 10). 
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Fig. 11.  Qualitative pattern of the toroidal vortex formation and the generation of the 
induced ambient air аlow about the pulsed jet: (a) beginning of the formation 
of a toroidal spiral and the generation of the induced ambient air flow and (b) 

formation of the first turn of the toroidal spiral and the entrainment of the 
ambient air into the formed toroid (Ref. 21). 

 
When describing the formation of a toroidal vortices, we will use cylindrical coordinates (r, φ, z), the z 

axis being directed along the jet and the coordinate origin being located in the center of the nozzle edge. 
On the initial stage pulsed subsonic ejection of plasma/gas into air is accompanied by formation of a 

contact surface that separates the ambient air from the ejected flow. 
If the propagation velocity of the contact surface, u c , exceeds the sound velocity in air, c (u c   ≥  c), 

then a shock-compressed layer of the ambient air forms ahead of the contact surface. Behind the shock 
front of this layer, there are the compressed plasma/gas layer and the ejected plasma/gas flow. The shock-
compressed air layer decelerates the relatively fast ejected flow. In this stage, the ejected flow is 
decelerated mainly due to the entrainment of the ambient air by the plasma/gas flow. 

If u c  <  c, then, instead of a shock-compressed layer, compressed layers and compression waves form 
in both the ejected flow and the ambient medium. The ambient air produces a dynamic obstacle in front of 
the axisymmetric jet, thereby decelerating the ejected flow. In the initial stage of toroidal vortices 
formation, the shape of the jet head is very close to a spherical segment (Fig. 10a). 

At the stage of formation of toroidal spiral, which corresponds to the formation of a mushroom-shaped 
cloud (see Figs. 10 c - 10 f), the jet induces a flow in the ambient gas and entrains it into the vortex 
motion. It follows from the experimental results presented in Figs. 10 that the formation of a toroidal 
spiral in the vortex proceeds in several phases.  

Let us consider each phase in more detail. 
Phase 1. When an axisymmetric pulsed subsonic jet is ejected into the ambient medium (plasma into 

air or air into air), the latter creates a dynamic obstacle in front of the jet. The flow pattern at the head of 
the jet depends on the distribution of the total pressure in it. This pressure is mainly determined by the 
dynamic pressure of the decelerated flow. Measurements of the radial profile of the ejection velocity u j of 
the plasma/gas at the nozzle edge show that the velocity u j decreases toward the periphery of the jet; i.e., 
the transverse distribution of the ejection velocity is inhomogeneous, u j = f (r). Therefore, when a pulsed 
jet is decelerated by the ambient air, the total pressure at the jet head is also non-uniform. The pressure at 
the center of the head is higher than at the periphery, so there is a pressure gradient between the central 
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and peripheral parts of the head.  
Under the action of this pressure gradient and the viscous force, the plasma/gas in the jet head acquires 

additional acceleration in the radial direction. As a result, as time elapses, the head of the jet acquires the 
radial velocity component V r. Thus, in the head of the jet, an axisymmetric flow forms in which the 
plasma/gas moves with the velocity V r  in the radial direction and with the velocity u c along the z axis 
(see Fig. 10 b and element AB in Fig. 11 a).  

Phase 2. The axisymmetric radial flow in the expanding head of a pulsed jet (element AB) enhances 
its deceleration. As a result, the dynamic air pressure increases by ( ρ∞  uc

2 ) / 2 in front of element AB and 
decreased behind it. Therefore, the drag force F d  arises that is exerted by the ambient air on element AB 
of the jet in the direction opposite to the propagation direction of the jet (the z axis). The motion of 
element AB of the jet induces the flow of the ambient air around it. The air pressure behind the expanding 
head of the pulsed jet is reduced because of a local decrease in the air density there. As a result, a flow of 
the ambient air toward the region with a decreased density arises under the action of the pressure gradient. 
In other words, the flow of the ambient air moving both toward the jet axis and along the z axis (from the 
vicinities of points C and D in Fig. 10 a) forms behind element AB of the jet. 

It follows from the above said that the reason for the formation of the induced flow of the ambient 
medium behind and in front of element AB of the pulsed jet is the motion of this element both along the z 
axis and in the radial direction. After the front part of element AB of the jet begins to move in the 
direction opposite to the z axis, the additional drag force F I exerted by the induced air flow from regions 
C, D, and E (Fig. 11 a) behind element AB begins to act on it. Under the action of this drag force and the 
force F BA, the front part of element AB is first displaced toward the jet axis and then begins to move 
along the z axis. As a result, element AB of the pulsed jet acquires rotational motion about the minor axis 
of the forming toroidal structure. The further motion of element AB obeys the laws of rotational motion; 
therefore, the radius of its rotation is determined by the velocity of this element and the difference 
between the air pressures at its outer and inner sides. The flow velocity of element AB decreases with 
distance from cross section B (the base of the toroidal spiral) due to the interaction with air layers 
adjacent to the surface of this element. As the velocity of element AB decreases, the radius of its rotation 
also decreases. Thus, the first turn of the toroidal spiral forms (Fig. 11 b). 

It follows from the above said that the pressure inside the toroidal spiral is lower than outside it; i.e., 
there is a pressure gradient between the inner and outer surfaces of the spiral. This pressure gradient arises 
as a result of the interaction between the jet head and the induced flow of the ambient medium and is 
counterbalanced by the centrifugal force. 

Phase 3. If  u j  ≤  u c, then the force F BA exerted by the ejected jet and directed along element AB 
vanishes and the formation of the toroidal spiral terminates. In this case, the spiral consists of only one 
turn. The experiments show that a toroidal vortices consisting of one turn is unstable and begins to decay 
immediately after its formation. 

If  u j  >  u c, then the force F BA is directed away from the jet axis and the second turn of the toroidal 
spiral begins to form (Figs. 10 d, 10 e). In this case, the rotational velocity VφA of the leading part of the 
spiral (Fig. 11, point A) gradually decreases due to the interaction with the air entrained into the toroidal 
vortices and, accordingly, the radius of its rotation about the minor axis of the torus also decreases. In 
other words, at u j > u c, the toroidal spiral forms as a result of the self-consistent interaction of the jet 
head with the air entrained in the toroidal vortices and the induced flow of the ambient air. When u j  >  u 
c, the number of turns of the toroidal spiral depends on the length of the pulsed jet, L =  u j Δ t j. At  u j  ≤  
u c, the tail of the pulsed jet does not fall into the forming vortex and, in the case of a plasma jet, the tail 
of the jet transforms into a plasma cloud behind the toroidal vortice. In Fig. 10 f, we can see formation of 
a two-turn toroidal spiral at u c <<  c and  u j  >  u c. If the condition  u j  >  u c continues to be satisfied, 
then the third, fourth, etc., turns of the spiral form. 

After the end of ejection, the viscous force leads to an increase in the rotational energy of the air 
entrained in the toroidal vortices (the dark spiral strips inside the toroid in Figs. 10 c - 10 f) and a decrease 
in the rotational energy of the spiral. The relative loss of the rotational energy is maximum in the leading 
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part of the spiral because it interacts longer with the air entrained in the toroidal vortice. The closer to the 
center of the toroid, the lower the rotational velocity VφA in the spiral. As a result, the radial shear of the 
rotational velocity decreases until the difference between the velocities of the spiral turns and the air 
entrained in the toroidal vortices vanishes and different turns begin to rotate at the same angular velocity. 
Thus, some time after the end of ejection, due to the interaction between the spiral turns and the air 
entrained in the toroidal vortice, the toroidal vortice core begin to rotate as a solid body. Over the same 
time τ P, the external boundary of the torus, interacting with the surrounding air (combustion products), 
sets the adjacent layers of the ambient air in rotational motion, thereby increasing the toroidal vortice 
diameter and forming the external viscous layer. The formation of a viscous layer and a rigidly rotating 
plasma core in a high-temperature toroidal vortices by the time of its complete formation was 
demonstrated experimentally in the papers (Refs. 20, 21).  

Note that a similar radial distribution of the rotational velocity is established in free gas vortices and 
intense atmospheric vortices. Therefore, such a radial distribution of the rotational velocity in a toroidal 
vortice - a core rotating as a solid body and a viscous external layer - can be considered universal.  

Since some time τ P  is required for such a distribution to be established, the total time of toroidal 
vortice formation is τ V = Δ t j + τ P. 

It can be seen from Fig. 11 that the volume occupied by the flow induced by the jet in the ambient 
medium depends on the cone angle β of the nozzle external surface. This dependence manifest itself, first 
of all, in the value of the initial toroidal vortice velocity u 0. 

 
  

THE PHENOMENON OF GENERATING OF THE ACTIVE CENTERS AND 
MICRO-PLASMA OBJECTS OVER THE BURNING SURFACE 

 
Ionization probe study (Ref. 25) of the gaseous phase on the combustion surface of ballistic powder 

with lead added has detected the presence of ionization waves with non-equilibrium ionization at the 
surface. 

Ions produced by chemical ionization acting as active centers for carbon condensation. The chemical 
ions may act as centers upon which free radicals, polycyclic aromatic hydrocarbons, and other 
compounds enter into ion-molecular reactions. Considering the earlier ionization of the gas adjoining the 
powder surface, one could expect the gas to influence soot formation on the surface. 

In fact, the presence in the flame of highly dispersed carbon particles leads to a significant increase in 
electron concentration as compared to the equilibrium value defined by Sach's formula as the result of 
formation of a so-called colloidal plasma and thermo-electronic emission from the surface of carbon 
particles. However, this effect becomes significant only at relatively high (above 1600 K) temperatures. 

In accordance with numerous experimental data, for "ignition" of plasmoid, presence of various 
initiators (catalytic agents) is necessary: metal or dielectric needles or plates, a flame, dust, aerosol 
mediums, aerosol micro-particles, existing plasmoids, a plasma cloud of the discharge. In particular, 
presence of the carbon particles is necessary for formation of the aero-gel fractal structures of plasmoid, 
because the carbon particles adsorb ozone from free air. At the same time, generation of plasmoids in a 
free space, without presence of any initiators is possible. 

 Thus, carbon micro-particles at a burning surface and agglomerates, in the conditions of intensive 
chemical ionization, can be catalytic agents and active centers for excitation of micro-plasma toroidal 
vortex formations over the burning surface at the CP temperatures above 1600 K. The indicated 
phenomenon demands the further detailed studying. The experiments show that self-contained toroidal-
shaped vortex micro-structures can be supplied with energy by hot CP near to the burning surface of EM 
that provides additional energy stability of these structures. 
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THE MECHANISM OF THE PHENOMENON OF "NEGATIVE EROSION" IS 
THE MECHANISM OF DESTRUCTION OF THE SELF-ORGANISED 

TOROIDAL VORTICAL STRUCTURES 
 

The suggested concept is developed on the basis of the universal concept of the spatial-periodic micro-
structures excitation on the EM burning surface for the first time suggested in author's papers (Refs. 26, 
27) and opens essentially new possibilities for guidance by processes in the burning wave of the EM.  

During last few years, all new and new researchers informed that on the burning surface of the EM are 
observed excitation of the spatial-periodic cellular micro-structures and micro-torches.  

There are known observations of the “cross waves” or intermittent “hot spots” on the burning surface 
recorded upon quasi-stationary combustion for different EM. Actually, it was earlier established first for 
the gas flames (famous the Landau paradox stimulated studying the cell-like structure of flame) and later 
for detonation waves. Now, it can be stated that such local unstable behavior is typical for high energy 
materials with well pronounced exothermic reactions in the condensed phase and evaporation on the 
burning surface. 

Both the experiment, and the theory confirms, that the spatial-periodic micro-structures excitation is 
rather universal phenomenon. One of dominating physical processes in the burning wave of the EM is 
excitation of the spatial-periodic micro-structures and micro-torch structures on the burning surface (Fig. 
12).  
 
 
 
 
 
 
       
 
 
                     (a)                                                                                 (b) 

 
 

Fig. 12. Photographs of the extinguished surface of a ballistite powder VK powder (a) 
and ND powder (b) burned under conditions of blowing (Ref. 28). 

 
Understanding of laws of development of the micro-torch structures on the burning surface of the EM 

will allow to improve opportunities of forecasting of development of the intra-ballistic processes in the 
solid propulsion systems and to improve ballistic characteristics of perspective solid propulsion systems. 

Without understanding of the mechanism of excitation of the cellular micro-structures on the EM 
burning surface it is impossible to understand the phenomenon of "negative erosion".  

The electrical conductivity of the combustion surface of ballistite powder arises, as in all polymer 
materials, as a result of the exponential relation relating the conductivity to the temperature and charring 
of the polymer. The combustion surface of ballistite powder, due to the formation of soot, forms a 
dispersed system consisting of highly conducting filler (soot) distributed in the weakly conducting melt 
formed by the polymer base of the powder. Since the electrical conductivity of soot particles, formed with 
combustion of hydrocarbon fuels, constitutes ~ 105 Ω-1 • m-1 for an electrical conductivity of the polymer 
melt < 10-3 Ω-1 • m-1, the measured electrical conductivity of the combustion surface of ballistite powder 
is determined by the volume content of soot in the surface layer.    

Excitation of the thermo-electric convection in the liquid-viscous layer and formation of the micro-
torch periodic structures on the EM burning surface is a primary factor for realization of the phenomenon 
of "negative erosion".  
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The laws of the phenomenon of “negative erosion” can be explained with using of the concept of 
excitation of the thermo-electric convection in the liquid-viscous layer, from new, more realistic 
positions. 
 
 

NEAR-WALL GAS VORTICES IN EROSIVE BURNING 
AND EFFECT OF “THERMAL PIPE”  

 
The excitation phenomenon of the motionless near-wall toroidal-shaped vortex micro-structures on the 

roughness elements of the heated viscous layer in the conditions of blowing of the burning surface of the 
EM by the CP has been considered in the paper (Ref. 28). 

It has been specified, that the near-wall vortices intensify heat exchange with the surface of a cavity 
above which this vortex is formed (intensication is caused by entrainment of the medium into rotational 
motion by the vortex), which increases the burning rate in cavities. Thus, the near-wall vortices form a 
layer of a rotating gas with a high thermal conductivity, which intensifies the thermal conductivity of the 
turbulent core of the flow. 

However, as a physical mechanism of excitation of these vortex micro-structures, interaction of the CP 
stream with the roughness elements on the burning surface was considered. Also in the paper it was 
specified concerning possibility of formation of the toroidal (Görtler-type) vortices owing to the loss of 
stability of the gas flow moving along the channel generatrix (i.e., on the surface whose curvature is equal 
to the channel radius). However, the true reason of excitation of these micro-vortex structures has not 
been termed. As well as all previous researchers, the author of specified paper (Ref. 28) did not take into 
account existence on the burning surface of pulsating cellular micro-torch structures. Disordered 
pulsations of the flow injection from the burning surface, created by the burning micro-cells or by micro-
torches, actually creates above the burning surface the "own" turbulence (turbulence created by burning, 
instead of longitudinal flowing of the CP) which contributes increase in a heat flow from the CP to the 
burning surface.  

Also “wandering” micro-torches on the burning surface causes excitation of the micro-vortex cells - 
periodic toroidal vortex micro-structures (Fig. 13). This phenomenon is observed in the conditions of low 
pressure when the spatial-periodic micro-structures on the burning surfaces and the micro-torch structures 
have the maximal size. 

Excitation of the periodic toroidal vortex micro-structures above the burning surface causes increase of 
the heat flow from the gas phase into the burning surface and, as a result, local increase of the burning 
rate. Besides, each of toroidal vortex micro-structures creates effect of the "Thermal Pipe" by means of 
which is provided heat-transfer enhancement to the burning surface. 
Taking into account the dependences of excitation of the toroidal-shaped vortex micro-structures over the 
burning surface, described earlier, the basic laws of development of the phenomenon of the “negative 
erosion” becomes more clear. 

At reduction of the pressure level, occurs increase of the sizes of micro-torch structures and decrease 
of frequency of their pulsations. It leads to expansion of the range of blowing velocities at which the 
phenomenon of the "negative erosion" is realized. 
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Fig. 13. Schematic image of the roughness structure on the energetic material 
burning surface and approximate scheme of near-wall vortices and their 

constructions (Ref. 28). 
 

As it is possible to see from the Figure 14, at increase of the blowing velocity, a total heat flow onto 
the burning surface, and also burning rate of the EM, passes through the minimum. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 14. Heat flow Q onto the burning surface depending on the blowing velocity V: 
1 -  is the part of heat flow, created by disordered pulsations of the flow 
injection from the burning surface (created by the "own" turbulence);  
2 – is the part of heat flow, created by the flow of combustion products. 
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The phenomenon of "negative erosion" is usually observed in conditions of low pressures, when the 
spatial-periodic micro-structures on the burning surfaces and micro-torch structures have the maximal 
size. Figure 15 shows dependence of the size of the burning cells from the CP pressure for the gun-
powder. 

At transition to the high pressures, the level of turbulence, created by disordered pulsations of the flow 
injection from the burning surface, induced by the burning cells, will gradually decrease and the range of 
existence of the phenomenon of "negative erosion" is essentially narrowed. 

At increase of the blowing velocity occurs destruction of the micro-vortex toroidal structures that leads 
to reduction of the heat supply to the burning surface. In these conditions the intensity of thermo-electric 
convection in the EM liquid-viscous layer decreases and influence of the "negative erosion" increases. 

  
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 15. Dependence of the size of the burning cells L from the 
pressure for the N gunpowder. 

 
Accordingly it leads to reduction of the burning rate that can lead to extinction of the EM. Excitation of 
the phenomenon of "negative erosion" leads to reduction of concentration of the micro-torch structures on 
the propellant burning surfaces. The boundary of existence of the phenomenon of  “negative erosion” is 
determined by stability of toroidal-shaped vortex structures in the stream of the CP which is blowing the 
burning surface of the EM. Mathematical models of the phenomenon of "negative erosion", suggested 
earlier, do not consider interaction of micro-torch structures on the burning surface with the blowing flow 
and were developed for conditions, not characteristic for real situations connected with excitation of this 
phenomenon (Refs. 3, 5 – 12). 

Anyway, is senseless to execute mathematical modeling of the phenomenon of "negative erosion", not 
having representation about a physical essence of the given phenomenon. But we deal with such situation 
in the cycle of papers (Refs. 3, 5 – 12). Authors of these papers did not take into consideration situation, 
that on the solid propellant burning surface exist the micro-torch structures. 

Thus, the mechanism of the phenomenon of "negative erosion" is a mechanism of destruction of self-
organised toroidal vortical structures over the burning surface, excited by the torch micro-structures on 
the  burning surface. The given mechanism of the phenomenon of “negative erosion” is suggested for the 
first time and corresponds to all available experimental data. 
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THE ABNORMAL PHENOMENON OF GAS-DYNAMIC CLOSING OF THE CHARGE 
CENTRAL CHANNEL AND PHENOMENON OF "NEGATIVE EROSION" 

 
The phenomenon of "negative erosion" is the most frequently observed in the solid propulsion systems 

with the charges having two and more coaxial channels (Ref. 29). In such systems, at various stages of 
operation, appears local areas with small blowing velocities. The examples of such solid propulsion 
systems are shown on the Fig. 16 - Fig. 19. 

 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 16. The pulse solid propulsion system with a charge having two coaxial channels. 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 17. The pulse solid propulsion system with multi-grain charge 
which contains set of coaxial channels. 
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Fig. 18. The solid propulsion system with the charge which contains two coaxial channels. 
 
 
 

 
 

 
 
 
 
 
 
 
 
 
 
 
 

Fig. 19. The multi-grain solid propellant charge which contains a set of coaxial channels. 
 
In the course of such propulsion systems operation, can appears the abnormal phenomenon of gas-

dynamic closing of the central channels, accompanied by reduction of the pressure level and reduction of 
the blowing velocity. In particular, one of such zones in the channel is the zone of contact rupture. 

At pulsating burning mode, after repeated ignition initiated by the heat-accumulating elements, the 
initial distribution of the CP flow velocity appears less than the threshold value  In these 
conditions, reduction of the burning rate is observed, because on the considerable part of the burning 
surface the phenomenon of "negative erosion" is realized. It leads to reduction of the pressure, the further 
increase of the threshold blowing velocity and further increase of the burning surface, captured by the 
phenomenon of "negative erosion". As a result occurs further pressure reduction and extinction of the 
burning surface. 

The mathematical modeling of this phenomenon show following pressure distribution in the central 
and peripheral channels for a situation of gas-dynamic closing of the central channel (Fig. 20). 
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(A) (B) 
 

Fig. 20. Time dependences of the combustion products pressure for the central (A) 
and for the peripheral (B) coaxial channels of the solid propellant charge: 
1 - at the left end of the channel (the channel beginning), 2 - in the centre 

of the channel and 3 - at the right end of the channel. 
 

Also, formation of local zones with "negative erosion" phenomenon at the ignition-transient period of 
the high-loading-density solid propulsion system with case-bonded charges, having partially non-
fastening and unarmored end-face surfaces in the vicinity of the head and nozzle ends (Fig. 21 and Fig. 
22) is possible. The peculiarity of this class of propulsion systems is that, under normal conditions, for 
which the propulsion systems storage is provided, the clearances between the engine case head (or nozzle) 
end internal surface and the charge end-face surface Δ  ≤  0.001 m. 

Calculation results show that realization of the anomalous modes of ignition, (which is accompanied 
by intensive shock waves rise in the high-loading-density propulsion system combustion chamber) are 
extremely dangerous (Fig. 23.). In these conditions, the phenomenon of "negative erosion" in the non-
flowing end-face clearances will leads also to excitation of the anomalous modes of ignition. 

 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 21. Sectional view of the high-loading-density solid propulsion system with 
case-bonded charge having partially non-fastening and unarmored 

end-face surface in the vicinity of the head end. 
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Fig. 22. Sectional view of the high-loading-density solid propulsion system with 
case-bonded charge having partially non-fastening and unarmored 

end-face surface in the vicinity of the nozzle end. 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Fig. 23. The dependencies of the calculated combustion products pressures from 
the process time: comparison of the numerical calculation results (curves 
1 and 2, continuous lines) with the fire stand tests results for the full-scale 

SPRM (curve 3, dotted line), corresponds to the processes development 
at boot breaking off. 

 
The phenomenon of “negative erosion” will reduce the solid propellant energetic performances. 

Hence, development of technologies which can reduce influence of this phenomenon has great 
importance. However, for development of such technologies it is necessary to know essence of the 
physico-chemical processes accompanying this phenomenon. 

All previous theoretical concepts describing excitation of the phenomenon of "negative erosion" did 
not allow suggest technologies for minimization of the given phenomenon. Active controlling by self-
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organizing processes of the spatial-periodic micro-structures in the EM liquid-viscous layer and on the 
EM burning surface opens possibilities for efficient control by the boundary layer over the burning 
surface of the EM and by development of the phenomenon of "negative erosion". 

 
 

CONCLUSION 
 

Research of the processes of non-stationary burning and anomalies of burning of the energetic 
materials opens essentially new possibilities for improvement of existing theories of burning of the 
energetic materials. This possibility also is caused by the fact that such experimental data corresponds to 
significant variety of conditions of burning of the energetic materials. The new mechanism of the 
phenomenon of "negative erosion" is suggested. This mechanism is connected with the phenomenon of 
thermo-electric convection in the liquid-viscous layer of burning solid propellant. Excitation of the 
spatial-periodic micro-structures in the ionic fusion with thermo-electric properties on the burning surface 
is a main source of development of the synergetic phenomena in the energetic material burning zone. The 
mechanism of the phenomenon of "negative erosion" is a mechanism of destruction of self-organised 
toroidal vortical structures over the burning surface, excited by the torch micro-structures on the burning 
surface. The boundary of existence of the phenomenon of “negative erosion” is determined by stability of 
toroidal-shaped vortex micro-structures in the stream of the combustion products which is blowing the 
burning surface of the energetic material. Understanding of laws of development of the micro-torch 
structures on the burning surface of the energetic material will allow to improve opportunities of 
forecasting of development of the intra-ballistic processes in the solid propulsion systems and to improve 
ballistic characteristics of perspective solid propulsion systems. The phenomenon of “negative erosion” 
will reduce the solid propellant energetic performances. Hence, development of technologies which can 
reduce influence of this phenomenon has great importance.  

NOMENCLATURE 
 

a - Thermal diffusivity of the liquid-viscous layer; 
c - Sound velocity in air; 
C x - Drag coefficient of a toroidal vortex; 
F d - Drag force; 
k - Coefficient of the "negative erosion"; 
k v - Coefficient of the "negative erosion" that decreases with increase of 

   the pressure level; 
L - Characteristic size of the burning cell; 
L - Length of the pulsed jet, L = u j Δ t j; 
m - Mass burning rate under normal conditions (in the absence of a gas 

  flow), m = ccu ρ⋅ ; 
P - Pressure; 
p ∞ - Constant pressure of the ambient medium; 
Q - Heat flow onto the burning surface depending on the blowing velocity V; 
t - Time; 
T - Temperature; 

Cu  - Linear burning rate of the energetic material sample in a constant-pressure bomb; 

Vcu  - Linear burning rate in the gas flow; 

u c - Propagation velocity of the contact surface; 
u j - Velocity of plasma ejection at the nozzle edge; 
V - Combustion products blowing velocity;  
Vb - Combustion products threshold blowing velocity, increasing with reduction of the   
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  pressure; 
Vr - Radial velocity component; 
VφA - Rotational velocity of the leading part of the spiral; 
Vi - Dimensionless parameter Vi, known as the V.N Vilyunov’s parameter; 
z - Space coordinate, perpendicular to the liquid-viscous layer (burning 

  surface of the sample);   
 
Greek Symbols 

α - Expansion angle of the vortex; 
β - Cone angle of the nozzle external surface; 

Bβ  - Dimensionless parameter characterizing the plasma flow; 

Ε - Erosion coefficient; 
avρ   - Average mass density of the plasma (gas) in the vortex; 

cρ  - Energetic material density; 

cpρ  
- Combustion products density; 

∞ρ  
-  Mass density of the ambient medium; 

Bτ  -  High-temperature toroidal vortices formation time; 

τ v -  Total time of toroidal vortice formation; 
ξ -  Drag coefficient, which in the first approximation is given by the Blasius 

formula or the Nikuradze formula; 
utΔ  -  Time during which the plasma is ejected from the discharge chamber; 

Δ t j -  Plasma decay time; 
 
Subscripts and Superscripts 

c - Condensed phase; 
s - Surface. 
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UNDERWATER EXPLOSIONS 

- 
EFFECTS OF CYLINDRICAL SHAPE OF CHARGE TO 

THE ENERGY MEASUREMENTS OF EXPLOSIVES 
 

M. Hagfors 
 

1.  INTRODUCTION 
The underwater explosions have been used as a test method for 
the determination of energy content of explosives for several 
years. This test method is the only one by which shock, gas 
heave and total energy values can be measured separately. All 
the measurements are carried out by a tourmaline crystal based 
pressure sensor. 
 
After the measurements have been carried out the raw data has 
to be corrected for several reasons. When the shock wave 
travels to the pressure gauge, it compresses the water very hard. 
The water heats up and some of the energy will be lost. 
Secondly the infinite size of the pressure sensor causes a small 
systematic error which also has to be corrected and lastly the 
results have to be corrected because of the shape of charge in 
case the shots are not symmetrical. The shape correction affects 
to both shock energy and gas heave energy measurements. 
 
Because the energy determinations are more accurate for the 
gas heave energy measurements, the standard deviations for the 
gas heave energy measurements are around ten times smaller 
than for the shock energy measurements, it is meaningful to use 
the gas heave energy measurements for the calculations.  
 
The shape of a cylindrical charge can be defined by dividing the 
length of the charge by the diameter.  L=Length/Diameter. The 
shape correction factor Kf is defined as Kf = ESPHERICAL/ESHAPE. By 
measuring the gas heave energy content of a set of cylindrical 
charges and by plotting their shape correction factor Kf as 
function of the shape of the shots one gets a curve which can be 
used to determine the shape correction factor for the energy 
calculations of cylindrical charges. 
 
2.  ENERGY CALCULATIONS 

 
2.1 SHOCK ENERGY 
The shock energy can be determined by integrating the shock 
pressure peak area from the pressure-time curve and by 
calculating the result according to equation (1).1,2,3 

 

(1) ∫=
θ

ρ
π 7,6

0

2
24 dtP

CW
Re

ww
s  (J/kg) where; 

 
R    = distance between the center of the pressure gauge and charge (m) 
W   = weight of charge (kg) 
ρw = density of water at the depth of charge (kg/m3) 
Cw = speed of sound in water at the depth of charge  (m/s) 
θ = time constant, the time which passes when maximum peak pressure Pm 
decays to  value  Pm/e ≈ 0,37Pm 

 
The experimental shock energy has to be corrected because of 
three different reasons; 
 
1. Shock loss correction factor (μ) 

When the shock wave travels from the explosion site to the 
pressure gauge, it presses the water very hard. The water 
heats up fast and some of the energy will be lost.  
 

2. Finite size of the pressure gauge (Ke) 

The experimental data have to be corrected for the small 
systematic error caused by finite size of the pressure gauge. 
 

3. Shape correction factor (Kf) 
The shape of charge affects to the results and therefore has 
to be taken into account 

 
 (2) Corrected shock energy value Es = μ Ke Kf es 

2.2  BUBBLE OR GAS HEAVE ENERGY 
The Bubble of the Gas Heave energy of the explosives can be 
calculated by the equation (3): 
 

(3) 
eb = 1

8Cw3K1
3 1+4Ctb

Ph
Phn

5/6
−1

3

  
eb =  Gas Heave Energy Value (J) 
c  = speed of sound in water at the depth of charge (m/s) 

K1 = w
1
2

/Ph

5
6

 
K1 = constant 
ρw = density of water at the depth of charge (kg/m3) 
Ph= total pressure ( the air pressure and the hydrostatic pressure (Pa) 
C = b/a2,  Constants a & b can be solved by the bond calibration 
tb = bubble period (s) 
W = weight of charge (kg) 

 
The measuring pond has to be calibrated by exploding a set 
calibration of charges and by measuring their bubble periods. 
The constants a & b can be determined by making a least 
square fit to the (tbn,W) data. 

 
The experimental gas heave energy value calculated by the 
equation (3) has also to be corrected because of the shape of 
shots Kf. 
 
(4) Corrected bubble energy  Eb = Kf  eb /W (J/kg) 
 
2.3  TOTAL ENERGY 
 
The total energy by weight can be calculated by equation (5); 
 
(5) Total energy ETOTAL = μ KeKfes +Kfeb /W  = Kf (μ Kees + eb 

/W) (J/kg) 
 
3. TEST CHARGES 
 
The test charges composed of cap sensitive aluminized 
emulsion explosive filled in PVC pipes. The diameter of the pipe 
was 11 cm and it was cut into pieces of different length from 11 x 
11 cm to 11 x 66cm. There were also two other sets of test 
samples, 16x16 cm & 16 x 32  
cm. 
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4. TEST ARRANGEMENTS 
 
All the measurements were carried out in old water filled open pit 
of Hilloinen, 70 km west from Turku on the coastline of Turku 
archipelago. The depth of water is presented in Figure 1. The 
overall length of the measuring cable was 50 m and the 
measurements were carried out by ICP 138 A tourmaline crystal 
based pressure gauge connected directly to CRONOS 
measuring unit which supplied the pressure gauge by 4 mA DC-
current.  
 
The distance between the pressure gauge and the centre of shot 
was 5 m. The shooting depth was 8 m and the water temperature 
at the shooting site was measured by TESTO measuring unit.  
The air pressure information was supplied by the Finnish Institute 
of Meteorology by one hour-intervals from Turku airport (60 km) 
and from Isokari lighthouse (30 km).  

 
The density of the water and the speed of sound in water at the 
depth of 8 m and at the applied temperature were calculated by 
the Sea Water Equation Calculator at the following web address: 

 
http://fermi.jhuapl.edu/denscalc.html 
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Figure 1.Shooting site and the test arrangements 
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Picture 1.  Minimum weight for an explosive charge for reliable 
shock energy measurements 
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Picture 2. Minimum weight for an explosive charge for reliable 
gas heave energy measurements 
 

Table 1. Test charges 
 
From pictures 1 & 2 it can be easily seen that on this measuring 
system the reliable energy measurements for shock energy can 
be achieved by 7 kg shots and for gas heave energy 
measurements by 1 kg shots.  
 
5. TEST RESULTS 
 

Shape Mass E bubble Kf Shape Mass E bubble Kf 

L/D kg MJ/kg Bubble L/D kg MJ/kg Bubble 

11x11 0,925 1,827 0,9991 11x44 4,023 1,794 1,0186 
11x11 1,028 1,827 0,9991 11x44 4,001 1,792 1,0186 
11x11 0,926 1,822 1,0018 11x44 4,025 1,787 1,0214 
Ave 0,960 1,825 1,0000 Ave 4,016 1,790 1,0195 

s 0,059 0,003  s 0,013 0,003 0,0016 
11x22 1,950 1,815 1,0057 11x55 5,031 1,774 1,0289 
11x22 1,934 1,819 1,0035 11x55 5,033 1,755 1,0401 
11x22 1,934 1,830 0,9974 11x55 5,024 1,753 1,0412 
Ave 1,939 1,821 1,0022 Ave 5,029 1,761 1,0367 

s 0,009 0,008 0,0043 s 0,005 0,012 0,0068 
11x33 2,986 1.818 1,0040 11x66 6,096 1,725 1,0581 
11x33 2,960 1,804 1,0118 11x66 6,090 1,723 1,0594 
11x33 2,989 1,811 1,0079 Ave 6,093 1,724 1,0588 
Ave 2,978 1,811 1,0079 s    

s 0,016 0,007 0,0039     
Table 2. Gas heave energies of the test charges 
 

SHAPE CORRECTION FACTOR CALCULATED FROM THE GAS HEAVE ENERGY 
MEASUREMENTS AS A FUNCTION OF SHAPE OF CHARGES

y = 0,0026x2 - 0,0064x + 1,0041
R2 = 0,9737

0,9900

1,0000

1,0100

1,0200

1,0300

1,0400

1,0500

1,0600

1,0700

0 1 2 3 4 5 6 7
Shape of Charge (L=Length/Diameter)

Sh
ap

e 
co

rr
ec

tio
n 

fa
ct

or
 K

f

 
Picture 3. Shape correction factor calculated from the gas heave 
energy measurements as a function of the shape of  the 
cylindrical charges. 
 

 
 Size Weight Shape Size Weight Shape Size Weight

L/D cm kg L/D cm kg L/D cm kg 
1 11x11 0,925 4 44x11 4,023 1 16x16 3,069 
1 11x11 1,028 4 44x11 4,001 1 16x16 3,111 
1 11x11 0,926 4 44x11 4,025 1 16x16 3,061 
2 22x11 1,950 5 55x11 5,031 2 32x16 6,420 
2 22x11 1,934 5 55x11 5,033 2 32x16 6,372 
2 22x11 1,934 5 55x11 5,024 2 32x16 6,541 
3 33x11 2,986 6 66x11 6,096    
3 33x11 2,960 6 66x11 6,090    
3 33x11 2,989       
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AVERAGE SHAPE CORRECTION FACTOR CALCULATED FROM THE GAS HEAVE 
ENERGY MEASUREMENTS AS A FUNCTION OF SHAPE OF CHARGES 
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Picture 4. Average Shape correction factor calculated from the 
gas heave energy measurements as a function of the shape of  
the cylindrical charges. 
 
6. CONCLUSIONS 
 
When underwater testing of explosives to determine their energy 
content, the raw data has to be corrected for several reasons. 
One of them is the shape of charge. If the shots are not 
symmetrical, the test results have to be corrected by the shape 
correction factor Kf which is defined as Kf = ESYMMETRICAL/ESHAPE. 
The shape of cylindrical charge can be defined as L = length of 
the charge divided by the diameter. By measuring the bubble 
energy content of a set of cylindrical charges and by plotting the 
shape correction factor as a function of the shape of the charges, 
one gets a curve, which can be used to describe the shape 
correction factor for all cylindrical charge. 
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ABSTRACT 
 

Sliding plate friction initiation data is analysed with Jaeger’s theoretical models to account for the 
reduction of the friction contact velocity under the influence of high loads.  The friction temperatures for 
data from a nitroglycerin-based explosive and RDX are calculated with the theory accounting for the 
rapidly decreasing velocity.  Experimental initiation probabilities are plotted (Probit plots) against two 
dose parameters, plV2 and friction temperature, for different pressures (p), velocities (V) and contact 
lengths (l).  The results show clearly that the friction temperature is a superior correlation parameter. The 
friction sensitivity of an emulsion explosive was investigated at two initial temperatures of 25°C and 
70°C.  In the friction temperature plot, the two sets of data superimpose on each other.  A theory to 
predict the ignition of explosive heated by friction under the contact area is proposed.  Using literature 
reaction kinetics, this theory predicts the threshold temperature and contact pressure required for 
successful ignition of the first two test explosives.  The predicted results are in good agreement with the 
experimental data. 

 
 
Introduction 

 
Explosive initiations are thermal in origin.  All physical stimuli reduce ultimately to thermal 

energy that raises the temperature of the adjacent explosive causing it to ignite if the temperature is 
sufficiently high for a long enough duration.  It is generally accepted that friction is probably the most 
hazardous form of mechanical stimulus in the manipulation of explosives, including manufacturing 
processes, transportation and handling1.  This is easily understood when one considers the fact that very 
high temperatures can be realized with reasonably moderate loads and velocities, limited only by the 
melting point of the materials in frictional contact.  It is also present in almost all mechanical operations 
in the manufacturing of explosives.   

 
There are two types of friction events.  The first type involves the rubbing of one material on the 

fresh surface of a second material.  In the second type, the rubbing of the first material is over a 
previously rubbed and heated surface of the second material.  These are called instantaneous and 
continuous frictions respectively2.  The hazards involved in the second type of friction are obvious and 
are avoided wherever possible in practice.   In this paper we consider only the instantaneous friction of 
two surfaces with explosive embedded in between the surfaces. 

 
The success of safe explosive manufacturing operations depends strongly on how well one can 

prevent the occurrence of accidents.  Quantitative analysis techniques are used in Orica Mining Services 
to predict the probability of potential hazards in its manufacturing processes for accident mitigation 
purposes.  In this approach, probit plots of initiation data are used to predict the initiation probability of 
the explosives under various physical stimuli such as friction and impact.  In the area of friction 
sensitivity, the initiation data was presented in probit plots against an appropriate dose parameter.  Due to 
historical reasons, the dose parameter adopted at Orica since mid 1980’s was “plV2” where p=pressure, 
l=contact length, V=sliding velocity.  In retrospect, this is probably not the most appropriate parameter to 
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be used for friction initiation and it also limits the materials of interest to the hazard analyst to the 
materials used in the test.  As pointed out in Ref. 2, friction temperature is more meaningful physically 
and should be independent of materials used in the tests.  This paper presents improvements on the 
original experimental data by applying exact theoretical solutions to predict the friction temperature using 
experimental plate velocity and friction coefficient.  Analyses are carried out on data obtained with RDX, 
NGE (a nitroglycerine based explosive) and an ammonium nitrate based emulsion.  Ignition temperatures 
for RDX and NGE are predicted theoretically with known kinetic data and are compared with 
experimental data. 

 
Experimental Procedure 

 
Friction initiation experiments at Orica were carried out with the Orica Sliding Block Friction 

machine.  The design of this machine was based on the principle of the Hercules Allegany Ballistics 
Laboratory3,4 friction tester.  Details of the construction and operation principles can be found in Refs. 3-
7.  Fig. 1 shows the schematics of the basic design of this machine.  Major components consist of the 
friction disk (friction shoe in Fig.1), the friction plate and a pendulum.  The friction disk and the friction 
plate were made of stainless steel (SS-304).  The disk has a diameter of 101.6mm and a thickness of 
3.2mm.  A force is applied on the friction disk pressing it on the plate.  For some of the tests, a 
predetermined contact length was obtained by preforming the friction disk prior to the test.   The sliding 
plate is set in motion by the pendulum.  The plate velocity is governed by the drop angle of the pendulum 
and is recorded continuously during the test.  A thin layer of explosive is placed on the plate surface 
before the disk is pressed on it.  A predetermined load is applied on the disk and the friction plate is then 
set in motion.  A gas detector sensing either CO or NOx is used to identify whether a positive ignition has 
occurred.  The initial work2 used a rather arbitrary level of gas detected to indicate ignition.  This has 
since been improved5-7 with a more self-consistent procedure.  Tests are carried out at a range of velocity, 
load and friction contact length.  The probability of ignition is determined by the ratio of the number of 
successful ignition over the total number of tests, usually between 10 and 20. 

 
Fig.1 Schematics of the basic design of the Orica Sliding Block Friction Machine 
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Analysis of Slider Velocity 
 
Although not shown in Fig.1, the sliding friction plate sits on a platform supported by roller 

bearings.  The platform is struck by the heavy mass attached to the end of the pendulum imparting a 
starting velocity to the platform.  The platform velocity decreases due to opposing forces from the friction 
disk and the roller bearings, although the latter should be relatively small compared to the frictional force 
from the disk.  The movement of the platform is limited by a shock absorber after moving about 22 mm at 
which point it will slow down quickly to a rest. The platform motion can be described by the following 
energy equation, 

22
0

2 2
vv F x

M
μ= −  (1) 

where v is the instantaneous velocity, v0 is the initial velocity, μ is the friction coefficient, F is the vertical 
load on the friction disk, M is the mass of the platform and plate and x is the distance travelled. 
   

A number of experiments5 were carried out to measure the sliding platform velocity at different 
loads and drop angles.  It is interesting to compare the above simple theory with this data.  The initial 
velocity at different angles and the maximum sliding distance, xmax (v=0), and the ratio of platform mass 
over the friction coefficient, M/μ, for a fixed load of 1572N, are given in Table 1.    

 
Table 1 Experimental sliding velocities and distances for a load of 1572 N 

Drop angle 30 45 60 90 
V0, m/s 1.1 1.5 2.33 3.04 

xmax, mm 6.16 8.39 20 32 
M/μ, kg (Eq.2) 16 11.724 11.582 - 
μ (M=5.84kg) 0.365 0.498 0.504 - 

μ (best fit in Fig.1) 0.4 0.5 0.48 0.37 
 

The predicted velocities are compared with the experimental velocities in Fig.1 for each of the 
four drop angles in Table 1.  Two predicted lines are shown for each drop-angle.  One uses the average 
friction coefficient μ = 0.5 (dotted lines) and the other (continuous lines) uses a friction coefficient that 
best fits each set of experimental velocities.  Overall, the predictions were found to be in good agreement 
with experimental data for a wide range of initial loads from 400N to 3150N.  This verifies the validity of 
the simple theory for the present purpose.  The values of the best-fit friction coefficients for different 
initial platform velocities are shown in Table 1.  Analyses show that the friction coefficients vary with 
both loads and initial velocities. 



-502- 

 
Fig.1 Comparison of predicted and experimental sliding velocities for a load of 1572 N 

(dotted lines for μ=0.5, continuous lines for μ that best fits data). 
 
Prediction of Friction Temperature 

 
The initiation of energetic explosives and pyrotechnics is thermal in origin.  Therefore, 

temperature should be the correct parameter to be used in a quantitative analysis of any hazard initiation 
data.  In general, it is extremely difficult to predict the temperature produced in the test materials.  
However, due to the fact that almost all the energy dissipated by friction appears as heat, the 
corresponding temperature produced in the contact surfaces can be predicted with good accuracy 
theoretically.  For the case of a simple geometric plane surface sliding at constant or variable velocity 
over a flat surface, Jaeger’s classical paper8 presents many analytical and approximate solutions to predict 
the temperature distribution for both band and rectangular heat sources under both steady and time 
dependent conditions. 
 

In many applications, one is interested in the maximum and the average temperature under the 
area of the slider.  The approximate values of these temperatures are given in Table 2 for both band and 
square sources.  Tc in Table 2 is a characteristic temperature defined by the following: 

4
C

pT N L and N
C

π
ρπ π

= = , where ρ is the density and C is the specific heat.  The value of Tmax 

can be corrected by solving the appropriate equation in Jaeger’s paper for intermediate values of L, which 

is a non-dimensional slider contact length given by 2
2 4

lV VlL
κ κ

= = .  The values of Tmax were fitted to L 

by the following equation 

( ) 0.1
1

a L bLL L
c L dL

η += >
+ +

 (2) 

where the values of the constant parameters are: 
a = 4.0553409, b = 3.2388804, c = 4.0550183, d = 3.2468705 
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Table 2  Summary of approximate equations8 for the maximum and average slider temperatures 
for constant sliding velocities 

  L > 5* 5 > L > 0.1* L < 0.1 

Band η(L) η(L) (1.116 2.303log ) LL π−  
Tmax/TC 

Square η(L) η(L) 1.7628 L
π  

Band 2/3 -- ( )1.616 2.303log 2 LL π−⎡ ⎤⎣ ⎦  
Tavg/TC 

Square 2/3 -- 1.4866 L
π  

*The correction factor given in Ref.9 was found to be inaccurate and a new fit is given as η(L) by 
Eq.2. 

 
The above equations apply to a steady state situation where a slider has been moving for an 

infinite time.  However, in the friction test the friction disk (slider) only moves a short distance, relative to 
the plate, before it comes to a full stop.  There is no time to reach true steady state.  Therefore, it is 
essential to know the theoretical limits in the real situation.  The case of a moving heat source that has 
moved at constant velocity V for a finite time was also considered by Jaeger.  The solution for the 
temperature distribution under the slider (band source) is shown in Fig.3 (for L=100) at three time 
intervals, equal to those required by the slider to travel 0.5, 1 and 2 times the length of the slider (= l).  It 
can be seen that the maximum temperatures are reached at the end of the slider (x/(0.5*l) = -1) and these 
temperatures reach the steady state value of Tc after the slider has moved one slider length.  However, the 
temperatures at distances beyond the slider (x/(l/2) < -1) have not reached their steady state values until it 
has moved by at least 2 slider lengths.  Fig.4 shows the surface temperature at the end of the slider as a 
function of the distance travelled by the slider.  It is obvious that this value reaches its ultimate (steady 
state) value after a travel distance of only one slider length. 

 
Fig.2 Temperature distribution along the slider surface for a sliding distance of 0.5, 1 and 2 

times the length of the slider (L=100). 
 

In the case of the Orica friction test, the material used was stainless steel.  The thermal properties 
are listed in Table 3.  For tests considered in this paper, the slider lengths are longer than 1 mm and L is 
greater than 100.  Therefore, the steady state maximum temperature can be used to estimate the maximum 
friction temperature in the slider in most cases.  The only exception is when the force on the friction 
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wheel is too high as to slow down the sliding velocity precipitously.  This happened in many tests and 
they needed to be considered separately.  

Table 3 Properties of Stainless Steel 
ρ, kg/m3 Cp, J/kg-K k, J/m-s-K κ, m2/s 

7890 500 16.2 4.106x10-6 
 
In the case where the sliding velocity varies with its travel, Jaeger’s equation can be can be solved 

with the velocity and distance functions given by the equation of motion, Eq.1.  Figs.3 and 4 illustrate an 
example where the initial sliding block velocity is 2.33 m/s and the force on the friction wheel is 7075N 
with a friction coefficient of μ=0.5.  The maximum distance travelled by the sliding block is 
xmax=4.48mm and the contact length of the friction wheel is 5.62mm.  Thus we have L = 797, Xm=0.8.  
The variation of the sliding velocity with distance is shown in Fig.3.  The temperature on the sliding 
block surface at the trailing edge of the contact surface is shown in Fig.4 as a function of the relative 
distance of travel.  It is obvious from Figs.4 that the maximum temperature reaches less than 60% of the 
steady state value before it decreases due to the continuing decrease in friction velocity.  This maximum 
temperature depends on many variables must be evaluated for each case. 

 
Fig.3 Variation of slider velocity with distance for the example. 

 
Fig.4 Variation of the temperature on the sliding block under the trailing edge of the slider. 
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Analysis of Friction Initiation Data 
 
Two sets of experiments were carried out using the Orica friction apparatus on RDX and NGE (a 

nitroglycerine-based explosive).  The vertical load, friction velocity and the contact length of the slider 
were varied in these experiments.  Many different relations were used to examine the correlation with the 
test results.  The one most successful and widely used by Orica until recently was plV2, derived from the 
relation proposed by Sumner10.  This parameter can be justified now in terms of the friction temperature.  
Table 2 shows that the increase in temperature due to friction is given by 
Δ * *CT const T const N L plVμ= = ∝  (3) 
for small values of L.  The contact length, l, can be determined if the pressure is higher than the yield 

strength of the slider as 
4

y

Fl
pπ

= .  Substituting this value of l into Eq.19 gives 

4
y

y

FT p V FV
p

μ μ
π

Δ ∝ ∝  (4) 

This reproduces Sumner’s correlation relationship assuming that the controlling factor is the friction 
temperature, which should be constant and equal to the ignition temperature of the explosive, FV2 = 
(ΔT/μ)2 ~ constant.  Since the ignition temperature is not very sensitive to different heating rates, the 
value of FV2 is approximately constant if the friction coefficient remains constant and L is small. The 
Orica correlation relation plV2 was derived from Eq.4, (F=p*l*w, w=width of the friction disk=3.3mm 
under load, a constant value), although the pressure is now a variable rather than constant equal to the 
yield strength.  Strictly speaking, μplV2 should be used if the friction coefficient varies significantly under 
different conditions.  However, if the friction coefficient in the test and that in the real situation have the 
same values, then plV2 can be used instead. 

 
The initiation data are plotted in probability format in Figs.5 and 6 for the RDX and NGE 

respectively against the dose parameter, plV2, in logarithmic scale.  Overall the correlation is acceptable 
using this dose parameter for the different sets of data involving different values of pressure, velocity and 
friction slider length.  This dose parameter was found to be the best among the many different versions 
involving the three variables of p, l and V.  However, the scatter of the different sets of data for each 
explosive is still quite considerable suggesting that the correlation is not perfect. 
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Fig.5  Friction initiation probability of RDX versus plV2  

(Legend: V=velocity in m/s, l=contact length, mm). 

 
Fig.6  Friction initiation probability of explosive NGE versus plV2  

(Legend: V=velocity in m/s, l=contact length, mm). 
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Since the initiation mechanism is thermal in origin, the friction temperature should theoretically 
be the most appropriate correlation parameter for the friction initiation.  Earlier attempts to predict the 
friction temperature using the approximate steady state equations in Table 2 resulted in correlations not 
much better than Figs.5 and 6.  It was decided to revisit the temperature correlation with proper account 
of the highly variable friction velocity in many of the tests to derive the friction temperatures for these 
tests.  The absolute maximum temperature (reached at the end of the contact region independent of time 
for large values of L) is reached only at a certain instant of time before it starts to decrease due to the 
continuously decreasing sliding velocity.  For example, for the extreme case considered in Fig.4, the 
maximum temperature is reached after the slider has moved 0.6 times its length.  After that the 
temperature decreases.  However, for cases having slowly reducing sliding velocity, e.g. cases where the 
values of xmax/l >>1, the average maximum temperature does not differ significantly from the absolute 
maximum.   Therefore, an average value for the instantaneous maximum temperature is calculated for the 
portion after it has reached the absolute maximum.  (Note that this average temperature is not the same as 
the average temperature calculated using equations in Table 2, which are the average temperatures in the 
contact area.)  The results are plotted in Figs. 7 and 8 as a function of this average maximum temperature, 
for an average friction coefficient of μ = 0.5.   
 

 
Fig.7  Friction initiation probability of RDX versus the average maximum friction temperature 

(Legend: V=velocity in m/s, l=contact length, mm). 
 

As can be seen in Figs.7 and 8, the correlations are much improved compared to those in Figs.5 
and 6.  The correlations for both explosives are excellent except for the set of data with a sliding velocity 
of V=2.3m/s and l=5.6mm.  This velocity and contact length produced extremely short sliding length with 
xmax/l of the order of 1, i.e. the friction disk stopped after sliding over a length of less than or equal to its 
length.  This is the extreme case when the friction temperature never reached the steady state value, as can 
be seen in Fig.4.  It is obvious that the predicted friction temperatures are not accurate representation of 
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the real values reached in the experiment, even with the equation to account for the rapidly decreasing 
velocity.  One reason of this is due to the fact that the sliding platform velocity is started by the impact of 
a pendulum.  The initial velocity is highly variable due to the oscillatory motion of the sliding platform.  
Therefore, the platform velocity has a highly complicated and variable nature as observed experimentally 
and is not decreasing monotonically with distance.  Therefore, this set of data is not appropriate to be 
included for correlation purpose. 

Theoretical prediction of the friction temperature depends on an accurate knowledge of the 
friction coefficient (μ), the value of which must be determined experimentally during the test for the 
results to be realistic.  In the above analysis, μ was assumed to be equal to 0.5.  This value was based on 
the experimental values mentioned above involving only metal/metal contact with no explosives.  
However, since it was not measured in these tests, the correct value could not be determined.  In reality, 
the presence of test materials in the contact surfaces is expected to reduce the friction coefficient.  
Calculations were repeated using μ=0.25 for these two explosives and the results are given in the 
following section. 

 
Fig.8  Friction initiation probability of explosive NGE versus the average maximum friction 

temperature (Legend: V=velocity in m/s, l=contact length, mm). 
 

 
Prediction of Friction Initiation 

 
The excellent correlation of the predicted friction temperature with the friction initiation data 

suggests that it should be possible to predict the initiation from first principles if one knows the reaction 
kinetics of the explosive material.  Previous works9,11 successfully applied thermal theories to predict the 
initiation by frictional heating between a metal object and a solid mass of explosive.  In the present 
experiments, a very thin layer of explosive (a mono-layer) was placed evenly on the friction plate in the 
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tests.  This ensures reproducibility of the test results5-7.  Frictional heating occurs mainly in the contact 
surfaces of the friction disk and the sliding plate.  There is only a very thin layer of explosive on the plate, 
most of which would have been displaced by the metal disk when it moves on the plate, leaving a very 
minute amount of explosive embedded in the contact area.  However, the presence of the explosive may 
change the frictional coefficient. 
 

If one ignores the contribution of the explosive to the frictional heating, other than a change in the 
friction coefficient, then one can simply assume that the explosive temperature to be identical to that of 
the metal in which it is embedded.  Knowing the kinetic parameters, one can calculate the reaction rate of 
the embedded explosive in the contact area.  The rate of heat generation by chemical reaction of the 
explosive is 

exp
( , )S

CH

dq EQZ
dt RT p x

ρ ⎡ ⎤⎛ ⎞ = −⎜ ⎟ ⎢ ⎥⎝ ⎠ ⎣ ⎦
 (5) 

where ρS, Q, Z, E, R are the average explosive density on the plate surface, the specific reaction energy, 
the Arrhenius pre-exponential factor, the activation energy and the Universal Gas Constant.  The 
temperature T is dependent on the distance from the leading edge of the contact area, x, and the applied 
pressure, p, assuming that the velocity and friction coefficient are fixed for the experiment.  It is possible 
to predict the threshold pressure needed to ignite the explosive to achieve a self-sustained chemical 
reaction, provided the ignition criterion is correctly defined.  Merzhanov and Averson12 proposed that 
ignition is achieved when the rate of heat generated by chemical reaction equals to the rate of heat input 
from an external source.  In the present case, the rate of heat input is simply the frictional heating rate 
given by 

FR

dq pV
dt

μ⎛ ⎞ =⎜ ⎟
⎝ ⎠

 (6) 

Ignition occurs when the two rates are equal, i.e. 

CH FR

dq dq
dt dt

⎛ ⎞ ⎛ ⎞=⎜ ⎟ ⎜ ⎟
⎝ ⎠ ⎝ ⎠

 (7) 

For a given sliding velocity and friction coefficient, the friction temperature distribution is a function of 
pressure only.  Therefore, the threshold pressure for ignition can be obtained by solving Eq.7 iteratively to 
arrive at a pressure that satisfies both sides of the equation. 

 
The critical pressure and the corresponding ignition temperature were determined for RDX and 

NGE for the velocities and contact lengths for each experiment.  The kinetic constants for RDX and 
nitroglycerine are shown in Table 4.  The theoretical results are shown in Table 5.  It can be seen that the 
ignition temperatures are not very sensitive to the other variables.  The average of the predicted ignition 
temperatures are indicated by the dotted lines in Figs.9 and 10 for RDX and NGE for μ=0.25, which is 
considered to be more realistic than the value of 0.5 used above.  The predicted ignition temperatures, 
which are identical to those for μ=0.5, coincide approximately with the 50% probability points.  It can be 
seen that the lower limits of the experimental friction temperatures in Fig.10 for the nitroglycerine is only 
slightly more than 100 °C.  This is too low for the present sliding friciton tests with a time scale of the 
order of a few milliseconds.  One explanation for the measurable probability of ignition at such low 
temperatures is that the liquid nitroglycerine has a perfect thermal contact with the plate and is slowly 
cooked off by the frictionally heated metal after the slider has passed.  It is also possible that the actual 
friction coefficient is higher.   

 
The differences between the two friction coefficients demonstrate the importance of knowing this 

value precisely for each test to better quantify the friction temperature.  Overall, the thermal theory 
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appears to be capable of predicting the critical ignition conditions for the friction test here with acceptable 
accuracy.  The success confirms the thermal nature of ignition in this test. 
 

Table 4 Reaction Kinetic Constants for RDX14 and nitroglycerin15 
Explosive E, kcal/mole Z, sec-1 Q, cal/g 

RDX 47.5 1018.5 500 
NG 48 3*1020 500 

Note: Q for RDX is given in Ref.16 and that for nitroglycerin is an assumed value. 
 

Table 5  Predicted critical pressure for friction ignition (μ=0.25) 
Explosive V, m/s l, mm pcr, MPa Tig, °C F, N 

RDX 3.04 5.62 87 423 1619 
 3.04 3.47 113 428 128 
 2.33 5.62 99 420 1836 
 2.33 3.47 128 425 1461 

NG 4.01 5.62 62 347 1144 
 3.04 5.62 70 344 1304 
 2.33 5.62 80 342 1480 
 3.04 3.47 91 348 1037 
 2.33 3.47 103 346 1177 

 

 
Fig. 9 Comparison of predicted threshold ignition temperature with experiment for RDX with 

μ=0.25. 
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Friction Initiation of Emulsion at two Temperatures 
 
Experiments were carried out6 on an ammonium nitrate emulsion containing sodium perchlorate 

and aluminium, (AN/SP/Al/water 69.2/9/5.9/7.9), at two test temperatures of 25 and 70 °C.  The average 
friction coefficients, μav, were found to be 0.25 and 0.13 for the two sets of tests at 70 and 25°C 
respectively.  These average friction coefficients were used to calculate the friction temperatures.  Fig.11 
is the probit plot against the traditional plV2 dose parameter.  It shows the tests at 70°C to have a higher 
sensitivity with lower dose values for initiation.  In contrast, Fig.12 is the probit plot against the average 
friction temperature and the two sets of data fall on top of each other.  In the temperature scale, there is no 
difference in the initiation sensitivity for the two series of tests with different initial temperatures.  This is 
expected theoretically if the initiation is caused by the chemical reaction primarily controlled by 
temperature.  This is another confirmation of the validity of using the friction temperature as the dose 
parameter for this test. 
 

 
Fig.10 Comparison of predicted threshold ignition temperature with experiment for explosive NGE 

with μ=0.25. 
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Fig. 11 Friction probit plots for emulsion at two test temperatures, using PlV2 dose parameter. 

 

 
Fig. 12 Friction probit plots for emulsion at two test temperatures, using friction temperature as 

dose parameter. 
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Conclusions 
 
It is shown that the mechanics of motion of the sliding plate under load can be modelled 

successfully to predict the experimentally observed variations of velocity with distance at different loads.  
The friction coefficients can be deduced by fitting the predicted velocity to the experimental 
velocity/distance data.   Conventional theories were used to predict the friction temperatures in the contact 
area with proper account for the varying slider velocity in the tests, which have a strong influence on the 
predicted temperatures at high loads and low initial velocities.  The present analyses show that friction 
temperature is a more realistic and physically meaningful dose parameter than the one used previously in 
friction probit plots in Orica, plV2, for quantitative hazard prediction purpose. 
 

The friction initiation data covering a range of initial velocities and contact areas for RDX, NGE 
(a nitroglycerin-based explosive) and an emulsion explosive were analysed.  The emulsion was tested at 
two temperatures, 25 and 70°C, as well as at varying pressure and contact lengths.  In the probit plots of 
friction initiation probability against friction temperature, all data fall in the same line for all 
combinations of the control variables, including velocity, contact length, pressure and initial temperature.  
In contrast the plots with the plV2 parameter show the data to be less well correlated.  In particular, the 
emulsion test data at two test temperatures fall into two groups separated by a factor of 4.  The excellent 
correlation of experimental data with friction temperature is an excellent proof of the thermal nature of 
the ignition of explosive.  As a confirmation, the critical ignition temperatures for RDX and NGE were 
predicted from first principles and are shown to be in good agreement with the temperatures in the probit 
plots. 
 

The present work also suggests that the high temperature region is confined to the area in the 
contact region and the temperature rapidly cools after the passage of the contact.  Materials present 
between the friction surfaces can be heated to ignition relatively readily.  However, materials outside this 
area would be subjected to lower temperatures, mainly through thermal conduction from the friction-
heated surfaces.  Therefore, a positive ignition predicted by the probit plot only means that the explosive 
material trapped in the friction surfaces would be ignited.  However, the quantity of materials involved is 
extremely small.  Therefore, it is uncertain that such frictional events can produce sufficient quantity of 
hot reaction products to propagate the combustion outside the friction zone.  Consequently, a positive in a 
friction situation similar to that in the present test does not mean that the explosive outside the contact 
region will be ignited.  The present friction test and the hazard analysis based on it can be considered to 
be very conservative.  True ignition of the explosive would almost certainly occur when fresh materials 
come into contact of the hot metal surface previously heated by the friction event.  To investigate this 
possibility, one needs to carry out the friction test under highly confined and pressurized conditions. 
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ABSTRACT 
 

According to a theoretical model developed at ISL1, a dramatic change in the reactive properties of High 
Explosives (HE) is expected for particles with a size between 10 and 30 nm. From an experimental 
standpoint, the main problem arises from the stabilization of the explosive nanoparticles at nano-scale. 
For this purpose, one of the most promising solutions is to trap explosives in the open porosity of an inert 
matrix. In this paper, the porous matrix (Cr2O3) used to nanostructure high explosives was elaborated by a 
combustion process. This matrix is a metallic oxide which exhibits a satisfying thermal stability – i.e. it 
neither melts nor decomposes – below 2500 K. Due to the elaboration process, the porosity of this 
material is open and accessible to any liquid phase. The doping was performed by using solutions of 
RDX, HMX and PETN so as to obtain Cr2O3/HE nanocomposites with 25 wt% high explosive content. 
The thermal behavior of Cr2O3/HE nanocomposites was investigated by Differential Scanning 
Calorimetry (DSC) and compared to classical explosive powders. From these results, it can be stated that 
nanostructuring remarkably changes the physicochemical properties of materials: the melting point is 
lowered and can disappear; the decomposition temperatures are reduced; in the case of nitramines, the 
activation energy is significantly decreased. At the same time, the sensitivities to mechanical stresses of 
Cr2O3/HE nanocomposites are significantly decreased. 
 
 
INTRODUCTION 
 
 The nanostructuring of high explosives is a 
difficult challenge. Until now, most of the 
studies published in this field reported the 
elaboration of submicron-sized particles2. The 
main difficulty to overcome is to generate 
sufficiently small, separate particles and to 
stabilize them in this state. These problems can 
not be satisfyingly solved by classical soft 
chemistry processes because explosive 
nanoparticles tend to cake when they are 
dispersed in a liquid medium. The most 
promising solution consists in solidifying an 
explosive in an inert matrix. This can be done by 
trapping explosive particles in a gel or by 
growing them in a pre-existing matrix.  
 In this paper, the matrix used as template is 
porous chromium (III) oxide (Cr2O3). This 
material is of great interest due to its particular 
porous structure and its high chemical inertness. 
The open porosity is used to structure and 

stabilize explosive particles at nano-scale. On 
the other hand, this oxide is the most stable 
compound of the element chromium. It can be 
considered a particularly inert material, which 
does not chemically interact with organic 
explosives before and during their 
decomposition.  
 The porous Cr2O3 matrix was doped by 
several high explosives (HE), namely hexogen 
(RDX), octogen (HMX) and pentaerythritol 
tetranitrate (PETN). These explosives were 
chosen because their oxygen balance allows a 
total gasification during combustion. 
Furthermore, their physicochemical properties 
and their reactivity, which were extensively 
studied in the past, are now well known and 
fully understood. It is therefore possible to 
compare the behavior of these classical 
substances with the one of their nanoparticles.  
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1. Elaboration of materials  
 
1-1. Synthesis of the Cr2O3 porous matrix 
 The porous matrix used to structure and 
stabilize the HE nanoparticles was elaborated by 
combustion. This reaction, known as the 
“chemical volcano”, consists in thermally 
decomposing ammonium dichromate 
(NH4)2Cr2O7 into chromium (III) oxide 
according to the global reaction: 

(NH4)2Cr2O7   →   Cr2O3 + 4H2O + N2 
The real chemical mechanism of this thermal 
decomposition and the corresponding reactions 
seem to be very complex and controversial3,4,5. 
However, all authors admit that the green 
vermicular particles (Figure 1) formed by the 
reduction of Cr+VI by the ammonium entities are 
mainly composed of Cr2O3.  
 From an experimental point of view, 50 g of 
ammonium dichromate (AD) provided by 
Sigma-Aldrich (purity > 99.5%) were 
decomposed at ambient atmosphere in a big 
crystallizing dish in order to recover most of the 
material. The combustion – a self-sustained 
process – is primed by an open flame, the AD 
being first soaked with a small amount of 
acetone used to favor the initial step of the 
combustion. The Cr2O3 vermicular powder has a 
low apparent density. For this reason, the small 
fraction of AD which does not react during the 
process is completely located on the bottom of 
the Cr2O3 heap. The Cr2O3 particles were 
collected without mixing them with underlying 
grains of AD. Chromium (III) oxide was used as 
produced without any further chemical or 
thermal treatment.  
 

 
 
Figure 1: Macroscopic view of Cr2O3vermicular 

particles elaborated by combustion.  
 

1-2. Doping of the Cr2O3 porous matrix with 
high explosives 
 The doping of the inorganic matrix was 
typically carried out as follows: 
- The high explosive (0.67 g) was first dissolved 
in acetone (100 mL) by using ultrasonic stirring 
for five minutes at room temperature. Acetone 
was chosen as solvent because it readily 
dissolves the explosives studied and can be 
easily removed by evaporation. In the 
experimental conditions described above, all 
explosives studied completely dissolve in 
acetone. However, they can be classified 
according to their ease of dissolution in this 
solvent in ascending order: 
HMX < RDX < PETN.  
- Chromium (III) oxide vermicular particles 
(2.00g) were then added to the solution 
containing the explosive. The medium was 
sonified for fifteen minutes in order to break 
Cr2O3 particles into micrometric entities and to 
disperse them in the liquid phase. 
- The explosive phase was solidified into the 
oxide matrix by evaporating the acetone. When 
the evaporation was finished, the distilled phase 
was removed from the rotary evaporator. The 
material was then dried at 70°C under reduced 
pressure (P < 30 mbar) during 100 minutes.  
 
2. Structural characterization 
 
2-1. Scanning electron microscopy 
 The microstructure of the chromium (III) 
oxide was investigated by Scanning Electron 
Microscopy (SEM). The material coming from 
the combustion process (Figure 1) is composed 
of vermicular particles structured at millimeter 
scale (Figure 2A). At microscopic scale, these 
particles look like highly porous pillow lavas 
(Figure 2C). When the material is sonified in a 
liquid medium, particles are broken into 
micrometric entities (Figure 2B). This was 
confirmed by light scattering analysis of Cr2O3 
suspensions. Two populations were identified. 
The first one, which represents about 97 % of 
the sample volume, is composed of micrometric 
particles with a size between 1.8 and 27.4 µm. 
Submicrometric particles ranging from 0.05 to 
0.45 µm form the second population. The 
morphology of the macropores is very irregular 
(Figure 2D). Macropores are separated from one 
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another by walls which are constituted of 
elementary Cr2O3 nanoparticles (Figure 2E). 
The space existing between these nanoparticles 
contributes to the mesoporosity of the material 
(see §2.2). The ultrasonic treatment opens the 
macroporosity by damaging the macroscopic 
structure but does not separate elementary Cr2O3 
particles. For these reasons, sonication favors the 
doping. Indeed, the explosive solutions can 
diffuse in the bulk material and explosive 
nanoparticles can nucleate between Cr2O3 basic 
particles.  
 The thermal sensitivity of Cr2O3/HE 
nanocomposites does not allow observing them 
by SEM because the explosive phase is 
decomposed by the electron beam. The chemical 
degradation causes movement of the samples 
and it is not possible to image their actual 

structure. To avoid any thermal stress during the 
observation, Atomic Force Microscopy (AFM) 
is an ideal technique. AFM was used to 
definitely prove that explosive particles are 
trapped within the oxide matrix. The 
corresponding images are not shown here. 
 A Cr2O3/RDX nanocomposite was observed 
by Transmission Electron Microscopy (TEM; 
Figure 2F). During the analysis, the explosive 
phase is totally decomposed by the electron 
beam. The cylindrical rods observed on the 
micrograph correspond to the elementary Cr2O3 
particles. Their diameter is about 16 nm. This 
value is in good agreement with the one 
calculated from the surface area (see §2.2).  
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Figure 2: SEM micrographs of chromium (III) oxide synthesized by combustion: vermicular particles 
(A), particles resulting from Cr2O3 sonication (B), macroporosity of vermicular particles (C), 

macroporosity of sonicated particles (D), structure of elementary Cr2O3 particles (E). TEM micrograph of 
Cr2O3 elementary particles (F).  

 

(A) (B) 

(C) (D) 

(F) (E) 
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2-2. Nitrogen adsorption 
 Nitrogen adsorption was used to determine 
the specific area of pure Cr2O3 and of Cr2O3/HE 
nanocomposites (Table 1). The analysis of these 
experimental values6 unambiguously indicates 
that the explosives are located in the Cr2O3 
porosity.  
 The pore volume corresponding to the free 
space between elementary Cr2O3 particles 
(see §2.1) is equal to 0.194 cm3.g-1. This value is 
significantly inferior to the total porosity 
(10 cm3.g-1) evaluated by water absorption. For 
this purpose, water was progressively soaked in 
a given amount of Cr2O3 with a Pasteur pipette. 
The material absorbs water until a critical point 
for which the liquid phase suddenly separates 
from the paste.  
 Surface area measurements were used to 
elucidate the doping mechanism of Cr2O3 matrix 
by RDX. The corresponding results7 will not be 
detailed herein but as the conclusions of this 
study are necessary for the comprehension of the 
Cr2O3/HE structure, they will be shortly 
discussed.  
 The surface area of Cr2O3/RDX 
nanocomposites was measured for compositions 
containing 1.5 to 95.0 wt% RDX. Three domains 
were clearly identified. In the first one 
(0-36.8 wt% RDX), RDX particles nucleate in 
the free space between the Cr2O3 elementary 
particles and grow independently from one 
another. They are regularly distributed on the 
oxide surface. The second domain 
(36.8-73.8 wt% RDX) corresponds to the growth 
of a continuous RDX layer in the oxide porosity. 
This layer has a thickness which ranges typically 
from 40 to 100 nm. In the last domain 
(>73.8 wt% RDX), RDX grows outside of the 
inner porosity around the Cr2O3 micrometric 
particles (Figure 2B).  
 From these results, it can be reasonably 
assumed that for other explosives the domains 
are approximately the same. The formulation of 
Cr2O3/HE compositions studied (25 wt% HE, 
see §1.2) was chosen in order to have 
independent HE nanoparticles in the matrix and 
a relatively high explosive content. To 
understand the doping of the Cr2O3 matrix by the 
different explosives, a model was set up 
(Figure 3). For this purpose, Cr2O3 particles are 
considered as cylinders that touch each other, 

with a mean radius (r = 9.2 nm) and a length (L). 
The particles are supposed to arrange into 
independent monolayers. These hypotheses are 
in good agreement with the microscopic 
structure of the material (Figure 2E). When the 
material is impregnated with the solution 
containing the HE, the liquid gathers between 
the cylinders. The solvent evaporation leads to 
HE solidification in the porosity existing 
between Cr2O3 particles. The HE deposit has a 
height (h) which can be evaluated from this 
model, provided that the nanocomposite does 
not contain more than about 9 wt% HE 
(Table 1). For higher HE contents, the explosive 
grows out of the interparticular space, on the 
surface of the nuclei formed between Cr2O3 
particles.  
 

 
 
Figure 3: Scheme of the theoretical model used 
to describe the doping of the Cr2O3 matrix.  
 
 The ratio of explosive to Cr2O3 for an ideal 
nanocomposite can be expressed as a function of 
the angle θ (Eq.1):  
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 From a physical standpoint, the complete 
filling of the porosity is achieved when θ = π/2. 
Solving the system (Eq.1, Eq.2) for this value 
allows finding the weight content (XHE,l) for 
which the porosity between Cr2O3 elementary 
particles is entirely filled by the HE phase 
(Table 1). The HE weight content (XHE,m) 
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corresponding to the filling of the mesoporosity 
measured by nitrogen adsorption (0.194 cm3.g-1) 
was also calculated (Table 1). The fact that XHE,l 
is less than XHE,m indicates that the free space 
between Cr2O3 rods is a part of the whole 
mesoporosity of the material. The weight 

content (25.0%) used to elaborate Cr2O3/HE 
nanocomposites was chosen just below XHE,m in 
order to fill all the theoretically available 
mesoporosity.  
 

 
Sample SM (m2.g-1) XHE,l (wt%) XHE,m(wt%) 
Cr2O3 44.0 - - 
Cr2O3/RDX 29.3 9.1 26.1 
Cr2O3/HMX 27.6 8.9 25.6 
Cr2O3/PETN 27.2 9.0 25.9 

 
Table 1: Experimental specific surface area values (SM); maximal content of HE trapped between Cr2O3 
elementary particles (XHE,l); maximal content of HE necessary to completely fill the mesoporosity 
(XHE,m). The values of the densities used for the calculations8 were: 1.82; 1.77 and 1.80 g.cm-3 for RDX, 
PETN and HMX (see §2.3) respectively. The Cr2O3 density (4.95 g.cm-3) was determined by helium 
pycnometry.  
 
2-3. X-Ray diffraction 
 X-Ray diffraction was used to identify the 
nature of the HE solidified in the Cr2O3 matrix. 
In all the cases, HE particles are crystallized. 
The crystalline structures of nano-crystallized 
RDX (JCPDS 46-1606) and PETN 
(JCPDS 42-1771) are similar to the ones of the 
starting RDX and PETN materials. Conversely, 
nano-crystallized HMX is composed of a 
mixture of γ-HMX (monoclinic, 
JCPDS 44-1621) and δ-HMX (hexagonal, 
JCPDS 44-1622) whereas the structure of the 
starting material is β-HMX (monoclinic, 
JCPDS 45-1539). Therefore, the density of the 
HMX phase (Table 1) in the nanocomposite was 
approximated to the average of the γ-HMX and 
δ-HMX densities8 (i.e. 1.82 and 1.78 g.cm-3 
respectively).  
 
3. Reactivity of Cr2O3/HE nanocomposites 
 
3-1. Study by Differential Scanning Calorimetry 
of the thermal behavior 
 Differential Scanning Calorimetry was used 
to study the HE decomposition process in the 
Cr2O3 matrix. In order to obtain accurate 
quantitative results, a TA Instruments DSC 
Q1000 calorimeter was used with hermetically 
sealed gold-covered crucibles. The main 
advantage of these pans is to avoid losing the 

energy contained in gaseous decomposition 
products. In order to have the same amount of 
energetic substance in each experiment, DSC 
analyses were performed by using 2.50 mg 
Cr2O3/HE nanocomposites and 0.62 mg pure HE 
samples (Figure 4).  

 
Figure 4: Superimposition of DSC curves 
(1 K.min-1) relating to classical HE materials 
(PETN, RDX, HMX) and to the corresponding 
Cr2O3/HE nanocomposites (25 wt% HE).  
 
 The energy released by the decomposition of 
Cr2O3/HE nanocomposites is proportional to 
their HE content. In other words, the inorganic 
matrix does not chemically interact with the HE 
decomposition and can be considered as totally 
inert.  
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 The most important phenomenon is the 
dramatic drop of the decomposition temperature. 
The case of each nanocomposite will be 
discussed in detail: 
- The micron-sized PETN melts at 140.3°C and 
begins to decompose at 145.0°C right after the 
end of the melting. The PETN nanocomposite 
decomposes at only 93.4°C. There is no 
endothermic peak characterizing the melting 
point. However, an inflection on the 
decomposition exotherm is observed at the 
melting temperature. For nano-sized PETN, the 
melting is masked by the decomposition.  
- The micron-sized RDX melts at 203.9°C and 
decomposes at 205.2°C immediately after the 
melting. The RDX nanocomposite decomposes 
at 103.6°C. No melting is observed. The 
decomposition occurs in two major steps and 
ends at a temperature lower (200.3°C) than the 
melting temperature of the micron-sized RDX.  
- The micron-sized HMX and the HMX 
nanocomposite begin to decompose at 240.0°C 
and 116.7°C respectively. The end of the 
decomposition for the HMX nanocomposite 
happens at 242.6°C.  
 The first exotherm observed during the 
decomposition of RDX and HMX within the 
inorganic matrix is attributed to the 
decomposition of the smallest particles located 
between Cr2O3 rods. To confirm this hypothesis, 
nanocomposites underwent a thermal treatment 
until the temperature corresponding to the 
endpoint of the first exotherm. They were then 
cooled down and tested again with a classical 
DSC run. On the corresponding curves (not 
shown), the first exotherm had disappeared. 
Moreover, the contribution of the first exotherm 
to the total energy released by the decomposition 
corresponds to 4.3% RDX and 6.2% HMX. 
These experimental values are in good 
agreement with the theoretical content (XHE,l) 
which an “ideal” value calculated with a perfect 
filling of the smallest Cr2O3 porosity (see §2.2).  
 For nitramine nanocomposites, a third strong 
exotherm is observed. It is attributed to a 
reaction of the decomposition byproducts due to 
the use of sealed crucibles. For the 
corresponding micron-sized materials, this 
phenomenon occurs at higher temperatures 
outside of the range of the graph.  

 A kinetic study was performed on each 
material at different heating rates (1, 2 and 
4 K.min-1). The activation energies were 
evaluated by using the AKTS software. 
Globally, it can be stated that the nitramine 
nanocomposites have lower activation energies 
than the micron-sized nitramines. In other 
words, they are more sensitive to thermal stress. 
In the case of PETN, the activation energy is less 
dependent on the particle size.  
 
 
3-2. Study of the sensitivity to mechanical 
stresses 
 The impact sensitivity was measured on 
40 mm3 powdery samples contained in standard 
steel cells (Φ ≈ 10 mm). The fall-hammer 
apparatus is equipped with a 5 kg mass which 
can be dropped from a height of one meter. This 
test is assumed to be positive when the material 
detonates or undergoes a chemical 
decomposition which substantially modifies its 
initial appearance and proves that a pyrotechnic 
event has occurred. In the case of Cr2O3/HE 
nanocomposites, it is very difficult to 
discriminate between a positive and a negative 
test. For this reason, paper discs were introduced 
in the cell between the two metallic rods. Their 
presence does not significantly change the 
explosive sensitivity but allows unquestionable 
determination of a pyrotechnical event. If a 
reaction occurs, the disc is scorched, torn or 
destroyed according to the force of the 
decomposition phenomenon. The impact 
sensitivities of nanocomposites containing RDX, 
HMX and PETN are respectively 9.0; 1.4 and 
3.0 times smaller than those of the micrometric 
powders from which they have been elaborated 
(Table 2). This desensitization is linked to the 
non-continuous distribution of the HE particles 
in the Cr2O3 matrix. In the particular case of 
Cr2O3/HMX, the decrease in sensitivity is less 
pronounced due to the fact that γ-HMX and 
δ-HMX present in the nanocomposite (see §2.3) 
are more sensitive than β-HMX.  
 The friction sensitivity was determined by 
using a Julius-Peters device. A material 
deposited (about 10 mm3) on a rough ceramic 
plate undergoes friction by a rough ceramic 
stick. The press intensity of this stick is 
determined by the relative position of weights 
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suspended from a lever. A test is assumed to be 
positive whenever a crackle or an inflammation 
is observed. Concerning the Cr2O3/HE 
nanocomposites, they all have a sensitivity 
threshold higher than 360 N (Table 2). The inert 
matrix physically protects HE particles trapped 
in it against the friction stress. These results are 
of great importance because they clearly show 
that it is possible to significantly desensitize HE 
towards mechanical stress by trapping them in 
an inert matrix.  
 
Sample Impact (J) Friction (N) 
RDX (5 µm) 2.45 160 
Cr2O3 / RDX 22.07 > 360 
HMX (200 µm) 5.40 108 
Cr2O3 / HMX 7.36 > 360 
PETN (22 µm) 2.45 72 
Cr2O3 / PETN 7.36 > 360 

 
Table 2: Impact and friction sensitivities of 
classical HE compared to the ones of their 
nanostructured counterparts (Cr2O3/HE) 
containing 25 wt% HE.  
 
4. Conclusions 
 
 High explosives such as PETN, RDX and 
HMX can be structured and stabilized at 
nano-scale in a porous chromium (III) oxide 
matrix. This inorganic template exhibits a high 
level of macroporosity. The walls of the 
macropores are composed of cylindrical 
elementary Cr2O3 particles. The explosive phase 
first solidifies between these particles and then 
deposits on the surface of the nuclei formed in 
the interparticular space.  
 The study of the reactive properties of 
Cr2O3/HE nanocomposites showed that 
explosive nanoparticles are more sensitive to 
thermal stress than micron-sized explosive 
particles. The decomposition temperature 
strongly depends on the size of the explosive 
particles.  
 The “quantization” of the explosive into 
non-contiguous, separate nanoparticles in the 
matrix dramatically decreases the sensitivity to 
impact and friction stress. Moreover, detonation 
tests performed on Cr2O3/RDX nanocomposites 

tend to prove that the decomposition mode (i.e. 
deflagration or detonation) depends on the 
continuity of the explosive in the matrix.  
 Forthcoming studies will focus on the 
doping of inorganic matrices with a well-
organized porosity in order to control exactly the 
size of explosive particles. Thus, it will become 
possible to correlate the reactive properties of 
the explosive nanoparticles with their size.  
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ABSTRACT 
 

Defence Forces Technical Research Centre (PVTT) carried out an investigation at the request of 
the Safety Technology Authority (TUKES) to determine the effect of fire on fireworks storage containers. 
Fire tests were performed to study the thermal effects and impact caused by an external and internal fire. 
The effect of external fire was testes the door of container 1 closed in test one (a). The effect of internal 
fire was tested the door of container 1 closed in test one (b) and opened in test two (container 2). The tests 
were recorded by video cameras and thermal imaging cameras. Additionally, temperatures were measured 
in test one by means of thermal wires. 

 
Two containers were used in the test containing fireworks complete with packaging. The net 

quantities were approx. 150 kg of Class 1.3 G and approx. 300 kg of Class 1.4 g products. The same 
products were loaded in both containers in the same locations.  In the test, containers containing consumer 
fireworks normally included in a standard customer delivery were burnt. The containers were identical to 
those used for storing fireworks during the New Year season near the shop/sales outlet in Finland. 

 
The thermal effect of fire and impact are presented. In Container Test 1, the fire outside the con-

tainer failed to ignite the products inside. The thermal insulation of the container prevented the indoor 
temperature from rising. Internal fire after ignition led the adjacent products to ignite either continually 
(door open, Container Test 2) or in cycles (door close; Container Test 1).  In the Container Test 1 (door 
close), total of 83 kg of Class 1.3 and 15 kg of Class 1.4 fireworks did not catch fire. 

 
 

1 INTRODUCTION 
 

In the tests, containers containing consumer fireworks normally included a standard customer de-
livery were burnt. The test results provide a sound basis for evaluating whether the current system of fire-
works storage is safe enough. 

 
At large sales outlets in Finland, fireworks are stored not only inside the shop building but also 

out of doors in a special container storage area. At the time of the annual New Year sales in Finland, the 
fireworks intended for consumers are usually stored in a fire-insulated container placed out of doors in the 
yard of the shop premises. The inside of the type of container approved for storage is lined with a 100 mm 
layer of mineral wool or other non-combustible insulation material and clad with 12 mm thick plywood 
sheets. 

 
Finnish Defence Forces Technical Research Centre (PVTT) carried out an investigation at the re-

quest of the Safety Technology Authority (TUKES) to determine the effect of fire on fireworks storage 
containers. Three fire tests were performed with two containers to study the thermal effects and impact 
caused by an external and internal fire. The tests were recorded by video cameras and a thermal imaging 
camera. Additionally, temperatures were measured in the container test 1 by means of thermal wires. 
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The containers were identical to those used for storing fireworks during the New Year season 
near the shop/sales outlet. The fire started outside the container was designed to simulate in which a vehi-
cle, etc., burns near the container. The fire started inside the container was designed to simulate the ef-
fects of vandalism when the container door is closed or open. 
 
2 SAMPLES AND TESTS 
 

Two metal containers were used in the tests containing fireworks complete with packaging. The 
net quantities were approx. 150 kg of Class 1.3 G and approx. 300 kg of Class 1.4 G products. The Class 
1.3 G fireworks were placed in the rear of the container. The samples consisted of commercially available 
fireworks and they had been tested and approved for sale. Both containers contained similar product 
packaged in the same way and they were loaded by TUKES. In the figure 1 is the picture of the container. 
 

 
  

Fig.1 Container being loaded for the test. 
 

Three tests with two containers were tested. The burning of the contents of the container was to 
be investigated in the tests in the following cases: 

 
1) An intense external fire is ablaze next to the storage container. It was tested, is the conducted 

and radiated heat generated by the fire enough to ignite the fireworks inside the container (Test 1 A). If 
the contents do not catch fire, the container and its contents are used in the following tests. 

 
2) The fireworks load inside the storage container is set to fire using the standard ignition method 

of the packaged product. The container is closed and the doors are locked.  It was tested, if there is 
enough air in the closed container to sustain fire, so that the burning packaging material ignites the fire-
works (Test 1 B). The container used in Test 1A and its contents were re-used in this test. 

 
3) The fireworks load inside the storage container is set to fire using the standard ignition method 

of the packaged product. One of the container’s two doors is open. It was tested, how will a fire in the 
packaging material intensified by the generous supply of air ignite the fireworks (Test 2). The second 
container was used in this test. 
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3 TEST METHODS 
 

The effects of the fire were evaluated visually and by means of video and thermal imaging cam-
eras. The thermal imaging camera used in the test was Agema Thermovision 900. Additionally, a high-
speed camera was also available but nothing occurred in the test that could not have been adequately re-
corded by the thermal imaging and video cameras. The cameras were positioned at a distance of approx. 
200 meters from the test site (approx. 170 m by air). The measuring points were mounted at an angle of 
45® from the container door at a distance of 5, 10 and 15 meters for the determination of any thermal ra-
diation. The measuring points were on the opposite side from the fire. 

 
Additionally, container 1 (Test 1A and 1B) was fitted with thermal wires for the purpose of tem-

perature measurements. One thermal wire measured the temperature on the internal wall of the container, 
another thermal wire measured the temperature above the boxes in the centre of the container, and a third 
thermal wire measured the temperature of the external wall facing the fire. The thermal wires were placed 
in protective tubes lined with insulation wool and covered with aluminium folio to protect them from fire. 
 
4 TEST SITE AND WEATHER 
 

The tests were carried out in the explosive test site at the Ähtäri Depot. Test 1 was carried out on 
24 January 2007 at 14:00 in the following weather conditions: -12.5®C, humidity 87% RH, and pressure 
1018.3hPa. In Test 2 on 25 January 2007, the weather was as follows: -18.9®C, humidity 87% RH, and 
pressure 1019.1hPa. 
 
5 TESTING AND RESULTS 
 
5.1 CONTAINER TEST 1A AND 1B 
 

The first fire (Test 1A) was started outside the container. For this purpose, pallets were pilled up 
to a height of approx. 1 meter at a distance of one meter from the container wall. 60 kg of gun powder and 
40 litres of Neste tundra fuel oil were poured over the pallets to get the fire started. In the figure 2 is the 
picture of the external fire. 
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Figure 2. Test 1A: external fire. 
After the external fire had been going on for half an hour, another fire was started inside using 

remote-controlled hot-wire lighter (test 1B). The hot-wire lighter was attached to a large 1.3 G Orchidea 
rocket at the bottom of a pile of boxes in the centre of the container. The transmitting fuse and wires had 
to be laid through the gaps in the door and placed in position before the external fire was started. 

 
 
5.2 RESULTS AFTER CONATINER TEST 1 (1A and 1B) 
 

In a visual inspection, the external fire was not found to have any impact on the container. The 
fire was relatively fierce for 15 minutes but died down almost completely in 30 minutes. After this one 
product inside the container was ignited electronically by means of a hot-wire lighter and almost immedi-
ately smoke started billowing from the ventilation opening and under the doors. One minute after the igni-
tion sparks were seen flying through under the container door. In about two minutes from ignition, smoke 
generation was very intensive. In the figure 3 is the picture of test 1B after two minutes. 
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Figure 3. Test 1B: internal fire with Class 1.3 products burning 
 
 

The external wall temperature sensor showed that the temperature was high only immediately af-
ter the stack was set to fire and varied between 150 and 200®C during a period 15 minutes. Thanks to the 
100 mm fire-insulation layer inside the container, the products did not ignite and the internal temperature 
did not increased significantly. After electronic ignition the temperature inside the container increased 
sharply reaching about 600®C in 3 minutes. The internal fire burnt the insulation of the external tempera-
ture sensor after which it also started recording the indoor temperature. The temperature readings are in 
the table 1.  
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Table 1. Container 1 temperature during testing. 
 
Temperature measured with TESTO 454, Ch 1 = Container internal wall, Ch 2 = Container internal tem-
perature, Ch 3 = Container external temperature, * internal container temperature 
 

 
TIME 
(min) 

Ch1 
(°C) 

Ch2 
(°C) 

Ch3 
(°C) 

  - 5 -9 -14 -14
External Ignition 0 -9 -14 -14
  1 -9 -13 1200
  5 -8 -12 150
  10 -5 -10 200
  15 3 -8 150

 20 10 -5 100
  25 15 -2 80
  30 20 0 70
  35 24 1 70
Internal Electric Ignition 37 25 2 60
  40 600 560 630*
  45 220 340 420*
  50 180 240 300*
  55 140 200 210*
  60 270 180 370*
  65 240 160 300*
  70 200 150 270*
  80 160 130 190*
  90 140 130  
  100 140 130  
  110 130 120  
  120 130 120  

  
19h 25 
min 145 150 135*

 
 

The thermal imaging camera show some sparks flying through the gaps in the container doors 
soon after ignition inside. No thermal effects were detected out of door at a distance of 5 meters (during 
first 10 minutes) from the container where the first measurement point was located. The temperature was 
same than the outside temperature. The internal temperature was measured still 150® in next morning and 
isolated sounds of activity were heard from the container from time to time. The container wall felt cold 
to touch outside. It was noticed that the container did not burst at any point, nor did the door locking fail, 
nor had the snow melted around container except for the site where the pellets had been burnt. A visual 
inspection showed however, that the wall and ceiling on the long side of the container were slightly bulg-
ing. After two days random bangs could still be heard from the container. The container was later opened 
and photographed. In the figures 4 and 5 is the pictures of the unburned boxes in test 1A and 1B. 
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Figure 4. Unburned boxes of 1.4 G battery fireworks 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 5. Unburned 1.3 G fireworks (rockets and candles) 
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It was determined that 83 kg of Class 1.3 and 15 kg of Class 1.4 products were unburned. It is 
more than half (55 %) of Class 1.3 products and approx. 5 % of Class 1.4 products failed to catch fire dur-
ing test 1B. A visual inspection revealed that the plywood wall lining of the container was intact and the 
door insulation had not burnt, either marks of fire were found on the (plywood) internal walls and they 
were completely covered by soot but the insulation (plywood, insulation wool) was intact. 

 
5.3 CONTAINER TEST 2 
 

Container 2 contained the same products as Container 1. The ignition method was different. The 
stack of boxes at the open door (containing batteries type fireworks) was ignited using remote-controlled 
hot-wire lighter. Newspapers dipped in approx. 1 litre of fuel oil were also used to help the fire get 
started. The fire was allowed to erupt with the container door open (left-hand door seen from the viewer’s 
position) and its progress was monitored. In the figure 6 is the picture of that. 

 
 

 
 

Figure 6. Test 2: container is ablaze 
 
 
5.4 RESULTS OF CONTAINER TEST 2 
 

The container test was monitored visually for approx. 3 hours. Fairly soon after the fire had been 
started, sounds of activity were heard from the container and products were seen flying to the door open-
ing (2 min) and the distance of approx. 5 meters from the opening. Some rockets were observed flying 
through the door in approx. 10 minutes after ignition a distance of approx. 30 to 50 meters. Sounds of 
fireworks activity and hits against the internal container wall were heard to the observation point. 

 
The thermal images show that no thermal effects were detected by the sensor in the measurement 

post placed at a distance of 5 meters from the container. The temperature was the same as the outdoor 
temperature. The measuring post was on the side opposite the open door at an angle of approx. 45®. 
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Next morning a few embers were found on the container floor. All the fireworks had been con-
sumed by fire. Additionally, it was detected that the plywood lining on the container and the closed door 
had burnt. The mineral wood insulation was piled up on the container on top of the floor and completely 
destroyed by fire. In the figure 7 is the picture of the view from the container door.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Figure 7. The view from the container door 

 
 

Moreover, it was determined that the container had not been dislocated and that it did not show 
any signs of external bulging. Remnants of firework (cardboard, pieces of plastic) were found at the door 
opening over a distance approx. 10 meters from the container and a few isolated remnants at a distance of 
30 to 50 meters. 
 
6. DISCUSSION 
 

In container test 1 A, the fire outside the container failed to ignite the products inside. The ther-
mal insulation of the container prevented the indoor temperature from rising. The internal fires started in 
the container tests caused the products to ignite either continually (door opened; Container test 2) or in 
cycles (door closed, Container test 1B). 

 
Most likely, the insulation-lined fireworks container is so tightly sealed that when the contents are 

burning with the doors closed, the supply of oxygen from outside is too low to sustain the burning of 
packaging materials. Therefore the fire only spreads from one box to the next as long as there is enough 
oxygen inside the container or as long as the temperature inside the boxes rises high enough. Instead, the 
boxes were only charred in the absence of the oxygen that would have been required for burning. The 
sharp increase in temperature following internal ignition did not last long enough the heat the fireworks 
up to the ignition point. 
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The internal fire was found to trigger or burn the products inside the container. In Container test 2 
with one of the doors open, a few fireworks items were thrown out through the door. In Container Test 2, 
the products in front of the door consisted batteries and missiles. Conceivably, items could possible have 
been thrown over longer distance if the products at the door had been rockets, etc. Consequently, the ef-
fects of fire can also be influenced by the packaging method. 

 
The images taken with the thermal imaging camera showed that thermal radiation at a distance of 

5 meters and an angle of approx. 45® to the door did not differ from the normal outdoor temperature. 
 
In Container test 1 b, in which the container door was closed during the fire, the insulation did not 

burn (plywood, mineral wood). In container test 2, in which one of the doors was open, the internal ply-
wood cladding was destroyed by fire. 

 
The test results provide a sound basis for evaluating whether the currents system of fireworks 

storage is safe enough. Consequently, the test results cannot, with full certainty, be generalized to apply to 
every container in use around New Year Day. The test findings provide information on the behaviour of 
fireworks storage containers in a fire when loaded with the products used in the test exactly in the same 
way.  
 
 
ACKNOWLEDGEMENTS 
 

We wish to thank following persons, Sanna Ahosilta (TUKES) and Tiina Lahtinen (PVTT) and 
Vesa Metsälä (PVTT) for their skilful technical assistance. Also the co-operation with the peoples in the 
Ähtäri Depot has been stimulating. 
 
 
REFERENCES 
 

1. Test project 073TU005 of the Finnish Safety Technology Authority (TUKES)  
2. PVTT Test report AD7656, 22.3.2007 

 



-547- 

Imaging different nitrocellulose grades by Scanning Probe Microscopy 
 

D. SPITZER, N. PIAZZON, M.R. SCHÄFER, V. PICHOT, M. COMET 
Laboratoire ISL / CNRS «Nanomatériaux pour les Systèmes Sous Sollicitations Extrêmes » (NS3E), 

Institut 
franco-allemand de recherches de Saint Louis (ISL), 5 rue du Général Cassagnou, 68301 SAINT 

LOUIS, France 
- Tel: 0033-389695075 - Fax: 0033-389695074 

E-mail: spitzer@isl.tm.fr 
 

ABSTRACT 

The present work investigates the imaging of several nitrocellulose grades by Atomic Force Microscopy 
(AFM). Different studies in the past showed that the understanding of the working mechanism of 
propellant with low temperature coefficient requires the characterization of the interaction between 
plasticizer molecules and nitrocellulose. Until now, these interactions were essentially investigated by 
Differential Scanning Calorimetry (DSC), which is a macroscopic technique [1], [2]. To make further 
progress, these studies must be done on the nanoscale. Therefore, it is necessary to image nitrocellulose 
with the maximal spatial resolution. In this work, the structures of three kinds of nitrocellulose having 
different nitrogen contents were studied by atomic force microscopy. 

The samples were deposited on atomic flat supports like Highly Oriented Pyrolitic Graphite (HOPG) in 
ambient conditions. The nitrocellulose was deposited according to two different techniques: the single 
droplet and the spin coating techniques. The critical experimental parameters to control the nitrocellulose 
deposition are the nature of the solvent and the nitrocellulose concentration. 

The atomic force microscopy is used in the tapping mode which allows the observation of the polymer 
without destroying it during imaging. Although work had been performed on the studying of the 
nitrocellulose structure with even a higher spatial resolution by using scanning tunnelling microscopy 
(STM) [3], the present work is focussed on AFM to investigate the topography and the organisation of 
nitrocellulose deposited on HOPG on a rather large scale in order to determine which deposition 
technique is the most adapted one to obtain regular monomolecular deposition of the nitropolymer. As the 
previous work showed in a qualitative manner that the dissolution occurs more readily in ethyl acetate 
than in acetone, the mainly used solvent for the present study is ethyl acetate. 

This work has been done with different main targets. The first one was to compare the dissolving powers 
of the solvents used. A second target was to compare the two kinds of deposition techniques previously 
mentioned. Another important aim was to compare the adsorption of the different nitrocellulose grades on 
the graphite support. 

The main result reported in this paper is the confirmation at the nanoscale of the fact observed at the 
macroscopic scale, that nitrocellulose dissolution is easier in ethyl acetate than in acetone. Indeed, ethyl 
acetate allows obtaining nitrocellulose deposits made of individual molecular chains without the long 
shaking duration required for acetone. In the case of the spin coating deposition technique, the influence 
of different parameters like the duration, the rotational speed, the acceleration of the deposition process 
and the deposited volume was investigated. The parameters were adjusted in order to obtain 
systematically single individual molecular chain deposition. The adsorption study carried out with ethyl 
acetate and the spin coating technique, confirmed again the result obtained with acetone and the spray 
technique in a previous study [3], which shows that the high nitrated nitrocellulose adsorbs strongly on 
the graphite support. 
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1. INTRODUCTION 

The imaging of single nitrocellulose molecular chains is an important topic to study the interaction of this 
main constitutive element of a propellant with other ingredients like plasticizers, explosive nanoparticles, 
or aluminium nanoparticles. This concerns the development of new generation nanostructured propellants 
characterized by enhanced perfomances. In the past some studies were made with macroscopic 
calorimetric methods like DSC [1], [2], to identify the interaction mechanism between nitrocellulose and 
different plasticizers like the DiNitro-DiaAza (or DNDA) molecules. A first attempt was made by our 
research group [3] to image nitrocellulose individual chains by atomic force and scanning tunnelling 
microscopies. Individual chains were spatially resolved by these microscopy techniques. The samples 
were prepared by dissolving different nitrocellulose grades in acetone and by putting different 
concentrations with single droplet and spray techniques on HOPG supports. This work reports a 
significant progress in the preparation of nitrocellulose deposits for AFM imaging. This progress was 
achieved by replacing acetone by ethyl acetate and by using the spin coating technique used to deposit the 
sample to be observed. 

The work done will be presented in different parts. After giving the scope of the study, first will be given 
a description of the deposition techniques and the technical aspects of the atomic force microscopy 
technique used. In another following part, the results obtained for all the three nitrocelluloses studied will 
be given. 

 

2. SCOPE OF THE STUDY 

The present study was performed on different nitrocellulose samples provided by the Société des 
Matériaux Energétiques (SME). Their physico-chemical characteristics are listed in Table 1 below. 

 
NC  (% N)  Viscosity  Substitution degree 

(S),  
Molar 
weight  

Monomers per  Total molar  

  (Bergerac)  (0<S<3)  (g/mol)  chain  weight  
      (g/mol)  
NC A  11.90  D 7.5  2.23  262.25  330  86543  
NC B  12.50  D 12.7  2.42  270.70  500  135350  
NC E  13.49  D 20  2.75  285.89  520  148663  

Table 1: Characteristics of the nitrocellulose grades. 

For the imaging of the pure nitrocellulose grades, the samples are dissolved in two different solvents. 
These solvents are acetone and ethyl-acetate. Acetone is an interesting solvent because of its rather low 
evaporation temperature (58 °C). As this temperature is low, this solvent is mainly used in the propellant 
manufacturing because it is easy to be removed during and after the processing of the propellant matrix. 
Due to this property, after the solutions acetone/nitrocellulose had been deposited on the flat support, the 
solvent leaves quickly the sample. On the other hand, as the solubility of nitrocellulose in acetone is 
rather low, compared to the solubility of nitrocellulose in ethyl acetate, the opportunity that the solvent 
molecules separate the molecular nitrocellulose chains is rather low. Due to this fact, the studies made 
with the acetone/nitrocellulose mixtures, showed that to separate the chains with acetone, it needs very 
long shaking durations (10 days) whereas this is not the case with ethyl acetate. In the case of ethyl 
acetate, single molecular nitrocellulose chains appear after some minutes shaking duration. This was 
confirmed on a macroscopic scale by G. Chérubin in 1960 [4]. 
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3. SAMPLE PREPARATION AND IMAGING TECHNIQUES 

3.1 CONCENTRATIONS 

For the preparation of the nitrocellulose solutions, two solvents were used: ethyl acetate and acetone. 
Each solvent was of spectroscopic quality. The concentrations in nitrocellulose were adjusted in a wide 
range from 10-8 mg/mL to 10-2 mg/mL. The concentrations were tuned in order to obtain images with 
maximal spatial resolution. They were lowered to obtain individual resolved nitrocellulose molecular 
chains. 

3.2 THE DEPOSITION SUPPORT 

A very important condition to reach high spatial resolution with the SPM techniques like atomic force 
microscopy is to use very flat supports to depose the sample. The most classical flat supports used are 
atomically-flat graphite, namely High Oriented Pyrolitic Graphite (HOPG) and Mica. Contrary to mica, 
the cleavage of HOPG does not give large atomically flat surfaces insofar that atomic steps are often 
observed. However HOPG is of particular interest because of its good electrical conductivity and its 
rather low prize compared to atomic flat metals. Figure 1 (left) gives the HOPG structure and its 
observation (right) performed by Scanning Tunneling Microscopy (STM). In this study, most experiments 
were performed with graphite. 

 
Figure 1: Crystalline structure (left) of graphite and its STM observation (ISL) (right). 

3.3 THE DEPOSITION TECHNIQUES 

Two deposition techniques were used. The first one is the macroscopic single droplet technique. In this 
case, a droplet of 50 μL is deposited on the freshly cleaved HOPG support. The sample is kept at ambient 
conditions for at least one hour in order to evaporate the solvent. As this deposition technique is a rather 
slow process which is governed by the diffusion of elementary species, it does not allow controlling the 
solvent evaporation and the nitrocellulose distribution at the surface of the support. This deposition 
technique leads to large macroscopic sized clusters of the deposited element. For this reason another spray 
technique, not used here was developed to limit the diffusion and to prevent the formation of these large 
clusters [3]. The second technique reported in the present work is the spincoating technique. In this 
technique a droplet of the solution is deposited on the atomically flat support which is rotated very 
quickly around its axis of symmetry. Due to the centrifuge acceleration and the speed, the deposited film 
thickness is reduced to very small values (figure 2). 
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Figure 2: Principle of the spin coating deposition technique. 

3.4 SCANNING PROBE IMAGING TECHNIQUES 

The atomic force microscopy is used in the Tapping Mode® which allows the observation of the polymer 
without destroying it during its imaging. This technique allows measuring the real topography of the 
samples. 

Atomic force microscopy was invented in 1986 by Gerd Binnig [5]. The AFM probes the surface of a 
sample by moving it beneath a tip attached to a weak cantilever spring while the tip is in contact, or near 
contact, with the surface. The sample is typically moved by piezoelectric scanners able to move it on 
subangstrom scales. The AFM can be operated in three main cases of interaction between the tip and a 
sample. These cases are contact mode, tapping mode and non-contact mode. 

In AFM, contact mode is the most common method of operation. As the name suggests it, the tip and 
sample remain in close contact as the scanning proceeds. By “contact” it is meant that the system is 
located in the repulsive regime of the intermolecular force curve. The repulsive region of the curve lies 
above the x-axis. This mode provides high spatial resolution. One of the drawbacks of remaining in 
contact with the sample is that there exist large lateral forces on the sample as the tip is “dragged” over 
the specimen. For this reason, contact mode can not be used for soft samples without destroying them 
during the scanning. 

Tapping Mode® is the most common mode used in AFM. In air or other gases, the cantilever oscillates at 
its resonant frequency. When it is positioned above a surface it only taps it for a very small fraction of its 
oscillating period. There is still contact with the sample but the very short time over which this contact 
occurs means that lateral forces are dramatically reduced as the tip scans over the surface. For this reason, 
this mode is rather preferred in the case of poorly immobilised or soft samples. 

The third operating mode, the non-contact mode, is another method which may be used to image samples 
by AFM. The cantilever must be oscillated above the surface of the sample at such a distance that we are 
no longer in the repulsive regime of the intermolecular force curve. This is a very difficult mode to 
operate in ambient conditions with the AFM. The thin layer of water adsorbed on the surface of the 
sample will invariably form a small capillary bridge between the tip and the sample and causes the tip to 
“jump-to-contact”. Even in liquids and in vacuum, jump-to-contact is extremely likely, and imaging is 
most probably occurring using Tapping Mode®. 
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The present study used the Tapping Mode ®. A Nanoscope IV multimode AFM (Digital Instruments, 
Santa Barbara, USA) was used to perform the imaging experiments. The probes used are of three types. 
The scanning electron micrographs of the tips used for AFM are shown on figure 3:  

- The first one was used to optimize the concentration of nitrocellulose in the solvent. For this purpose, 
the tip was rather big. It is the „RTESP“ (for Rotated Tip Etched Silicon Probe) produced by Veeco. 

 
Figure 3: AFM tips used: RTESP probe (A), DLCS probe (B), Hi’RES DP14 (C). 

This probe has a silicon cantilever having a length of 125 μm, a width of 35 μm and a thickness of 4 μm. 
The resonance frequency ranges from 200 to 400 kHz and the spring constant is between 20 and 80 N/m 
with a mean value of 40 N/m. The tip is made of silicon. Its radius of curvature is about 10 nm. The 
spatial resolution of the imaging depends on the size of this tip. The resolution obtained with it is between 
5 and 10 nm. 

- The second probe used is the „DLCS“ (for Diamond Like Carbon Spike) probe from Veeco. In this case, 
the cantilever is also a silicon one with a length of 125 μm, a width of 35 μm and a thickness of 1.5 to 2.5 
μm. The resonance frequency ranges from 110 to 220 kHz and the spring constant is between 1.8 and 
12.5 N/m with a mean value of 5 N/m. The total height of the tip is about 15 to 20 μm. On this principal 
tip, some spikes of amorphous carbon are grown by Chemical Vapour Deposition (CVD) technique. Their 
height is between 100 and 200 nm. The advantage of these spikes is their low radius of curvature (2 nm) 
which enhances, compared to the RTESP, the spatial resolution. For the DLCS probes, the spatial 
resolution is equal to about 2 nm. The engage setting and the parameters of the microscope must be 
carefully adjusted in order to have only one spike interacting with the sample. Multi-spikes interactions 
would result in a significant decrease of the spatial resolution. The DLCS probes were the most used in 
this work. The RTESP probes were used in the case of high roughness whereas the DLCS ones were 
employed for a maximal roughness of about 5 nm to prevent their destruction during imaging. 

- The third probe used is the Hi’RES DP14 made by Micromash. In this case, the probe is made of 
tungsten. The cantilever has a length of 125 μm, a width of 35 μm and a thickness of 2 μm. The resonance 
frequency ranges from 110 to 210 kHz and the spring constant is between 1 and 10 N/m with a mean 
value of 5 N/m. On the apex of the tip, there is a single spike with a height between 100 and 500 nm and a 
radius of curvature below one nanometer. 

A 11.9 %N nitrocellulose deposit made by spin coating was imaged with Hi’RES and DLCS probes in 
order to compare the spatial resolution reached with each kind of probe (figure 4). The solvent used is 
ethyl-acetate and the concentration of nitrocellulose is 0.001 mg/mL. The spatial resolution obtained with 
the Hi’RES probe is equal to about one nanometer which corresponds to the radius of curvature of the tip 
of the probe. The resolution obtained by the DLCS probe as the tip has a radius of curvature slightly 
higher than that of the Hi’RES, is equal to 2 nanometers. This result shows that the Hi’RES would give a 
higher spatial resolution. However, this resolution could not be reached with all of the Hi’RES probes 
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whereas the two nanometers resolution is systematically reached with DLCS probes, This is why DLCS 
probes were the most used for the single chains imaging. The comparison of the two micrographs of 
figure 4, shows that the image obtained by the Hi’RES tip is a little better resolved, but this probe needs 
to be of better quality to make routine imaging at this level of spatial resolution. 

 
Figure 4: Comparative spatial resolution obtained with DLCS (A) and Hi’RES DP14 (B) probes by 

imaging 11.9 %N nitrocellulose in ethyl acetate (concentration: 0.001 mg/mL), deposited by spin coating. 

 

4. RESULTS 

4. 1 COMPARISON BETWEEN ACETONE AND ETHYLE ACETATE 

The first nitrocellulose imaging at ISL was done on deposits elaborated by using acetone as a solvent to 
depose the nitrocellulose grades on atomically flat supports [3]. Despite the fact that acetone is a good 
solvent of nitrocellulose, the imaging of individual nitrocellulose chains requires a long shaking time in 
order to obtain deposits in which the molecular chains are well separated. Figure 5 gives a qualitative 
comparison between both solvents, namely acetone and ethyl acetate. The deposits used for this purpose 
were performed with 13.49 %N nitrocellulose dissolved in acetone or ethyl acetate at a concentration of 1 
mg/mL. The sample was deposited by the droplet technique with no previous shaking treatment. 
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Figure 5: Comparison of the solvent strength of 

acetone (A) and ethyl acetate (B) for a13.49 %N nitrocellulose. 

These two micrographs definitively prove that the solvent strength of ethyl acetate is higher than the one 
of acetone for dissolving nitrocellulose. The results presented here (Figure 5) concern the 13.49 %N 
nitrocellulose grade which is the most difficult to dissolve due to its high crystalline phase content. 
However, this trend was experimentally observed for all nitrocellulose grades. The dissociation of 
nitrocellulose into individual molecular chains occurs in a few minutes with ethyl acetate while it requires 
about eight days shaking duration in acetone. 

These AFM experiments corroborate the well known fact that ethyl acetate dissolves better nitrocellulose 
than acetone does. The evaporation of nitrocellulose-ethyl acetate solutions gives transparent amorphous 
films. Conversely, the evaporation of acetone-nitrocellulose solutions leads to white semi crystalline 
films. 

4.2 THE DEPOSITION TECHNIQUES (SINGLE DROPLET AND SPIN COATING) 

The two deposition techniques –i.e. single droplet and spin coating- were compared in order to determine 
which one is the more convenient to image regular patterns of individual nitrocellulose chains. A solution 
of nitrocellulose (11.9 %N) in ethyl acetate (10-7 mg/mL) was prepared and deposited on high oriented 
pyrolitic graphite by both techniques. The single droplet deposition was carried out with a 50 μL droplet 
which was left for evaporation. For the spin coating deposition, a 50 μL volume was used and the 
experimental parameters were (90 (rotation duration in seconds), 3000 (acceleration in rpm/s), 2000 
(rotation speed in rpm)). The AFM micrographs of these three deposits are shown in figure 6. 

In the case of the single droplet technique, there is a strong aggregation insofar as the roughness ranges 
from one to two nanometers which corresponds to clusters formed by several molecular chains (Figure 
6A). The spin coating technique leads to a better distribution of the nitrocellulose on the HOPG surface 
(Figure 6B). Moreover, the analysis of the topography clearly shows that the strands observed on this 
micrograph are monomolecular nitrocellulose chains. 
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Figure 6: AFM imaging of nitrocellulose (11.9 %N) deposits obtained by 

single droplet (A) and spin coating (B) techniques. 

The difference between the single droplet and the spin coating depositions is less marked for higher 
nitrated nitrocellulose (13.49 %N). However, regular deposits having a monomolecular height can be 
obtained by optimizing the spin coating parameters. For instance, the decrease of the deposited volume 
and the increase of the speed of rotation allow obtaining regular monomolecular deposits (Figure 7). 

 
Figure 7: AFM imaging of nitrocellulose (13.49 %N) deposit obtained by 

 spin coating technique (90, 3000, 3000). 
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4.3 CHARACTERIZATION OF DIFFERENT NITROCELLULOSES DEPOSITED BY SPIN 
COATING TECHNIQUE 

A comparative study was carried out on three different nitrocellulose grades in order to understand the 
interactions between the chains and the HOPG substrate. All nitrocelluloses were deposited with the same 
experimental conditions –i.e. 10-8 mg/mL, 10 μL, spin coating procedure (90, 3000, 3000). 
Corresponding AFM images are shown in figure 8. 

 
Figure 8: Nitrocelluloses deposited by spin coating: 

11.9 % N (A), 12.5 % N (B) and 13.49 % N (C). 

The nitrocellulose for which the intermolecular interactions are the strongest is the lowest nitrated (Figure 
8A). Indeed, the chains are bound together but the analysis of the topography reveals that the height of the 
deposit corresponds to monomolecular chains. The two others nitrocelluloses (Figure 8B, 8C) are less 
agglutinated and small clusters are observed. As these clusters are located at the extremity of the 
nitrocellulose strands, it can be reasonably assumed that they are formed by single molecular chains 
which fold up. The lateral aggregation of the nitrocellulose chains is probably due to the interactions of 
hydroxyl groups which are hydrophobic and have no affinity for the HOPG substrate. Conversely, the 
substitution of some hydroxyl by nitrate groups in the higher nitrated nitrocelluloses leads to a better 
interaction with the substrate. This is confirmed by the analysis of the heights of the deposits (Figure 9). 

 
Figure 9: Experimental height measurements for the three nitrocelluloses deposited by spin coating: 11.9 

% N (A), 12.5 % N (B), 13.49 % N (C). 

These results are in good agreement with the previous observations of deposits obtained by the spray 
deposition technique with acetone as solvent [3]. Figure 10 shows the evolution of the height of the 
nitrocellulose deposits according to the grade and the concentration of nitrocellulose. Each curve exhibits 
a minimum which corresponds to the height of single monomolecular chains unfolded on HOPG surface. 
The minimum height of the deposit decreases when the nitrogen content of the nitrocellulose increases. 
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Figure 10: Mean height of adsorbed nitrocellulose clusters represented according to the concentration of 

nitrocellulose / acetone solution (g/L) spread on the HOPG substrate. Each nitrocellulose grade was 
studied 11.9 % N (     ), 12.5 % N (), 13.49 % N (- - -). 

The parameters used to deposit nitrocellulose by spin coating are of great incidence on the deposit 
morphology. Among these parameters, acceleration plays a determining role for separating the 
nitrocellulose chains. For this purpose, deposits were achieved by using two different accelerations: 3000 
and 5000 rpm/s (Figure 11). 
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Figure 11: Influence of acceleration on spin coated deposits of nitrocellulose 

(13.49 % N, 10-8mg/mL, 10 μL): 3000 rpm/s (A), 5000 rpm/s (B). 
 
In the case of the lower acceleration (Figure 11A), the nitrocellulose deposit has the molecular height of a 
single chain. However, there is still aggregation of the nitrocellulose molecules because the width of the 
strands ranges from 5 to 40 nanometers (Figure 11A). The chains are still laterally linked together. In 
other words, this acceleration is not high enough to separate the molecules. The density of the chains on 
the HOPG surface is higher for nitrocellulose spin coated at the highest acceleration (Figure 11B). This 
indicates that the acceleration used during the deposition process allows a better dissociation and 
distribution of nitrocellulose chains. Similar results are obtained with the other nitrocellulose grades. 

 

5. CONCLUSION 

This work reports the imaging of nitrocellulose of different grades by scanning atomic force microscopy 
(AFM). It was proved that the use of ethyl acetate as nitrocellulose solvent leads to very regular deposits 
of this polymer on HOPG surface. The dissociation of nitrocellulose chains is better in ethyl acetate than 
in acetone and requires a significantly lower shaking time. The comparative study of the two deposition 
techniques revealed that the spin coating technique leads to more regular patterns of well spatially 
resolved single chains of nitrocellulose. The grade of the nitrocellulose has an important effect on the 
adsorption of the chains on the HOPG substrate. High nitrogen content favours the adsorption on the 
HOPG surface. Low nitrogen content induces the lateral aggregation of nitrocellulose chains. Among the 
spin coating parameters, the acceleration has a determinant incidence on the dissociation and distribution 
of nitrocellulose chains. 

The use of ethyl acetate as solvent coupled with the spin coating method will permit to elaborate 
monomolecular deposits of nitrocellulose. Therefore, it will be possible to image such deposits by 
scanning tunnelling microscopy (STM) allowing then to study and understand more accurately the 
interactions of other molecules (e.g. plasticizers) with nitrocellulose. 
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Performance of NHA and Its Application 
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Abstract: NHA (nickel hydrazine azide) is a kind of energetic coordination compound with powerful 
initiating capacity. It is synthesized with nickel nitrate (or nickel acetate), sodium nitride and hydrazine 
hydrate. NHA is green polycrystalline and its granular diameter is around 80μm and density is 2.12g/cm3. 
NHA is not dissolved in water, alcohol and aether and decomposed with acid or alkali. Its moisture 
absorption within 72 hours is 0.019%. Its parameters about sensitivity are as following: 5s’ explosion 
temperature is 193� and its impact sensitivity is lower than PETN. Electrostatics accumulation is 0.3nc/g 
and electrostatics sensitivity is low. As for commercial detonator, the minimum amount for initiating 
RDX is 45mg. 5kg batch production has already been fulfilled in industrial and the acceptance tests of 
detonator with NHA have been assessed. The loading quantity of each detonator is between 110~130mg. 
Keywords: Coordination compound; Synthesis; Characterization; Nickel hydrazine azide; Commercial 
detonator 
 

1. Introduction   
The coordination compound of nickel hydrazine azide (NHA) contains rich nitrogen. It can be used 

as primary explosive[1,2]. Its chemical formula is [Ni(N2H4)2](N3)2 and the synthesis equation was given as 
below: 

Ni(NO3)2·6H2O + 2NaN3 + 2N2H4·H2O → [Ni(N2H4)2](N3)2 ↓ + 2NaNO3 + 8H2O 

or:  

Ni(CH3COO)2·4H2O + 2NaN3 + 2N2H4·H2O → [Ni(N2H4)2](N3)2 ↓ + 2NaNO3  +6H2O 

Recently, the synthesis technology of NHA was further improved. The free flowing product could be 
obtained. The bulk density will be 0.57~0.65 g/cm3. When NHA was used in the commercial blasting cap, 
the minimum charge quantity is 45mg. Its sensitivity to the safety fuse is much better than LTNR. It 
cannot be dead-pressed even though the pressure is more than 70MPa. And in the military stab detonator, 
after mixing it with 5% tetracene, the mixture can initiate the high explosives directly.  

Here some characteristics of structure of NHA will be discussed. The performance of explosion and 
its application as primary explosive are also described.  

2. Fundamental property 
2.1 Appearance 

The microscopic image of NHA was green polycrystal, obtained under the magnification of 
1400 with Questar Digital Microscope KH-7700, shown in Fig.1.  
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Fig.1 The microscopic image of NHA 
2.2 Structure Analyses 
 
2.2.1 XRD for NHA 
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Fig.2 The XRD profile for NHA 

Under the pipe voltage and current 40kv and 30mA, the X-ray diffraction (XRD) tests were finished 

by a diffracto-meter Bruker D8 ADVANCE with a Cu Kα X-ray source (λ=0.15405 nm). Information 

concerning X-ray diffraction data for NHA collected and used to obtain the position and intensities of 

diffraction peaks were summarized in Table 1. The unit cell parameters were obtained by further 

processing. It was found that crystal system of NHA belongs to monoclinic. The unit cell parameters were: 

a=22.2010, b= 3.1545, c=23.0720.  

Table 1 XRD data for NHA 
I/I0 100 57 39 33 27 24 23 19 

d/A0 6.87 6.37 4.10 3.79 3.08 2.95 2.99 5.95 
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2.2.2 XPS Tests  
The X-ray photoelectron spectra (XPS) were completed by a photoelectron spectro-meter ESCALab 

MK2 with a Mg Kα X—ray source to determine the whole and local scanning spectra. The calculated 
results from data XPS were listed in Table 2.  

 
 

Table 2  The results from data XPS  

Combining energy（eV） 

Sample 
Ni2p3/2 Ni2p1/2 N1s（N3－） N1s（NH2－NH2）

NHA 855.5 873.58 403.25 400.15 

NHN 856.8    

NaN3   403  

—NH2    399.8 

XPS analysis of NHA indicated that when Ni coordinated with NH2－NH2, the electron transferred 

from N to Ni .Because of its electron acceptor ability of Ni, the combining energy would decrease, but the 

electron density outside its nucleus increased. The electron density surrounding the nucleus of N would 

decrease. 

2.2.3 TG and DSC Analysis 

The TG and DSC analyses provided a well understand of the thermal decomposition of NHA by 

thermogravimetry (TGA/SDTA 851e) and differential scanning calorimetry (DSC 823e). The DSC profiles 

were recorded on heating rate of 10K/min, 20K/min and 30K/min in N2 atmosphere. Synchronizing 

DSC/TG curves under heating rate 20 K /min of NHA were shown in Fig. 3. DSC curves of NHA at three 

different heating rates were shown in Fig. 4.  
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Fig.3 DSC/TG profile for NHA 

 

Fig.4 The curve of DSC for NHA 

Fig. 3 showed two thermo-positive peaks for NHA corresponding to two steps of weight loss. So the 

thermal decomposition process of NHA was composed of two reactions. The first weight loss appeared at 

165℃～206℃ for 33.7%, while the second loss appeared at 206℃～400℃ for 26.3%. The results 

indicated that the prepared NHA underwent decomposition process in two steps. First, the bond Ni-N 

ruptured and the ligands N2H4 were lost. Secondly, the reaction that given off N2 took place. The 

activation energy (Ea) and the Pre-exponential factor (A) were obtained from DSC experiments. Hence, 

the Ea and A were calculated using the methods of Ozawa and Kissinger. The data were listed in Table 3. 

The average value was given here. 
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Table 3  Ea and A calculated from the two methods 

 Activation energy (kJ/mol) Pre-exponential factor 

NHA 

6.1421 =aE  

2.1092 =aE  

13955.131lg =A  

80891.82lg =A  

2.2.4 Explosion Speed Test 

The experiment had been performed with an explosion speed tester ZBS960A to measure the 

exploding speed of NHA. The distance between two probes was 30mm, and the first probe was set up 

about 15mm away from the ignition end. The enamel-covered wire, whose diameter was 0.032mm, was 

used as probe. When pressed to a density of 1.497g/cm3, NHA would detonate with a speed of 5.420km/s.  

2.2.5  Mechanical Sensitivity 

The sensitivity to impact was determined by Kast falling weight apparatus with the dropping height 

55cm, dropping weight 10kg. The sensitivity to friction was determined by Pendulous friction sensitivity 

equipment with the angle of oscillation 70°, the pressure 1.23Mpa. The experimental results were 

presented in Table 5. These results bring out that NHA is less sensitive to impact than K·D(Lead 

picrate·Lead azide) and PETN, and is more sensitive to friction than PETN, less sensitive to friction than 

K·D. The initiation of explosives by the impact an friction stimuli is a complex phenomenon , and 

depends on the molecular structure, crystal hardness, shape and size as well as on the thermal 

conductivity. 

Table 5  Mechanical sensitivity data for NHA、PETN、K·D 

Sample Number of sample Explosion percentage 
(impact sensitivity) 

Explosion percentage 
(friction sensitivity) 

NHA 20 35 10 
K·D 20 90 25 

PETN 20 100 0 
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3. Practical Application of NHA 
3.1 Stab detonator 

   Mixture of NHA and tetracene, at the proportion of 95�5(w/w), was used to load Φ4.87×6.4 stab 

detonator. The quantity of the mixture is 80mg, and the quantity of main charge (RDX) is 45mg. The 

pressure utilized is 150MPa. When the height of dropped ball is 20cm, the detonators will be reliably 

fired. The identifying lead plates (3mm thick) can form qualified holes. 

3.2 Commercial detonator 

   As the inspection to NHA for its manufacture in large scale, 3 batches in 5kg of each batch were 

produced in a factory. Then 100,000 commercial electric detonators were assembled in production line 

using NHA as the primary explosive. The charge of NHA was 90~110mg per piece of detonator. The 

pressure to press the NHA was 35MPa. After undergoing a series of standard tests, these detonators were 

applied in practical mining. 

4. Conclusions 

For the preparation of NHA, the uniform and granulated products can be obtained. The decomposition 

temperature of NHA is lower, which means the NHA has a higher sensitivity to the heat. Its lower 

activation energy (Ea) also indicates that NHA is easy to take chemical reaction. The thermal 

decomposition is carried out in two steps, that is, the rupture of bond Ni-N and the generation of N2. The 

weight loss of 33.7% corresponds to the decomposition of ligands N2H4, and that of 26.3% corresponds to 

the decomposition of N3. It is concluded that NHA will be a valuable primary explosive. 
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ABSTRACT 

Novel types of semi nitramine gun propellants based on crystalline energetics as RDX or FOX-12 and 
DNDA as energetic plasticizer bonded by nitrocellulose (NC) showing improved performance with regard 
to shaped charge jet impact, cook-off behaviour, thermal sensitivity, force, gun barrel erosion and low 
temperature coefficient. The data of several propellants from the DNDA propellant family are compared 
and discussed. The ageing behaviour of the novel propellants is improved and compared with double and 
triple base propellants. The strong increase in mass loss is not shown by the novel propellant types. The 
auto-ignition temperature is with 210 °C to 220 °C much higher compared with common NC propellants 
with 170 °C to 175 °C. The thermal sensitivity is assessed with micro calorimeter and accelerating rate 
calorimeter (ARC). Results of shaped charge jet impact as well as data concerning gun barrel erosion are 
explained. 
The low temperature behaviour during gun firing is reported.  
The LTC behaviour is the result of selected Nitrocellulose and the energetic three-component plasticizer 
in the propellant formulation. 
 
 

INTRODUCTION 

The gun ammunition now has to be safe in each climate zone, especially abroad, in Zone A1 and A3. For 
use in a combat aircraft, for example, the ammunition should have high cook-off stability, so that a self 
ignition reaction of the gun propellant does not occur in the hot gun barrel. On the other hand, there is still 
the demand for high performance with low barrel erosion. Accordingly, conventional single and multi-
base gun propellants border on their limits with the ignition temperature of 170 °C. 

A novel type of gun propellant is developed in Germany to solve this problem 1,2. Using a crystalline ex-
plosive, a nitrocellulose binder and a three-component energetic plasticizer, this gun propellant has a 
higher self-ignition temperature, significantly improved chemical stability, compared with conventional 
gun propellants. Besides a high impetus at a low adiabatic flame temperature and a low molecular weight 
of the reaction gases, the novel gun propellant has also an outstanding property, that the burning rate 
doesn´t depends on the initial temperature of the propellant 1,3,4. That is why the gun propellant is called a 
Low Temperature Coefficient (LTC) propellant. 

Since the burning rate doesn´t increase dependent from the propellant temperature, therefore the maxi-
mum gas pressure in the gun doesn´t also increase. 
 

FORMULATIONS AND TECHNOLOGY 

The LTC gun propellants consist of a crystalline explosive (RDX), a binder and the special plasticizer 
DNDA-5,7. Depending on the formulation, the performance data vary on a large scale, allowing a wide 
application in machine gun, tank gun or artillery ammunition 1,2,3,4. The feature of these propellants is a 
high specific energy at a comparatively low adiabatic flame temperature (Table 1). 
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 RDX/FOX-12 x x x x x x x 

           till max.59 Wt.-%

 NC x x x x x x x 

 DNDA-5,7 x x x x x x x 

 Stab. x x x x x x x 

 T                  [K] 2540 2913 3118 3160 3264 3335 3390 

 Force          [J/g] 1080 1182 1212 1229 1250 1263 1300 

 Qex              [J/g] 4000 4204 4347 4411 4519 4594 4730 
 Mw       [g/mol] 
 reaction gas 

19,4 20,8 21,4 21,4 21,7 21,9 22,1 

 
Table 1 :   Performance Data of LTC propellants 

 
The processing technology for the DNDA propellants with LTC behaviour can be the shear roller mill 
technology (Fig. 1) with following twin-screw extrusion of the granules or the ram press technology for 
processing the granules to perforated propellant strands. The twin-screw extruder can also be used for 
continuous processing of LTC propellant grains 3,4. Another option which is proven is the batch technol-
ogy with high shear batch mixer and ram press. Depending from the processing technology can also be 
the performance and quality of the propellant. 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 

PROPELLANT CHARACTERISTICS 

The LTC behaviour gun propellants are improved also in chemical long term stability and ignition tem-
perature, compared to those of the conventional nitrocellulose propellants. The ignition temperature > 215 
°C (Table 2) is appreciable higher than that of nitrocellulose propellants (170 °C). This high ignition tem-
perature has an extremely positive effect on the cook-off temperature of the cartridge. The nitrocellulose 
is selected by Bergmann-Junk Test (132 °C) and light microscope research. The different NC types are 
compared, see Fig. 2. 

Figure 1: Shear Roll Mill
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Fig. 2 : Light microscope pictures of different NC types 
 
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 0.70 %. After 30 days, the 
loss of weight is max. 1.40 %. The required value after 18 days is of the order of 3 % at the most. We 
have no autocatalytic effects, even after more than 80 days. The vacuum stability test at 90 °C showed a 
gas production of about 1.06 ml only. 
 

 
 
 
 
 
 

 
Table 2 :   Safety Data of selected LTC propellants 

 
Figure 3 shoes the self-heating rate (ARC) of different Nitrocellulose types (NC 53, NC 66,  
NC M30 and NC CP2). The self-heating rate of RDX, FOX-12 and DNDA is shown in Fig. 4. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Loss of weight, at 90 °C, after 18 days 0.70  % 
Loss of weight, at 90 °C, after 30 days (no autocatalytic effects) 1.40  % 
Vacuum stability at 90 °C   1.06 ml 
Ignition temperature > 215 °C 
Cook-off temperature approx. > 210 °C 

NC M30 NC CP2 NC 53 

Fig. 3 :   ARC measurements of several Nitrocellulose (NC) types 
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DNDA propellant based on RDX, NC (ICT 1) and FOX / NC (ICT 8) are tested by shaped charge impact 
on a steel cartridge filled with propellant grains of each type. The results of the shaped charges tests are 
shown in Fig. 6. 

 

 

 

 

 

 

 

 Fig. 6 :     Shaped charges tests, FOX propellant ICT 8 and RDX propellant 

Fig. 5 :   ARC measurements of several DNDA propellants (LTC), M30,  
              Single-Base and Double-Base propellants 
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Fig. 4 :   ARC measurements of RDX, FOX-12 and DNDA 
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The FOX propellant in the 35 mm cartridge shoes no reaction by testing with a shaped charge. The RDX 
propellant shoes a low reaction. Both propellants have IM characteristic.  
The test with the machine gun, cal. 12.7 mm, (.50) of both propellants, in a steel confinement, are giving 
the classification reaction type 5, only burning, no progressive burning. The steel confinement was not 
damaged. 
        
Figure 7 and 8 are showing the different propellant quality dependent from processing technology. The 
influence of high friction and low friction during processing is presented by the dyn. vivacity and the 
resulting gas pressure, dependent from the propellant temperature during test firing. 
 
 

  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

Fig. 7 :   Batch Process (Mixer) and Shear Roll Mill (Continuous Process) 

           Fig. 8 :   Batch Process (Mixer) compared with Shear Roll Mill (Continuous Process), high  
                         shear and low shear 

    

      Batch Process Mixer                                                        Shear Roll Mill 

Gaspressure of the propellants 

Vivacity of the propellants 
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INTERIOR BALLISTIC CHARACTERISTICS 

 
Closed vessel firing tests at different temperatures and varying loading densities are carried out in order 
to examine the combustion behaviour. The dynamic vivacity and the linear burning rate (Fig. 9) are de-
termined from the measured values 2,4. This proved the temperature behaviour of the DNDA propellant. 
The linear burning rate didn´t increase with the propellant temperature (Fig. 9), 
even at higher loading density and higher gas pressure in the vessel. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
But depending on the formulation, the temperature coefficient can be remained or even decreased from a 
threshold temperature. This is proven with the firing tests of three propellants in the gun, cal. 40 mm x 
365 (Fig. 10). 
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Fig. 10 :   40 mm Gun Firing Tests of 3 LTC propellants based on DNDA, NC, RDX 

  Fig. 9 :   Linear burning rate of LTC propellants at different pressures

0

0,02

0,04

0,06

0,08

0,1

0,12

0,14

0,16

0,18

0,2

0,22

0,24

. -40°C 0°C 10°C 21°C 30°C 50°C

propellant temperature (°C)

lin
ea

r b
ur

ni
ng

 ra
te

 (m
/s

)

3000 bar

2500 bar

 2000 bar

1500 bar



-545- 

For an estimation of the gun barrel erosivity by combustion of DNDA propellants, closed vessel test 
were carried out and the mass loss of a nozzle due to the hot gas flow was measured. We found a very 
low mass loss in comparison to single-, double- and triple-base propellants, compared to the energy level 
(force) 3,4. 
 

 
RESULTS AND SUMMARY 

The application of the DNDA-5,7 plasticizer enables a whole family of IM propellants to be produced on 
the base of NC and RDX of FOX. 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 for conventional propellants. On that account, the new propellants are less erosive than com-
parable ones. Due to the fact, that the ignition temperature of the novel propellants is higher than 215 °C, 
they are well suited for cartridges requiring a high cook-off temperature, also the shaped charge test in 
the cartridge is excellent. Also the test with the bullet impact (machine gun) gives reaction class 5 as 
result. That is why these propellants are useable 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 to increase performance, it is their 
particular temperature behaviour which produces the most important increase in performance, since the 
permissible maximum pressure can now be utilized to its full advantage in gun systems. 
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Combustion Performance of Coated Magnesium 
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ABSTRACT 
 

Samples of atomized magnesium with an inorganic barrier coating applied as a protectant against 
moisture have been incorporated into magnesium-Teflon®-Viton® (MTV) compositions.  These 
compositions have been evaluated for ignition sensitivity (electrostatic, impact and friction), and 
pyrotechnic performance (energy density and burn rate) for comparison to compositions containing 
uncoated magnesium.  These materials performed reasonably as pyrotechnic fuels.  Comparable ignition 
sensitivities were obtained.  Energy densities were decreased, and burn times ranged from slower to 
faster.  It may be possible to reformulate the composition to obtain equal performance. 
 
 
Background 
 Applied Thin Films, Inc. (ATFI) was 
awarded a Phase II SBIR contract under Naval 
Surface Warfare Center, Crane Division 
technical supervision to investigate the 
feasibility of coating magnesium powders with a 
glassy, inorganic barrier coating to provide 
protection of the magnesium from moisture.  
This coating must prevent degradation of the 
magnesium in humid environments without 
adversely affecting its properties as a 
pyrotechnic fuel.   As a deliverable, 15 30-gram 
batches of coated Gran 16 atomized magnesium 
were provided to NSWC Crane for analysis. 
 These 15 batches were produced using 
the same base magnesium powder and same 
processing protocol, and therefore should be 
considered identical.  A batch-to-batch variation 
in the granule size of the materials was noted.  
The powders were divided into groups based on 
visual observation of granule size.  Because of 
the small batch size (30 grams), it was not 
possible to evaluate each batch for all 
characteristics of interest.  Testing was arranged 
to include a different of granule size groups for 
each test type.  Table 1 contains the test matrix. 
 
Powder Constituent Analysis 
 Selected batches of powder were 
analyzed to determine their constituents.  In 
addition to metallic magnesium, several other 
species are expected to be present.  The 
manufacturing process for atomized magnesium 

imparts a passivating coating of magnesium 
oxide on the surface of the magnesium particles 
to prevent them from being pyrophoric.  Studies 
on numerous batches of magnesium and 
magnesium based pyrotechnic compositions 
indicate that some fraction of magnesium 
hydroxide is also present.  This forms in moist 
air.  The specification for atomized magnesium 
(MIL-M-382C, Type III) also allows for small 
fractions of other impurities.  In addition, the 
coated magnesium samples have some weight 
fraction of Cerablak® coating present. 
 The amount of coating, moisture, free 
metallic magnesium, and magnesium 
compounds (oxide and hydroxide) were 
determined for selected powder samples.  
Inductively coupled plasma spectroscopy (ICP) 
was used to determine the total magnesium and 
magnesium compound content, as well as the 
aluminum content of the coating material. As an 
initial step, 0.1 gram samples of the powders 
were dissolved in 5 mL of concentrated nitric 
acid, with warming and stirring.  All solids 
dissolved (magnesium, magnesium compounds, 
and coating), so filtration was not necessary.  
The cooled solutions were then diluted to 100 
mL and subjected to ICP, along with magnesium 
and aluminum standards.  This analysis yielded 
the total magnesium content (free metallic Mg 
and magnesium compounds) and total aluminum 
content (assumed to be in the coating only). 
 As a second step, 0.25 g of powder was 
weighed and then placed in 15 mL 0.5 N 
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Table 1.  Sample Testing Matrix 
Batch Granule size constituents aging sensitivity performance 
1 of 15 fine/small x     x 
2 of 15 fine/medium   x   x 
3 of 15 coarse     x x 
4 of 15 coarse/medium       x 
5 of 15 coarse x     x 
6 of 15 fine   x   x 
7 of 15 coarse/medium x     x 
8 of 15 small/fine     x x 
9 of 15 coarse/fine x     x 

10 of 15 coarse   x   x 
11 of 15 coarse/medium   x   x 
12 of 15 coarse/small       x 
13 of 15 fine/medium       x 
14 of 15 medium   x   x 
15 of 15 coarse       x 

baseline 1 uncoated x x     
baseline 2 uncoated     x x 
baseline 3 uncoated       x 
baseline 4 uncoated       x 

Granule size guide: fine<small<medium<coarse. First listed is dominant appearance. 
 

chromic acid, a dilute solution of CrO3 in de-
ionized water.  After 15 minutes of extraction, 
the powder was filtered out and rinsed with de-
ionized water. The filtrate was diluted to a 
desired volume and subjected to ICP for 
quantitation in a manner identical to that done 
for total magnesium.  Chromic acid was used to 
react with and dissolve the magnesium 
compounds only, with little or no attack on the 
underlying elemental Mg.  This analysis yielded 
the percentage of magnesium within magnesium 
compounds (hydroxide and oxide). 
 As a third step, thermogravimetric 
analysis (TGA) was used to determine the 
amount of magnesium hydroxide present in the 
samples.  Samples of powder (typically less than 
10 mg) were heated from 50 to 700 o C at a 
heating rate of 20 degrees per minute.  Typically 
two significant weight losses are observed.  The 
first is observed around 100 o C, which is the 
evaporation of moisture within the sample.  The 
second is observed around 350 o C, which is the 
decomposition of magnesium hydroxide into 
magnesium oxide and water vapor.  The 
resulting weight loss can be used to calculate the 
amount of magnesium hydroxide present. 

 Using the information from these three 
analyses, the amounts of metallic magnesium, 
magnesium hydroxide, magnesium oxide and 
moisture can be calculated.  Using the fraction 
of aluminum present (first step), the amount of 
coating may be estimated, based on an assumed 
chemical composition of the coating.  The 
calculated remainder of the sample is assumed to 
be other impurities.   
 The constituents of coated and uncoated 
(baseline) samples are given in Table 2.  The 
coated samples had 1.27 – 2.17 weight % 
coating.  The coating weight did not appear to 
correlate with the granule size.  Examining the 
change in weights of the other constituents, it 
was apparent that the coating process did have 
some effect on the free magnesium content of 
the powder.   
 Because the samples are not 
homogeneous, very small quantities of material 
are being analyzed, there are inherent errors in 
the measurements, and many assumptions are 
being made regarding species present, the 
resulting data should be considered a rough 
estimate of the sample composition. 
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Table 2.  Powder Constituents 
 Baseline 1 1 of 15 5 of 15 7 of 15 9 of 15 
Granule size ---  Fine/small Coarse Coarse/med Coarse/fine 
% free Mg 95.62 92.61 96.09 94.42 94.17 
% hydroxide 1.49 1.30 0.76 0.78 0.51 
% oxide 0.00 0.73 1.07 1.07 1.17 
% coating ------- 1.27 1.81 2.17 1.81 
% moisture 0.10 0.20 0.21 0.18 0.19 
% other 2.80 3.90 0.07 1.38 2.15 

 
Aging of Magnesium Powders 
 As part of the Phase II contract, ATFI 
conducted passivation performance tests on 
batches of coated magnesium powder to ensure 
that the coating provided protection of the 
magnesium against moisture.  The ATFI test 
procedure had powders exposed to conditions of 
50 oC at 55% relative humidity for a period of 3 
weeks.  This test period was sufficient for ATFI 
to be confident that the coating was effective in 
inhibiting magnesium degradation. 
 To verify the effectiveness of the 
coating, selected powder samples were subjected 
to accelerated aging tests at NSWC Crane.  
These powders were tested using heat flow 
calorimetry.  Approximately 100 mg samples 
were placed in 4 cc stainless steel ampoules with 
a vial of saturated sodium bromide solution.  
When placed in a constant temperature bath at 
65 oC, this solution yields a relative humidity of 
50 % within the ampoule.  Samples were aged 
for extended periods of time while monitoring 
the heat flow within the ampoules using a TA 
Instruments Model 3202 Microcalorimeter.  
Samples were withdrawn at different time 
intervals to be analyzed for magnesium 
hydroxide content using the TGA method 
described earlier. 
 Heat flow curves for the uncoated 
baseline powder and five coated powder samples 
are shown in Figure 1.  The positive heat flow 
from the sample to the surroundings indicates 
that exothermic reactions are occurring within 
the sample.  It is assumed that the bulk of this 
energy may be attributed to the formation of 
magnesium hydroxide by the following reaction: 
 

222 )(2 HOHMgOHMg +→+  
 
An increase in pressure in the ampoules was also 
observed, which may be attributed to the 

hydrogen gas formed during this reaction. 
 The heat flow for the uncoated sample 
was at a much higher rate than for the coated 
samples, an indication of the higher rate of 
degradation.  This sample was removed when 
the heat flow reached a plateau at 76 days.  The 
other samples remained in the calorimeter for a 
total of 133 days, never reaching a plateau.  
Under the aging conditions of these tests, 76 
days at 65 oC is assumed to simulate 3 years, 4 
months at 25 oC.  133 days at 65 oC simulates 
approximately 5 years, 10 months. 
 Additional samples were placed in the 
calorimeter for aging times specific to points of 
inflection in the heat flow for the original 
samples.  The levels of hydroxide for these 
samples were determined by TGA and are 
summarized in Figure 2.  (Not all of this data 
was available at the time of submission.) 
 The uncoated sample (baseline 1) aged 
the most rapidly, reaching 30 % magnesium 
hydroxide.  This sample had the highest initial 
percentage of hydroxide as well.  At 28 days, 
this sample reached a level of nearly 7 % 
magnesium hydroxide.   
 The coated samples all had much slower 
rates of conversion to hydroxide, and none of the 
coated samples reached the 30 % level in 133 
days, indicating that the coating did indeed 
inhibit degradation of the magnesium.  
Comparing the heat flow curves to the 
degradation data, the levels of heat flow 
correlate directly to the level of degradation 
achieved.  The most degradation occurred in 
Batch 14 of 15, followed closely by Batch 2 of 
15.  In 133 days these reached the 60-day level 
of conversion for the uncoated sample, cutting 
the rate of degradation in half. This agrees with 
results observed in ATFI’s independent aging 
studies [1].  The least degradation occurred in 
Batch 6 of 15, which reached less than 9 %
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Figure 1.  Aging Data from Microcalorimeter 

 

 
Figure 2.  Aging Data from Thermogravimetric Analysis 
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hydroxide in 133 days.  This batch was the least 
coarse of all the batches.  More discussion of the 
traits of Batch 6 of 15 is given in subsequent 
sections. 
 
Composition Preparation 
 To assess the performance of these 
coated magnesium powders as a pyrotechnic 
fuel, several tests were conducted.  The powders 
were incorporated into magnesium-Teflon®-
Viton® (MTV) composition.  The fuel for all 
compositions was atomized magnesium from 
Hart Metals Company of Tamaqua, PA.  The 
uncoated samples were used in their original 
state, and the coated samples were processed by 
ATFI and provided to Crane for analysis.  The 
oxidizer was G-10 Algoflon® from Ausimont 
USA, Inc. of Thorofare, NJ.  Fluorel®, a 
copolymer of hexafluoropropylene and 
vinylidene difluoride was used as the binder.  
The binder was prepared as a 25% by weight 
solution of the copolymer in acetone.  (Fluorel® 
and Viton® and Algoflon® and Teflon® are 
different trade names for the same chemical 
compounds and are used interchangeably.)  
 The coacervation coating method was 
used to prepare 50 gram batches of composition.  
Using an air-driven mixer, the magnesium was 
mixed with the binder and additional acetone 
thoroughly before the oxidizer was added.  The 
oxidizer was then added and mixed.  Then 
hexane was slowly added to the mixture while 
stirring to cause the binder to precipitate out and 
coat the fuels and oxidizer.  The solvents were 
decanted and the material was rinsed with 
hexane and mixed two more times.  The 
composition was dried overnight at 60o C to 
evaporate the residual solvents.   
 The coated magnesium behaved 
differently than the uncoated magnesium during 
the mixing process.  The initial mixing of the 
magnesium with the binder did not seem to 
break up the granules significantly.  The coated 
magnesium tended to stick together, forming a 
sticky mass during the addition of hexane.  
Agitation speeds and durations were increased to 
break up this mass of material into granules.  
After the final addition of hexane, the resultant 
composition was granular, and somewhat less 

spongy than the uncoated batches of 
composition. 
 For test pellets, the dried composition 
was pressed into three 15 gram pellets per batch 
using ¾” diameter press tooling and a manually 
operated hydraulic press.  A consolidation 
pressure of approximately 5900 psi was applied 
for 10 seconds.  The sides of the pellets were 
inhibited with Miller Stephenson 907 two-part 
epoxy, and a button of MTV ignition slurry and 
an electric match were applied to the top of the 
pellets for ignition. 
 
Ignition Sensitivity 
 Loose composition from two coated 
batches and one uncoated batch was tested for 
sensitivity to three standard ignition stimuli.  
Impact sensitivity was measured using AOP-7 
Method US 201.01.004 (Los Alamos 
Laboratory) with NOL Apparatus, Type 12 tools 
and sandpaper. Sensitivity to friction was 
assessed using AOP-7 Method U.S. 201.02.004 
(Rotary Friction).  Electrostatic discharge 
sensitivity was assessed using AOP-7 Method 
US 201.03.003 (NSWC Method). 
 The impact sensitivity (Table 3) of 
MTV with the coated magnesium was the same 
as for the uncoated composition; neither 
responded to impact at the maximum height of 
the test apparatus.   
 The friction sensitivity (Table 4) of the 
compositions varied.  The uncoated sample had 
5 of 10 samples fire, with a minimum fire value 
in the high range and an average energy in the 
low range.  The coated samples both had 7 of 10 
samples fire, with minimum fire values both in 
the moderate range, and with average energies in 
the low range.  Typically the minimum fire 
energy is used for safety decisions.  Therefore 
the coated samples are less sensitive to friction 
than the uncoated sample.  The average energy 
values for all samples fall in the low range. 
 Electrostatic sensitivities (Table 5) for 
all samples fall within the high range.  The 
sensitivity levels for the coated magnesium 
compositions for all three ignition stimuli are 
similar to those of the uncoated baseline 
composition and the same safety procedures 
should be in place when working with coated 
magnesium. 
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Pyrotechnic Performance 
 The pyrotechnic performance of the 
compositions was evaluated by burning test 
pellets at Crane’s Radiometric Test Facility.  
Video coverage and radiant intensity data were 
obtained.  Pellet densities, linear burn times, and 
band energy output per gram of composition 
 Table 3.  Impact Sensitivity Data 
 50% fire 
Sample Energy (J) Rating 
RDX Class 5 
Type II 10.689 Moderate 

8 of 15 
(coated) 34.968 Very Low 

3 of 15 
(coated) 34.968 Very Low 
Baseline 2 
(uncoated) 34.968 Very Low 
   
 Table 4.  Friction Sensitivity Data 

 Energy  
(ft-lb) 

 

Sample Avg Min Fired Rating 
RDX 
Class 5 
Type II 

1101 904 0/10 
Avg/Min 
Very low 

/Low 
8 of 15 
(coated) 
 

538 166 7/10 
Avg/Min 

 Low/ 
Moderate 

3 of 15 
(coated) 
 

680 248 7/10 
Avg/Min 

Low/ 
Moderate 

Baseline 2 
(uncoated) 
 

737 75 5/10 
Avg/Min 

Low/ 
High 

  
Table 5.  Electrostatic Sensitivity Data 

 Maximum  No Fire  
Sample Energy (J) Rating 
RDX Class 5 
Type II 0.180 High 

8 of 15 
(coated) 0.180 High 
3 of 15 
(coated) 0.200 High 
Baseline 2 
(uncoated) 0.200 High 
 
were calculated.  This information was obtained 
for the 15 batches of coated magnesium 

composition and 3 batches of uncoated baseline 
composition.  Table 6 summarizes the test pellet 
characteristics. 
 The uncoated composition yielded the 
densest pellets, at 1.78 – 1.79 g/cc.  Only one of 
the coated batches yielded pellets with a density 
in this range, Batch 6 of 15.  This batch of 
coated powder had the finest overall granule size 
with the fewest large agglomerates.  During 
mixing, this material was noticeably stickier 
than the other batches of coated magnesium 
composition. 
 The least dense pellets were from batch 
5 of 15, which was categorized with a coarse 
granule size.  10 of the 15 batches had densities 
from 1.71 – 1.73 g/cc.  This decrease in density 
is not unexpected since the coated materials 
were granular, and the granules were very hard 
and did not appear to break up during the mixing 
process.  This difference in density is not large 
enough to be of concern in terms of substitution 
of coated magnesium composition into 
volumetrically constrained item – the total 
number of grams would decrease by less than 
5%. 
 Linear burn times were calculated for 
the test pellets using the radiometric data and 
measured pellet lengths.  The average linear 
burn time for each batch of composition is given 
in Table 6.  The baseline batches ranged from 
14.86 – 17.29 sec/in.  The spread in this data is 
indicative of batch-to-batch variations which 
may be attributed to the mixing process.   

Five of the coated batches fell within 
this burn time range. Five batches were faster, 
and five were slower.  The fastest was Batch 10 
of 15 at 13.91 sec/in.  This batch fell into the 
coarse granule size group and had a low pellet 
density (1.71 g/cc). The slowest was Batch 6 of 
15 at 25.63 sec/in.  This was made from the 
finest batch of magnesium and had the highest 
pellet density of the coated batches.  This batch 
burned 5 seconds longer than the next closest 
coated batch, Batch 4 of 15 at 20.49 sec/in.  
Batch 4 of 15 was grouped as coarse/medium 
and had a density of 1.72 g/cc. 
The linear burn times were plotted versus pellet 
densities as shown in Figure 3 to determine if 
burn times could be correlated to pellet 
densities.  The squares represent the baseline 
batches and the diamonds represent the 
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Table 6.  Pellet Densities, Linear Burn Times, and Energy Densities 

Batch Granule size % coating Density 
(g/cc) 

Linear 
Burn 
Time 

(sec/in) 

Energy 
Density 

(J/g) 

Energy 
Density 

 (J/g Mg) 

1 of 15 fine/small 1.27 1.75 16.05 45.85 86.01 

2 of 15 fine/medium  1.73 18.52 40.84  

3 of 15 coarse  1.71 17.75 39.01  

4 of 15 coarse/medium  1.72 20.49 39.58  

5 of 15 coarse 1.81 1.70 14.51 42.37 79.92 

6 of 15 fine  1.78 25.83 47.51  

7 of 15 coarse/medium 2.17 1.72 16.67 41.48 78.53 

8 of 15 small/fine  1.71 17.93 51.68  

9 of 15 coarse/fine 1.81 1.73 15.94 51.72 97.55 

10 of 15 coarse  1.71 13.91 40.81  

11 of 15 coarse/medium  1.71 14.12 40.37  

12 of 15 coarse/small  1.74 14.67 55.65  

13 of 15 fine/medium  1.74 15.24 54.43  

14 of 15 medium  1.73 15.00 54.68  

15 of 15 coarse  1.72 14.73 54.03  

baseline 2 uncoated  1.79 16.84 54.33 100.62 

baseline 3 uncoated  1.78 17.29 50.18 92.92 

baseline 4 uncoated  1.78 14.86 63.19 117.01 
 

 
Figure 3.  Linear burn time vs. pellet density 

 
coated batches.  No correlation could be made.  
There was also no apparent relationship between 
linear burn time and granule size. 
 Radiometric data was obtained for the 
test pellets in two different infrared bands.  The 
energy density was calculated by integrating the 

radiant intensity (W) in one IR band over the 
function time (sec) to give the total band energy 
(J).  This was divided by the pellet weight to 
arrive at energy density (J/g).  This data was 
used for a relative comparison of the batches.  
For the batches where the percentage of 
Cerablak® coating was measured, this 
calculation was repeated subtracting the weight 
of coating from the pellet weight. 
 The energy density of the uncoated 
magnesium batches ranged from 50.18 – 63.19 
J/g.  Like the linear burn times, this is quite a 
broad range.  Only six of the fifteen batches had 
energy densities within this range.  The other 
batches had lower energy densities.  There is no 
correlation between the pellet density and the 
energy density and batches with magnesium 
from all granule size groups fell within this 
range and outside of this range. 
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Accounting for the coating percentages, 
the energy density was recalculated using the 
weight of magnesium.  Only one of the four 
batches fell within the range of energy densities 
for the uncoated batches, 92.92 – 117.01 J/g Mg.  
This indicates that the coating can have a 
negative impact on the combustion process.  
Using average value for the uncoated batches as 
the basis of comparison, energy densities were 
observed to degrade from 5.7 (within range) to 
24%.  This reduction in energy density is 
significant, and would likely cause performance 
shortfalls if these materials were substituted into 
fielded items as formulated. 
 
Conclusions and Future Work 

In general, the coated magnesium served 
as a viable pyrotechnic fuel.  The granular nature 
of the powder was undesirable from a processing 
standpoint.  However, a scale-up of the 
production equipment to enable the production 
of 1-lb batches has allowed for much finer 
texture with less batch-to-batch variation. 
 The constituent analysis of the powder 
batches indicates slight changes in the amounts 
of free magnesium, magnesium oxide and 
magnesium hydroxide and the presence of 1-2 % 
by weight of coating.  These changes are small 
and not thought to significantly impact the 
performance of the magnesium. 

Aging studies on the coated magnesium 
indicate that the coating is effective in slowing 
the rate of degradation of the magnesium.  On 
average the rate was cut in half.  This is 
significant and will be of benefit in increasing 
the shelf-life of magnesium-containing 
pyrotechnic items. 

In terms of manufacturing pyrotechnic 
composition from the coated powders, some 
slight processing changes had to be implemented 
because of the tendency of the coated 
composition to stick to itself during the 
coacervation process.  Increasing mixing speeds 
and durations was able to overcome this 
processing difficulty.  The ignition sensitivities 
of the resulting compositions were comparable 
to compositions with uncoated magnesium, 
which is favorable.  

In terms of pyrotechnic performance, 
resultant linear burn times were in some cases 
faster, in some cases slower, and in some cases 

within the range of uncoated magnesium 
composition.  There was no correlation to 
amount of coating or powder granule size.  The 
inconsistency may be partially contributed to the 
mixing process, as there was a considerable 
spread in burn times for the uncoated 
magnesium batches.  However, the spread for 
the coated batches was much broader, which is 
undesirable. 

Energy densities for the coated pellets 
were in the majority of cases reduced by up to 
25 %, which is not favorable.  However, it might 
be possible to reformulate the composition to 
regain acceptable performance.  In addition, the 
improvements in powder morphology afforded 
by the scaled-up production equipment may 
reduce powder inhomogeneities and improve the 
performance of resulting compositions and 
reduce batch-to-batch variations. 
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ABSTRACT 
 

There is a secondary combustion phenomenon during the ignition process of B/KNO3 excited by 
Nd:YAG pulse laser, which was attested by high speed camera at 2000 fps. The reactive photoacoustic 
model also confirmed the secondary combustion phenomenon, which was established to simulate the laser 
ignition process, involving the contribution of chemical reaction different from the famous G-R model. 
The first combustion is supported by laser energy while the secondary combustion is determined by the 
balance of the competition between the heat generation and dissipation processes. With the laser energy 
increasing, the heat accumulating process shortens and thus the combustion interval decreases.   
Keywords: ignition; secondary combustion; laser; B/KNO3 
 

1. INTRODUCTION  

Laser ignition has been studied extensively for energetic materials including explosives, propellants 
and pyrotechnics. During the research, people generally think of the laser ignition mechanism as heat 
mechanism. A series of ignition experiments were performed on B/KNO3

 [1-3], in which a compressed 
sample was ignited at one end with a Nd:YAG laser. The laser emits a duration pulse (about 680μs) of 
optical energy which is transmitted to the sample surface. Some of the laser energy is absorbed by 
B/KNO3. The absorbed energy heats the powder and stimulates exothermic chemical reactions. In the 
paper, a secondary combustion phenomenon during the laser ignition process of B/KNO3 was attested by 
high speed camera at 2000 fps and confirmed by the reactive photoacoustic model. 

2. EXPERIMENT AND DISCUSSION 

2.1. Sample preparation 

The schematic structure of a sample is illustrated in Fig. 1.  
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Fig.1 Schematic diagram of a sample 

The powder was a mixture of B and KNO3
 
with a weight ratio of 40/60, which was sifted by 300 

mesh corresponding to particle size of 46 micron. After having been mechanically mixed, the powder 
with a weight of 20mg was pressed into an aluminium cylindrical cap with 5 mm in diameter under a 
standard axial pressure of 37.92 MPa. 

2.2. Laser ignition apparatus 

Fig. 2 is a schematic diagram of the experimental setup. The sample surface faced the laser beam. 
The laser energy was measured by a power meter with digital LCD display. The ignition process was 
recorded by a high-speed camera (HK-100) at 2000 fps, giving a time resolution of 0.5 ms. The 
high-speed camera was positioned almost normal to the laser beam-sample interface so that it provided 
the best imaging of the front face of the sample during ignition.  

 

 
 

Fig.2 Schematic diagram of Nd:YAG laser ignition apparatus 
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2.3 Result and Discussion  

Fig.3 is the images of laser ignition process of B/KNO3. It is clear from the luminescence that there 
are two combustion stages. The first spark corresponds to the photochemical reaction resulting from laser. 
When the laser energy is removed prior to the complete ignition, an unstable combustion occurs, in which 
the heat absorbed by the powder diffuses away from the localized heated spot and the flame is 
extinguished. There is a heat accumulation process before the secondary combustion. As seen in Fig.3, 
the secondary combustion occurs after tens of millisecond, which is termed as delay time. The delay time 
is about 21 ms while the laser energy is 54.6 mJ. It was also found that the more laser energy is the less 
delay time is. The secondary combustion is determined by the balance of the competition between the 
heat generation and dissipation processes. The secondary combustion, namely ignition, will occur when 
the energy generated from the reaction reaches a critical value. The reaction will propagate until the 
reactants are completely consumed. 
 

1694 1737 
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1698 
1788 

1716 1836 

1728 
1884 

Fig.3 Images of laser ignition process of B/KNO3 
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3 Numerical simulation 

3.1 Reactive photoacoustic model 

    The basic makeup of photoacoustic model[4] is schematically shown in Fig.4.  
It was assumed as follows: 
(1)The optical energy not only raises the temperature of the solid but also results in the chemical 

reaction. 
(2) There is mass transportation between the solid and air medium, which will disturb the latter and 

form the sound wave. And there is no heat source in the air medium. 
(3)The heat parameters are constant during the heating and reaction.  
(4)The attenuation of the sound wave results from energy loss of the photoacoustic chamber. 

   

 

 
Fig.4 Schematic of photoacoustic model 

1-backing, 2-sample, 3-chamber, 4-window, 5-phonoscope, 6-laser beam 

One-dimensional solid photoacoustic model is shown in following equations:  
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In equation 3, 
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In the above equations, the subscripts of b, s and g mean the backing, sample and gas medium 

respectively. 

Where, 

       α─thermal diffusivity 

       λ─thermal conductivity 

       u─particle velocity of gas 

       H1─power density result by laser energy 

       H2─power density result by chemical reaction 

       Ac─heat loss area per chamber volume, cm2·cm-3 

       hc─heat loss constant, J·cm-2·k-1·s-1 

       M─mass velocity of chemical reaction and phase change 

    

 and 
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                H x t ref I e tx
1 1( , ) ( ) ( )= − ⋅ −ηβ φβ            (8) 

Where, 

β─optical absorption coefficient, cm-1 

η─photo-heat transfer coefficient 

ref─optical reflection coefficient of sample 

φ(t)─shape function of laser,φ(t)∈[0,1] 

I─light intensity 

       I=I0φ(t)                        (9) 

    If the shape function of laser is rectangular pulse, equation (9) may be written as follows: 

                       T E
S
l=
τ

  ,  t∈[0,τ]               (10) 

Where, 
Ei─pulse energy 
S─area of light spot 
τ─pulse width 

                      H x t q m T Ti i i
i

n

2
1

( , ) ,= ≥
=
∑            (11) 

Where, mi,qi and Ti are the mass velocity, heat efficiency and reaction temperature  of phase change or 
chemical reaction respectively. 

   If T≥Ti and 0<fi<1, there is only phase change. The mass velocity of phase change is shown in 
equation 12. 

 m=ci                          (12) 

                     
df
dt

mi i

s
= −

ρ
                    (13) 

Where, 
ci─mass velocity of phase change  
fi─mass fraction of phase change 

If the chemical reaction is accord with the Arrhenius law, the mass velocity of the chemical reaction 
is shown in equation 14. 
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                    m df
dti s
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f A E
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a= − − −( ) exp( )1      (15) 

Where, 

fi─mass fraction of the product 

Ai─frequency factor  

Ea─activation energy  

The velocity of air flow from the sample to the chamber is given by 

                      U mstar g g= / ρ                    (16) 

  3.2 Results 

    The heat conduction equation may be calculated by forward difference method.       
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    The stabilization condition of the difference equation is 
10
2

r< ≤ . 

    Equation 3 may be approximately calculated with one step difference equation. 
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Here, 

                  ξ = Δ Δt x/                                (24) 

                    a RT u= +γ                            (25) 

Where, j and n are the grid dots of x-t planar surface respectively. 

    The time length of n+1 step can be determined by Courant-Fridrichs-Levy critical condition. 
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    It was assumed that the temperature and heat conduction are successional in the interfaces of the 
backing, sample and gas medium. Furthermore, both the interfaces of sample to gas and gas to window 
are solid wall. In the interface of sample to gas, Uin=-Uout+Ustar. However, in the interface of gas to 
window,Uin=-Uout. 

The one-dimensional solid photoacoustic model was programmed by PAMC-II code. The 
photoacoustic wave was simulated, which resulted from the interaction of pulse laser and B/KNO3.     
The parameters are shown as follows. 

Backing:ρb=1.7g⋅cm-1, Cb=1.46J⋅ g-1⋅deg-1, λb=0.0036W⋅ cm-1⋅deg-1, 

ref=0, η=100%, β=15cm-1 

sample:ρs=1.7g⋅ cm-1, Cs=1.46 J⋅ g-1⋅deg-1, λs=0.0036W⋅ cm-1⋅deg-1, 

ref=10%, η=100%, β=15cm-1 

gas medium: ρg=1.7g⋅ cmv-1, Cg=1.46 J⋅ g-1⋅deg-1, λg=0.0036⋅ cm-1⋅deg-1, 

γ=1.4, R=0.2868J⋅ g-1⋅deg-1 

chamber: =1cm, length=1cm, heat loss constant hc=0.15W⋅ cm-2⋅deg-1。 

Laser pulse: τ=100μs, light spot diameter =1mm, backing thickness =4mm. 

  The simulated results are shown in Fig.5. Curve a, b, c and d correspond to the reactive 
photoacoustic waves when the laser energy are 60 mJ, 67 mJ, 67.3 mJ and 68 mJ, respectively. 
There are double peaks in curve b, c and d except curve a. The first peak corresponds to the 
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chemical reaction supported by laser. The second peak corresponds to the rapidly chemical 
reaction of the powder. The area between the two peaks is the heat accumulation process. The 
delay time decreased with the laser energy. During the heat accumulation process, if the 
dissipated heat is more than the generated heat, the second combustion can not occur just as 
curve a.  

 
 
 
 
 
 
 

 
 
 
 

Fig.5 Reactive photoacoustic numerical simulate result of B/KNO3 

4. Conclusions 

Experimental and theoretical studies all showed that there are two combustion stages in the laser 
ignition process. When the laser is irradiated to the surface of B/KNO3, a part of laser energy is absorbed 
by the powder surrounding the laser spot. The laser energy heats the powder and stimulates exothermic 
chemical reactions immediately. It’s the first combustion stage. After the laser energy is removed, there is 
no external energy support. The reaction heat begins to accumulate in the powder. The balance of the 
competition between the heat generation and dissipation processes determines whether the secondary 
combustion occurs or not. The secondary combustion is comparatively more important. When the energy 
generated by the reaction reaches a critical value, the reaction will propagate until the reactants are 
completely consumed. 

The result also shows that the photoacoustic technology can be used to investigate the laser ignition 
of energetic material. 
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ABSTRACT 
 

An advanced manufacturing process for producing metal-fueled pyrotechnic munitions has been 
developed using the Sequential Particle Addition (SPA) methodology in the fluidized bed processor.  
During this process, both the large metal fuel particles and small oxidizer particles are coated with low 
viscosity UV curable monomers or oligomers in a desirable protocol, followed by curing the UV curable 
compositions and clustering into solids by UV irradiation.  In this study the “host” particles, ~350 µm 
diameter magnesium or its inert stimulant, were first pre-coated with UV composition.  Next the small 
“guest” particles, ~30 µm sodium nitrate or its inert stimulant, were added through the special designed 
side powder feeder. It was found that during the mixing and fluidization process, the small guest particles 
were being coated as a result of UV reactive composition being transferred from the large coated particles 
to the small particles, which lead to the formation of ordered mixtures in a self-assembly fashion.  The 
final product was composed of the core section containing individual large metal fuel particle, and a shell 
section consisting of a designable amount of small oxidizer particles.  Once cured, the UV reactive 
composition, which was initially used as the coating material, formed secure bridges between the large 
and small particles, thereby stabilizing the final structure for subsequent handling and processing.  This 
fluidized bed UV coating technology is solvent-free, environmental benign, and enables the scalable 
production of pyrotechnic compositions with moisture sensitive metallic fuels and/or oxidizers at 
controllable stoichiometric ratios.  The final products made from this fluidized bed UV coating process 
possess exceptional microscopic compositional uniformity and are free of unbound particles.  
 
 

INTRODUCTION 
 

Achieving good mixing of particles with 
different shape and size distributions as well as 
different densities is very important in many 
powder processing areas such as controllable 
release dosages in pharmaceuticals and energetic 
material formulation and manufacture process 
development.  However, agglomeration and 
segregation tend to appear during the random 
mixing in many common systems.  When the 
size of all the particles are less than 30 μm, 
segregation is not a serious problem but the 
inter-particle forces generated by electrostatic 
charging, van der Waals forces and forces due to 
moisture are very large.  This will cause the 
particles to stick together and form agglomerates 
thereby reducing their mobility.  The 
disaggregating action can be achieve by 
employing order mixing, a concept coined by 

J.H. Hersey in 1975, instead of random mixing. 
During the order mixing, those cohesive forces 
can be converted into adhesion; the small 
powders can be adhered to the surface of large 
host particles in a controlled manner.  By 
carefully selection of particles size and 
engineering of inter-particle forces, high quality 
mixtures with very small variance can be 
achieved (1-3).  The selection of a suitable mixer 
is very important for achieving an order mixture.  
Mixers can be classified into groups such as 
segregating mixers (drum coater) and non-
segregating mixers (planetary batch mixer and 
fluidized bed mixer when used with powders 
larger than 75 μm).  When a mixture is prone to 
segregation, a non-segregating mixer should be 
selected (1).   
 

Fluidized bed processors are widely 
used in powder mixing and coating processes 
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due to their inherent advantages such as 
excellent heat transfer, good mixing, less 
segregation and for economic and practicality 
benefits.  However, fine powders with an 
average size less than 30 μm are classified as 
group C materials in Geldart’s classification and 
have very poor fluidizability due to their large 
inter-particle forces.  Utilizing vibration or 
adding a free flow agent such as fumed silica, 
the flowability of these fine powders can be 
improved (4).  In a powder-particle fluidized bed 
(PPFB), fine powders can be continuously fed 
into the fluidized bed of large particles.  
However, a large cyclone is necessary for 
collecting and recycling the blown-off fine 
powders (5,6).  
 

The objective of this study is to develop 
a new order mixing process by using the SPA 
(Sequential Particle Addition) Technology in 
selected mixers with the intent to produce 
energetic clusters.  Another objective is to use 
UV curable chemicals to coat and bind the 
clusters thereby creating a solvent-free and 
environmental benign process. The final clusters 
would have exceptional microscopic 
compositional uniformity and the overall 
mixture would be free of unbound particles.  
 

EXPERIMENTAL 
 

Inert Simulants   
 

The M127 White Star Illuminant 
Composition is the mix chosen to demonstrate 
the pyrotechnic self assembly process.  The mix 
is made up of 57 wt% Type IV, 30/50 ellipsoidal 
magnesium powder, 38 wt% 30±15 micron 
sodium nitrate, and 5 wt% cross-linked polyester 
resin.  In order to safely develop the technology 
inert simulates had to be found to replace the 
magnesium and sodium nitrate.  30/40 glass 
beads (Figure 1b) and 280 μm potassium 
chloride (KCl) (Figure 1c) were chosen as the 
magnesium (Figure 1a) simulant.  30 μm 
aluminum oxide (Figure 1d) and 15 μm corn 
starch particles (Figure 1e) were chosen to be 
the sodium nitrate simulant.  The weight 
percentages for the simulants and UV curable 
binder have been kept the same as the 

ingredients they replaced.  Once the process for 
clustering is finalized with the inert simulants, 
energetic runs will be conducted.  The ratio of 
each ingredient in the PSA energetic mix may be 
varied to achieve desired light output. 
 
Binder 
 

The M127 White Star Illuminant 
Composition calls for Laminac 4116 and 
Lupersol DDM, a cross-linked polyester resin, 
as the binder for the mix.  This binder will be 
replaced by a UV curable binder for the PSA 
process: the UV curable monomer, Ethoxylated 
Pentaerythritol Tetraacrylate, and the catalyst, 
Oligo (2-hydroxy-2-methyl-1-4 (1-methyl vinyl) 
propanone) and 2-hydroxy-2-methyl-1-phenyl 
propan-1-one (monomeric).  The UV curable 
composition is prepared by mixing the monomer 
and the catalyst at a volume ratio of 95 to 5.  
Their chemical structures are shown in Figure 2.  
Viscosity and curing time are two major criteria 
in the formulation of UV curable systems.  In 
order to get a stable coating process within the 
fluidized bed, a low viscosity and a short curing 
time is desirable. 



-17- 

  
 

 
(a) (d) 

(b) 
(e) 

(c) 

 

Figure 1:   SEM images of 30/50 magnesium (40x) (a), 30/40 glass beads (140x) (b), potassium 
chloride (100x) (c), aluminum oxide (500x) (d), and corn starch (200x) (e) 
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(a) 

 

(b) 

 

 
Figure 2:  Structures of monomer (a) and catalyst (b) for the UV curable compositions 

 
 
 
Equipment Set-up and Experiment 
Procedures 
 

There are several steps during the 
clustering process, as shown in Figure 3.  The 
large host KCl or glass bead particles are first 
fluidized and coated with UV curable chemicals.  
The small guest corn starch or aluminum oxide 
particles are then added via the sequential 
particle addition (SPA) method and coat the host 
particles.  The tumbling action in the mixer 
further homogenizes the UV chemicals coated 
on the large particles and coats the small guest 
particles at the same time. The UV chemicals are 
subsequently cured/cross-linked (Initiated and 
cured by UV lights) to maintain the integrity 
during the subsequent particle handling steps. 

 
Figure 3:  Schematic drawing of clustering 

process 
 

The experimental apparatus are shown 
schematically in Figure 4. The fluidized bed 
used during the process is a Mini-Glatt equipped 
with micro-kit, supplied by Glatt Air Techniques 
Inc. (Ramsey, NJ).  UV chemicals are injected 
through a syringe pump (Mode NE-1000, New 
Era Pump Systems, Inc, Farmingdale, NY) 
under bottom spray mode using a Wurster tube.  
The KCl or glass bead particles are pre-loaded 
while the small corn starch or aluminum oxide 
powders (38 wt%) are introduced through a 
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small custom-made side feeder by the SPA 
method.  Mechanical vibration is generated by 
the attached vibrator.  This is used to minimize 
the loss of the fine aluminum oxide powder due 
to adhesion to the ceiling of Mini-Glatt.   UV 
lights is supplied by a UV lamps provided by 
Fusion UV Systems Inc. (Gaithersburg, MD).  
 

 
     Figure 4:  Schematic drawing of 
experimental set-up of the fluidized bed 
 

In order to simplify the experimental 
design, the operating variables used during the 
fluidized bed clustering process are limited to 
feed rate of the small guest corn starch or 
aluminum oxide powder, air atomization 
pressure, and fluidization pressure.  Other 
parameters such as the injection rate of the UV 
chemicals and the height of Wurster tube are 
also very important and they have been pre-set 
to their optimum values according to the 
previous experience.  A multi-step procedure of 
coating, feeding, clustering, and curing was 
developed in order to achieve a stable clustering 
process.  The KCl or glass bead particles are 
pre-coated in the fluidized bed followed by 
introduction of the small corn starch or 
aluminum oxide powder.  During the addition of 
the corn starch or aluminum oxide powder, the 
air pressure is turned down just enough to still 
allow bubbling in the fluidized bed.  Following 
the addition; the fluidization and injection of UV 
chemicals for coating the small guest particles 
and in-situ formation of clusters is resumed.  
The UV curing step is triggered by turning on 
the UV lights after uniform clusters are formed.    

Product Characterization 
 

The Field Emission Scanning Electron 
Microscopes (SEM) (LEO 1530VP and JOEL 
JSM-6380LV) was used to observe the 
morphology of the coated clusters.  A particle 
size analyzer (LS 230 Coulter) was applied to 
measure the particle size and distribution of the 
clusters as well as the raw materials.  Thermal 
Gravimetric Analysis (TGA) (TA Q50) is 
performed using a controlled heating, holding, 
heating procedure to characterize the coated 
clusters.  Finally an ash test, conducted at 500oC, 
is performed on the mix.  The test burns off the 
cured binder leaving behind the glass beads and 
aluminum oxide.  The weight of the sample 
before and after the test is taken to determine the 
amount of binder present.  The remaining 
sample is then screened to separate the glass 
beads and aluminum oxide and the composition 
of the mix is determined from the weigh of the 
recovered materials. 
 

 
RESULTS AND DISCUSSION 

 
As mentioned before, corn starch and 

aluminum oxide are classified as Geldart C 
powders and tend to have very poor 
fluidizability due to its large inter-particle forces.  
Therefore, a low hold-up of the powder is 
required when co-fluidized with larger particles 
such as the glass beads or KCl.  The ability to 
minimize agglomeration of the fine corn starch 
or aluminum oxide powders is not only 
attributed to the comparatively violent turbulent 
flow of the large particles within the fluidized 
bed, but also thanks to UV materials coated on 
the surface of the large host particles.  This 
coating may serve as an anchoring point for each 
guest particle.  Therefore a uniform pre-coating 
of the large host particles is very important prior 
to any clustering process.  Figures 5a1-a4 show 
the SEM images of each step of clustering 
process by injecting the UV chemicals and 
feeding the small corn starch powder at same 
time where as Figures 5b1-b4 show the 
clustering process by pre-coating the KCl 
followed by adding the corn starch powder at a 
controlled feed rate.  It is apparently that without 
pre-coating the KCl, it is difficult to form a 
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uniform order mixture and the fine powders tend 
to separate from the large particles and form 
agglomerates.  However, after pre-coating of  
KCl surface, the adhesion force between large 
KCl particles and small corn starch powder is 
much stronger and can hold almost all the fine 
powder.  Pre-coating also allows the fine corn 
starch powder to form a much more uniform 
layer on the surface of large KCl particles, 
resulting in better microscopic compositional 
uniformity, free of unbound particles.  

 

At higher fluidization pressure and 
atomization pressure, a slower feeding rate of 
corn starch yields improved cluster structure and 
can minimize the loss of the fine powder.  At 
lower fluidization pressure and atomization 
pressure, the same trend is present but the effects 
are not as pronounced.  It is also interesting to 
note that at slower feed rates of corn starch, the 
higher fluidization pressure and atomization 
pressure promote a much more positive mixing 
effect between large KCl particles and the small 
corn starch powder where as, at faster feed rates 
of corn starch, the higher fluidization pressure 
and atomization pressure tend to blow off the 
small particles.  Six runs at various 
combinations are summarized below. 
 

Run No. 1 2 3 4 5 6 

Atomization 
Press. (Bar) 1 0.7 1 0.7 1 0.7 

Fluidization 
Press. (Bar) 0.4 0.2 0.4 0.2 0.4 0.2 

Feed rate of 
Corn Starch 
(g/time) 

3 3 6 6 10 10 
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(5a1) (5b1)

(5a2) (5b2)

(5a3) (5b3)

(5a4) (5b4)

Figures 5:  SEM images for each step of two difference coating sequence during the clustering 
process: KCl-corn starch PSA products without pre-coating of KCl surface (a1-a4) and KCl-corn 
starch PSA products with pre-coating of KCl surface (b1-b4). 
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Figure 6:  Particle size distribution of final 

product 
 

Figure 6 contains particle size 
distribution results of some of the inert products 
made with the PSA process.  The mean particle 
size of all the inert PSA samples, except run No. 
5, are similar and in the neighborhood of 350µm. 
This is a strong indication of the formation of a 
mono-layer of small powder on the surface of 
large host particles.  The microscopic 
configuration of the final clusters can always be 
re-designed by varying the concentration of fine 
powder.  The large mean particle size of run 
No.5 can be explained by the agglomeration of 
the corn starch and the formation of non-uniform 
layers on the surface of the KCl particles due to 
poor mixing and loss of fine particles.   
 

Figure 7 shows the Attenuated Total 
Reflectance (ATR) spectra of the typical cured 
and uncured clusters as well as pure glass beads.  
The ATR spectra can reveal where the coating is 
adequate and where there are some deficiencies 
such as improper curing or bare spots.  After 
curing several different peaks, especially those 
associated with unsaturations, were changed 
indicating the complexity of the UV curing 
reactions.  However, more effort is needed to 
fully investigate the mechanism of the involved 
reactions as well as the functionality on the 
surface of the coated clusters. 
 

 
 
Figure 7:  ATR spectra of uncured clusters 
(a), cured clusters (b), and pure KCl (c) 
 

Compared to KCl-corn starch PSA 
process, the glass bead-aluminum oxide system 
tends to have better co-fluidizability due to the 
glass bead’s sphere-like shape and aluminum 
oxide’s higher density.  Figure 8 shows the final 
PSA product of the glass bead-aluminum oxide 
system.  It is obvious that the glass bead-
aluminum oxide PSA products have a better 
structure and with less unbound fine powders.   
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(a) 

(b) 

(c) 

Figure 8: SEM images for glass bead-aluminum 
oxide PSA products at different magnifications: 
group of clusters @ 200x (a), single cluster @ 500x 
(b), and surface of a cluster @ 2,000x (c) 

 
 
 
 
 

CONCLUSION 
 

The clusters of large KCl or glass bead 
particles and small corn starch or aluminum 
oxide powders were successfully prepared in 
Mini-Glatt fluidized bed, by employing the 
sequential particle addition (SPA) method.  The 
pre-coating of the surface of large particles is 
necessary during the initial clustering process in 
order to produce clusters with good microscopic 
compositional uniformity and mixes free of 
unbound particles.  The currently process is a 
very simple and clean process which eliminates 
dry blending large and small particles and 
reduces the difficulties of handling small guest 
particles.  This technique provides a method of 
simultaneous coating of large and small particles 
with products possessing homogeneous 
composition uniformity and designed 
stoichiometry.  There is great potential for the 
use of this process in manufacturing of 
energetics.  Once process is approved by safety, 
live energetic runs will be carried out. 
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ABSTRACT 
 
Methods of non-isothermal kinetics used for the study of mechanism and kinetics of fast high-temperature 
reactions taking place at combustion of condensed energetic materials (EM) are reviewed. Some data on 
linear pyrolysis and ignition at a constant temperature on the hot surface of decomposing compound are 
presented. Results of the kinetic study of high-temperature decomposition of a number of homogeneous 
and heterogeneous EMs (nitrocellulose, solid rocket propellants and others) are given. A method of 
electrothermal explosion is considered. A new instrument ETA-100 allowing one to measure kinetic 
parameters of combustion reactions at the temperatures as high as 3600 K and times as short as 100 μs for 
various EMs (thermits, SHS-systems and others) by using their electrothermal explosion is described. For 
the most cases, kinetic constants characterized high-temperature reactions in condensed EMs were found 
to significantly differ from those of a low-temperature region. Kinetic data characterized fast reactions 
under static conditions and at intense deformation under high-speed impact were compared for the first 
time. The rate of reaction taking place in a hot interaction front in the Ti–C system at the plunger (bullet) 
speed of 800 m/s was found to exceed the reaction rate under static conditions at identical temperatures 
by 5–6 orders of magnitude.  
 

 

Macrokinetics and kinetics of fast high-

temperature decomposition of condensed 

energetic materials (EM) were experimentally 

studied. These materials include all explosives, 

pyrotechnic compositions, gun powders, and 

modern rocket propellants (solid, liquid, and 

hybrid). Information about patterns, mechanisms 

and kinetic parameters of high-temperature 

decomposition of EM is of vital importance for 

scientifically founded solution of many practical 

tasks associated with their production and 

application.  

Data on mechanisms of ignition and combustion 

of EM is of primary importance. For evaluation 

of conditions for the safe use of rockets 

undergoing aerodynamic heating, kinetic 

constants for decomposition of corresponding 

solid propellants should be available. Liquid 

propellants are also affected by intense heating 

in the nozzle cooling systems and 

precombustion chambers of rocket engines. 

Under certain conditions this can result in 

burnings and explosions in the corresponding 

parts of the rocker engines. Therefore data on 

kinetics of homogeneous and heterogeneous (on 

the surface of used constructional materials) 

decomposition of liquid propellants are 
extremely important for various applications in 

rocket and space engineering.  
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For theoretical analysis by using main 

expressions of the theory of stationary and non-

stationary combustion of solid propellants as 

well as for practical applications, kinetic 

constants of fast high-temperature 

decomposition of components and compositions 

of solid and hybrid propellants are of special 

importance. Extrapolation of low-temperature 

kinetic data into a high-temperature region gives 

the values for the burning surface temperature 

which drastically disagree with experimental 

data obtained by thermocouple measurements. 

Since there are quite a few examples of such 

disagreements, the only solution is development 

of methods (first of all, experimental) for direct 

measurement of high rates of thermal 

decomposition and estimation of the kinetic 

parameters at high temperatures. Classical 

isothermal methods of chemical kinetics 

absolutely cannot be used for solution of the 

mentioned tasks.  

The main reason for that is impossibility to 

quickly warm even a small sample of condensed 

material up to a desired temperature in a 

standard device used for kinetic experiments. It 

is important that the mentioned desired 

temperature should be identical in all points of 

the sample and constant during the experiment. 

It is quite difficult to meet this requirement due 

to heat absorption taking place at such 

endothermal reactions as destruction of 

polymeric binders of modern rocket propellants 

or active heat emission (up to self-inflammation) 

at fast thermal decomposition of almost all EMs. 

Some new methods of non-isothermal kinetics 

allowing one to obtain high-accuracy data on 

quantitative characteristics of fast high-

temperature decomposition of EM at the 

temperatures of their ignition, combustion and 

explosion are described. Decomposition kinetic 

parameters for such individual EM as polymers, 

ammonium perchlorate (AP), nitrocellulose and 

others are calculated from experimental data 

obtained by linear pyrolysis or ignition (i.e. at 

spatially non-isothermal heating). Due to the use 

of these methods, some important new features 

of high-temperature decomposition of the 

mentioned EMs were described and kinetic 

constants for initial stages of corresponding fast 

reactions were determined. Let us briefly 

consider some of the obtained results. 

In the experiments on linear pyrolysis, a sample 

of homogeneous material (for example, polymer 

or AP) is pressed to a smooth metal surface with 

a constant force. The temperature of the metal 

surface (heater) is kept strictly constant. As the 

sample decomposes, it moves towards the heater 

with the constant velocity U (that is linear 

pyrolysis rate). According to the linear pyrolysis 

theory, the relationship between this quantity, 

the decomposition surface temperature TS and 

kinetic parameters of the limiting reaction stage 

is 

cQTTE
RTERTak

U
2/)[(

)/exp(

S

S
2

S0

m∞−
−

= , 

where a and c are the thermal conductivity and 

heat capacity, k0, the preexponential factor in the 

analytic expression of the Arrhenius law, R, the 
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universal gas constant, E, the activation energy, 

T∞, the ambient temperature, Q, the thermal 

effect of the reaction. Experimental data on the 

kinetics of fast high-temperature decomposition 

of two typical polymers – linear (thermoplastic) 

polymethylmethacrylate (PMMA) and cross-

linked (infusible) PMMA are given in Fig 1 as 

an Arrhenius plot.  

The presence of almost vertical sections in the 

high-temperature region of both dependences 

altogether with some other obtained data 

allowed one to come to a conclusion that the 

decomposition mechanism changes. The new 

described mechanism was termed “the third 

mode” of linear pyrolysis. For more than 20 

studied polymers, the reaction kinetics 

corresponding to “the third (III) mode” is 

characterized by an abnormally high activation 

energy (E = 80–85 kcal/mol) that is quite close 

to the energy of a C–C bond in the main 

polymer chain.  

This circumstance and results of analysis of 

linear pyrolysis gaseous products allowed one to 

come to a conclusion that, as the temperature 

grows “zip-process” is replaced by “random 

chain cleavage”. This result is quite important 

for a number of practical applications related to 

combustion of polymers. For example, the rate 

of combustion of polymer fuels in a hybrid 

rocket engine was found to be not influenced by 

the difference in kinetic parameters of their 

high-temperature decomposition. The 

combustion rates depend on thermophysical and 

thermodynamic parameters determining thermal 

balance of linear pyrolysis.  

 
Fig. 1. Dependences of the linear pyrolysis  

 (1, 2) and combustion (3) rates on the 

pyrolysis surface temperature for linear 

PMMA (1) and cross-linked PMMA (2, 3) 

(with triethyleneglycoldymethilacrylate as a 

cross-linking agent). 

A design of an instrument used for the study of 

high-temperature kinetics of solid EMs by using 

their ignition parameters is similar to that of the 

linear-pyrolysis instrument (in which a role of a 

heater is played by am aluminum cylinder kept 

at a constant temperature T0). In the experiment, 

the delay time (tign) for ignition of an EM pellet 

quickly pressed to a cylinder end is measured. 

Such effective kinetic parameters of high-

temperature reaction as the activation energy E 

and Qk0 can be calculated from the experimental 

dependence tign = tign(T0) by using a theoretical 

solution of a problem about ignition of EM 

described by simple formal kinetics. Due to 

some features of the ignition, these parameters 

correspond to initial stages of the high-
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temperature process that is to low degrees of EM 

conversion (η ~ 10 %).  

This method was used for the study of high-

temperature kinetics of initial stages of fast 

decomposition of a number of homogeneous 

materials (nitrocellulose and others) and AP-

based solid rocket propellants.  

The kinetics of nitrocellulose decomposition was 

studied for the temperature range of 485–525 K 

and the ignition delay in the range of 3–20 s. 

The previously determined autocatalytic 

mechanism of nitrocellulose decomposition at 

low temperatures was experimentally proved to 

be characteristic at high temperatures as well. In 

this case, a formal-kinetic equation is  

),1()1(/ 21 ηηηη −+−= kkdtd  

where k1 = k01exp(-48000/RT), 

k2 = k02exp(-30000/RT). 

At low temperatures k1 influences only initial 

appearance of the autocatalytic reaction and 

hardly affects further decomposition which is 

determined by k2 and low activation energy (E2 

= 30 kcal/mol). As the temperature grows the 

initial stage of the reaction characterized by the 

rate constant k1 becomes dominant due to the 

high activation energy E1 = 48 kcal/mol.  

It is interesting to discuss data on kinetic 

parameters of the initial stages of high-

temperature decomposition of a wide range of 

AP-based solid rocket propellants obtained by 

the ignition method. These materials can be 

divided into two large groups. The first one 

includes compositions characterized by faster 

decomposition and relatively low temperatures 

(275–400oC) corresponding to identical ignition 

delay times due to the presence of burning 

catalyst (iron oxide, copper chromite and 

others). For these systems, the activation energy 

of the limiting decomposition stage is quite close 

to that of irreversible decomposition of AP (E = 

30 kcal/mol). The second group includes more 

thermostable mixtures characterized by higher 

ignition temperatures (360–500oC) and 

significantly higher activation energies  

(E ≈ 60 kcal/mol). 

As was found by a modified/improved 

differential thermal analysis method [2] 

(DTA/TGA/DSC) with “thermal dilution”, this 

is associated with some features of high-

temperature gasification of AP. In particular, 

irreversible decomposition of AP is 

accompanied by its dissociative sublimation 

occurring under conditions of thermodynamic 

equilibrium at the interface and yielding 

ammonia and highly reactive perchloric acid 

vapor. 

The basic experimental scheme and new cells 

used in experiments with “mechanical” and 

“thermal dilution” of reactive EM with heat 

conducting inert material are shown in Fig. 2. 

The “mechanical dilution” is used for the study 

of decomposition kinetics for homogeneous EM. 

In this case, a sample is mixed with highly heat-

conducting inert material in the ratio M/m ≈ 100, 

where m and M are weights of the sample and 

the diluent. 
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Fig. 2. Experimental approach scheme and 

cells for DTA, TGA and DSC; A, C, - 

“mechanical dilution”, B, D – “thermal 

dilution”; 1 – experimental cells, 2 – reference 

cells, 3 – sample, 4- differential 

thermocouples.  

This method allows one, on the one hand, to 

ensure spatial uniformity of the compound 

heating and, on the other hand, to exclude 

possibility of the sample self-inflammation. In 

the “thermal dilution” method, a thin layer of 

heterogeneous solid propellant (about 0.5 mm) is 

pressed between the ends of two aluminum 

cylinders placed into a cell with the shape of a 

cartridge case. Due to efficient heat removal into 

the aluminum cylinders, sample self-

inflammation at high rates of specific heat 

emission in the sample accompanying its high-

temperature decomposition does not take place. 

The irreversible decomposition of AP was found 

to occur via two stages characterized by the 

same value of the activation energy (30 

kcal/mol) and preexponential factors different by 

a factor of 100. The first (fast) stage described 

by the first-order process finishes when the 

conversion degree attains approximately 15 %. 

Kinetics of the second (slow) stage occurring in 

the temperature range of 280–500oC can be 

described by equation 
5.0)1(/ ηη −= kdtd , 

where k = 5.9⋅106 exp(-31000/RT) s-1. 

A close value for a limiting stage of high-

temperature (complete) decomposition of AP is 

obtained from experimental data on its linear 

pyrolysis. Some data on decomposition initial 

stages for model and commercial AP-based solid 

rocket propellants obtained by the ignition 

method were mentioned above. Decomposition 

patterns for the same heterogeneous materials 

were studied by the “thermal dilution” method in 

a wide range of the conversion degree. 

Decomposition of mixtures of AP with almost 

all studied polymers (rubber resin, polyurethane, 

polystyrene and others) was found to occur via 

two stages. In the first stage, polymer is oxidized 

by products of irreversible decomposition of AP. 

At the conversion degree < 15 %, the kinetics of 

the reaction taking place in the mixture is similar 

to that of the first (fast) stage of AP 

decomposition. In the second (slow) stage of 

decomposition of the AP–polymer mixtures, the 

overall reaction rate is determined by the process 

of a complex gas (product of irreversible 

decomposition of AP saturated with chloric acid 

vapors) formation. The vapor pressure increases 

with increasing temperature. As a result, the 

activation energy of the gross-process of high-
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temperature decomposition of AP-based solid 

propellant can be expressed as a sum of the AP 

decomposition activation energy (EAP) and a half 

of the AP dissociative sublimation heat (ΔH): 

kcal/mol6029312/HAP =+=Δ+=Σ EE . 

Some aspects of high-temperature 

decomposition of so-called volatile EM 

including liquid nitrates, highly concentrated 

H2O2, hydrazine and AP were thoroughly 

studied. Simultaneously occurring volumetric 

irreversible reactions and phase transformations 

under conditions of dynamic equilibrium at the 

interface (evaporation, in case of liquids, and 

dissociative sublimation, in case of AP) are 

characteristic for macrokinetics of high-

temperature reactions in these EM.  Processes of 

gas formation accompanying decomposition of 

the volatile EMs and their thermal explosion are 

shown to have different character than those of 

nonvolatile EMs. Some instruments for 

determination of kinetic parameters and critical 

conditions of thermal explosion of volatile EMs 

are described in this work. Kinetic parameters 

for homogeneous and heterogeneous (on 

surfaces of commonly used constructional 

materials) decomposition of highly concentrated 

H2O2 and hydrazine are determined for a wide 

range of temperature and reaction rate. 

Experimental results on thermal explosion of 

highly concentrated H2O2 quantitatively 

confirmed the correctness of the theory of 

thermal explosion of volatile EMs developed by 

Shteinberg  and Merzhanov [1]. 

Parts of the work presented here as well as many 

other relevant results are included in the book by 

A.S. Shteinberg “Fast Reactions in Energetic 

Materials: High-temperature Decomposition of 

Rocket Propellants and Explosives”[2] to be 

published for the first time in English by 

Springer-Verlag GmbH by the time of the 35th 

International Pyrotechnics Seminar opening.  

The second part of the presentation is devoted to 

electrothermal explosion (ETE) of condensed 

EM [3-6] belonging to a class of gasless 

combustion systems (including various mixtures 

used in self-propagating high-temperature 

synthesis/combustion synthesis and thermits). 

Experiments on ETE are performed by using 

samples pressed from EM powders and 

characterized by high electric conductivity. The 

fast electrical heating of the samples is 

characterized by relative uniformity.  

The design of an ETE experiment is 

schematically given in Fig. 3. 

 
Fig. 3. Experimental setup for the study of 

kinetics of EM high-temperature reactions by 

the ETE method: 1 – sample, 2 – power 

transformer, 3 – optical system, 4 – 

Hamamatsu photodiode set, 5 – PC. 
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As soon as the heat-evolution rate due to high-

temperature reaction in the reaction mixture 

becomes comparable with the Joule heat 

generation rate the current is switched off. Due 

to a high reaction rate, further warming up of the 

sample occurs under adiabatic conditions. This 

feature of ETE significantly facilitates 

calculation of effective kinetic constants for 

super-fast high-temperature reaction responsible 

for combustion and explosion parameters of 

corresponding composite EM. Progress in theory 

and practice of ETE in various SHS-systems 

resulted in development of a specialty 

instrument called electro-thermoanalyzer ETA-

100 manufactured by ALOFT, Berkeley (Fig.4). 

 
Fig. 4. Electron-optic unit of electro-thermoanalyzer ETA-100 (ALOFT, Berkeley, CA).

Today this instrument allows one to measure 

kinetic parameters of gasless reactions for a 

wide range of working temperatures (900–

3600K) at reaction times as short as 100 μs.  

Typical thermograms obtained by using  

ETA-100 for ETE of a sample pressed from 

mechanically treated mixture of Al and Ni 

powders are shown in Fig. 5a [7]. A 3D 

temperature profile taking place as combustion 

waves propagate from the sample central part 

(with the maximum temperature caused by local 

thermal explosion) towards its ends is shown in 

Fig. 5b. The numbers of 16 autonomous 

electron-optic channels are indicated on the X-

axis. The distance between the adjacent channels 

corresponds to a 500 μm vertical shift along the 

surface of a cylindrical sample. Thus in this 

experiment the temperature profile as a function 

of time was scanned every  

1 ms for a sample surface section 8 mm long.  
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The switching off of the sample electrical 

heating is programmed, and a corresponding                

mark appears on the thermogram.  

 

  a 

   b 

Fig. 5. ETE of a sample prepared from the powder mixture Ni–Ni-clad Al performed in ETA-100; 

distance between the channels 500 μm, time step 1 ms, the temperature of joule heating switch-off T 

= 1250 K; a – 2D thermogram, b – 3D thermogram.  
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In the experiments illustrated by Fig. 5 (a, b) the 

heating was switched off as soon as the average 

temperature in the sample cross-section (channel 

9) reached T = 1250 K. Data on kinetics of very 

fast high-temperature reactions occurring in the 

gasless combustion mode in the Ti + C (up to T 

= 3300 K), Ti + B (up to T = 3100 K), Fe2O3 + 

Ti (up to T = 2350 K) and some other systems 

obtained by ETE are given in the oral 

presentation [3—6].  

Data on kinetic of heat emission during high-

temperature reaction in the Si + C system (up to 

T = 2400 K) are presented in Fig. 6 as an 

Arrhenius plot.  

 
Fig.6. Kinetics of heat emission at high-

temperature interaction between Si melt and 

graphite powders with different particle size; 

1 – system 1; 2 – system 2. 

The dependences correspond to two systems 

consisting of Si with the particle size  

5 μm < dSi < 16 μm and C with the particle size 

dC < 63 μm (system 1) and 63 μm < dC < 90 μm 

(system 2). The activation energy of the silicon 

carbide synthesis for both systems was found to 

be E = 55 kcal/mol. This value is close to  

ΔH = 59 kcal/mol characterizing the exponential 

growth of the C solubility in liquid Si with 

increasing the temperature. Therefore it was 

concluded that under these conditions the overall 

process rate is determined by the rate of C 

dissolution in Si melt. Due to extremely high 

reaction rate at the temperatures exceeding the 

Si melting point, ETE is the only method that 

can be used for determination of macrokinetic 

parameters of SiC synthesis in this temperature 

region. Data on kinetic constants for this 

reaction at high temperatures is of practical 

interest since this information can be used for 

development of ETE-based techniques for fast 

synthesis of this valuable material. 

The quantitative data on kinetics of fast high-

temperature reactions in condensed EM obtained 

by the ETE method provided new information 

about mechanism of gasless SHS. For example, 

the limiting stage in macrokinetics of reactions 

in the Ni + Al and Ti + C systems responsible 

for the rate of their SHS was found to be 

dissolution of refractory component particles in 

the liquid phase of the low-melting component 

(but not reaction diffusion).  

Kinetics of the Ni + Al system was studied by 

using samples pressed from powders as well as 

multilayer cylindrical samples tightly rolled 

from two-layer Ni/Al foil bands (Fig. 7a) [3]. At 

gasless combustion of the cylindrical samples 

the combustion rates were measures and 

combustion wave temperature profiles were 
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recorded by using a standard experimental setup 

(Fig. 7b) [8].  

 
Fig. 7. Multilayer sample (a; 1 – Al, 2 - Ni) 

and the experimental setup scheme (b; 3 – 

nichrome heater, 4 – mica, 5 – thermocouples, 

6 – electronic amplifier, 7 – oscillograph. 

The rate of gasless combustion wave 

propagation (SHS) was found to be determined 

not by thermally activated solid-phase diffusion 

but by dissolution of the refractory reagent 

particles in the second component melt weakly 

dependent on the temperature. In this case, the 

combustion rate can be expressed as  
15.0)( −= δaDU  , 

where a is the mixture thermal diffusivity, D, the 

diffusion coefficient in the melt, δ, the particle 

size (thickness of the layers) of the refractory 

component. Data on gasless combustion of Ni + 

Al samples pressed from the powders as well as 

multilayer (laminated) foil samples and ultrathin 

layers deposited in vacuum are summarized in 

Fig. 8. Almost all points fall on a straight line 

with the slope giving the diffusion coefficient 

value. The obtained D = 10–5 sm2s–1 clearly 

indicates that liquid-phase diffusion rate 

determines the system combustion rate. Similar 

studies for the Ti + C system [4,15] brought out 

clearly that this conclusion is valid for the most 

systems characterized by melting of one of the 

components in the gasless combustion front.  

This provides a simple explanation for 

paradoxically equal rates of gasless combustion  

in the systems characterized by tremendous 

difference in parameters of reaction (i.e. solid-

phase) diffusion of the components.  

 
Fig. 8. The effects of the particle size and 

refractory components layer thickness on the 

combustion rate for powder and multilayer 

Ni + Al samples (1– [8], 2- [9], 3 – [10],  

4 – [11], 5 – [12], 6 – [13], 7 – [14]). 

Availability of information obtained by ETE 

allowed one to compare data on kinetics of  

fast high-temperature reaction in the Ti + C 

system occurring under static conditions (ETA-

100) and under high-speed impact. Fast self-
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heating of the sample at high deformation rates 

was studied. The ignition process was 

experimentally studied by using a ballistic 

system of 14 mm in caliber [16,17]. The sample 

temperature was measured by using an optical 

system. The experimental setup is shown in  

Fig. 9a. Duraluminum bullet 1 (≈ 15 g) was 

brought up to speed of 1150 – 1300 m/s to hit 

then an ampoule containing sample 3 placed in 

between 5.45 mm thick single-crystal sapphire 

glass 4 and 1 mm duraluminum disk 2. The side 

surface of the sample was covered with a steel 

band. Radiation from the sample surface was 

received by three optical fibers 5 calibrated with 

a standard light source. Optical signals were 

transmitted through interfilters to 

photomultiplier tubes and then transformed into 

electrical signals and detected by digital 

oscilloscopes. The time resolution of the 

detection system determined by the clock rate of 

the oscilloscopes was 50 ns. The minimum 

reliably detected temperature was about 1700 K. 

The measurement accuracy at temperatures 

above 2300 K was not less than 2 %. The 

samples (2 mm thick pressed pellets, the density 

of 2.7 g/cm3) were prepared from a 

stoichiometric mixture of Ti powder (for 70 % 

of the particles dTi = 20 – 100 μm) and C black 

(dC < 1 μm). To evaluate the effect of the 

chemical reaction on the sample self-heating 

some of the experiments were carried out in the 

inert mixture of C black and Ni powder, Fig.9b. 

The bullet rate was determined by the time of its 

flight between two contact pickups with an 

accuracy higher than 0.1 %. The chemical 

reaction rate in this (dynamic) mode was found 

to be several orders of magnitude higher than 

that under static conditions, Fig.9c.  

   Some obtained data allow one to assume that 

the reaction kinetics under high-speed impact is 

determined by absolutely different patterns and 

is characterized by different parameters than that 

of reaction occurring under static conditions. For 

the Ti + C system the characteristic reaction 

time tr is close to tr = d/u, where d is the Ti 

particle size and u, the average rate of the 

mixture deformation by high-speed impact, [18]. 

The results of the direct comparison of kinetic 

parameters for fast EM reactions under dynamic 

and static conditions allow one to assume a 

significant difference in the corresponding 

mechanisms. Under normal (i.e. static) 

conditions even at very fast heating 

characteristic for thermal explosion, ignition and 

combustion, kinetics of solid EM decomposition 

is determined exceptionally by the temperature. 

On the contrary, at the sample significant 

deformation (especially under high-speed 

impact) macrokinetics of the overall process and 

kinetics of single stages of the chemical reaction 

are determined mainly by mechano-chemical 

phenomena. In this case, the temperature does 

not play the main role. 
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Fig. 9. The study of the fast reaction in the Ti 

+ C system under conditions of high-speed 

impact; a – experimental setup, b – the 

sample heat emission as a function of time (1 

– Ti/C black, 2 – inert Ni/C black); c – 

kinetics of the Ti + C reaction under static (1) 

and high-speed impact (2) conditions. 

 

Despite a long-term interest in this area, the 

studies of kinetics of fast reactions in solid EMs 

under conditions of high-speed impact have just 

begun. 
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ABSTRACT 

 
During rocket motor operation small cracks in the propellant grain may develop into disastrous 

voids, which in turn may lead to a catastrophic pressure rise due to the additional burning area. On the 
other hand, some cracks close as a result of the pressure applied to the grain and have no influence on the 
burning propagation. To this day no analytical method capable of predicting the phenomena exists.  

IMI/RSD analysis group has studied crack behavior in Ballistic Evaluation SRMs with cylindrical 
propellant grains. A crack simulating thin radial slot was cut in the cylinder and the motor was ignited on 
a test stand. The motors were ignited using different amounts of pyrotechnic igniting mixture. Two 
possible ballistic scenarios were calculated, flame propagation into the crack or crack closure. Measured 
pressure profiles were compared to the predicted ones and the resulting crack behavior was identified. A 
positive correlation was obtained between the igniter composition amount and the crack behavior. 

A thin liner layer was spread over the crack to test its ability to prevent ignition of the crack inner 
surface by the hot gases. It was found that this action by itself is not sufficient to prevent crack internal 
area from burning. 
 
Symbols 

a - propellant grain internal radius  
b - propellant grain external  radius 
L - propellant grain length  

ΔL  - propellant grain axial displacement 
t - crack width 

Pi - propellant grain internal pressure 
Pcr - crack internal pressure 
E - Young modulus 
ν - Poisson ratio 

 

Introduction 
Many solid rocket motors develop small cracks in the propellant grain at some point of their shelf 

life. The cracks are identified either by a visual inspection or through an X-ray radiography. In many 
cases the actual size and dimensions of the crack are difficult to define, leaving the engineers with the 
dilemma of whether the motor can be safely approved for use. The stakes are high, and the decision to 
scrap the motor (inflicting a substantial financial loss) or to risk a mission failure, is usually based on 
previous experience and various subjective criteria. 

The IMI/RSD analysis team is proposing a simple and robust method to identify and reduce the 
hazards in testing SRMs with small cracks detected in the propellant grain. In previous work [1] it was 
shown that grain geometry is the key factor in the resulting crack behavior. A literary review revealed 
several papers, most of them by K.K.Kuo [2-7] from the nineteen seventies and early eighties dealing 
with the subject. In most of them a high-pressure gradient at the ignition was a key factor for the crack 
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inside surface ignition. Most of the experiments described in those papers were performed in laboratory 
conditions. This paper describes our attempt to understand the rate of pressure rise influence on the crack 
behavior by comparing simulation with actual rocket motor firings results. 
 
Crack Behavior Simulation model 

The radial crack simulation model is described in figure 1. During the ignition stage there are 
three possible outcomes: 
1. Crack stays open and starts burning on the inside. 
2. Crack partially closes (figure 2). 
3. Crack fully closes (figure 3). 

 

  

crP

a

ΔLj
iP iP

t L

 
 

 
Figure 1 – Simulation model 

  
Figure 2 – Crack partially closed Figure 3 – Crack fully closed 

 
A numerical calculation was performed to simulate the ignition pressure influence on the crack 

behavior. The grain geometry is described as two thick wall cylinders of length L on both sides of the 
crack. The ignition pressure creates forces acting on the cylinders, and the crack will close if the 
combined displacement of both cylinders is equal or larger than the crack width: 

ΔL =  tL j

2

1j

=Δ∑
=

 

The axial displacement of a cylinder is a function of casing geometry, loads applied and casing 
material mechanical properties: 

),E,a,t,L,P,P(fL crij ν=Δ  
In a simple case, applying a radial force on a free, elastic thick-walled cylinder results in a 

displacement (according to [8]): 

b 
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j −
−−=Δ

ν  

In our case we are dealing with a visco-elastic cylinder bonded to a rigid casing and subjected to 
an axial and radial pressure. Analytical solution of this problem is very complicated; therefore a 
numerical solution is used. 
 
Preliminary analysis - numerical solution using ANSYS code 

A finite element model was created (fig. 4). The parameters tested were crack width t, chamber 
pressure Pi and inside crack pressure Pcr..  

 

 

 
The analysis results have shown that: 

(1) if  
2

ip
> Pcr, then ΔL <0, the crack will open and 

burn for any t 

(2) if   
2

ip
< Pcr and 0<ΔL <t, the crack will 

partially close 

(3) if  
2

ip
< Pcr and ΔL =t, the crack will close 

Figure 4 – Finite elements model for crack 
propagation simulation 

 

     The cylinders edges may overlap (fig. 3) because the contact element concept was not used in 
this analysis.  As a result, the initial condition (3) becomes: 

(3a)  if  
2

ip
< Pcr   and  ΔL ≥ t,     the crack will close 

 
Crack width influence analysis 

Crack behavior dependence on its width t was evaluated in our previous work [1].  We concluded 
that for a given propellant grain and crack geometry a critical pressure value exists below which the crack 
will not close (and its inside surface will ignite). When the crack does close, the grain burning proceeds 
essentially as if there was no crack. A small change in the burn surface propagation does not have any 
significant influence on the motor internal ballistics – i.e. no significant deviation from the nominal 
pressure development or longer casing exposure times. 

 
Experimental Results 

During the ignition stage a high-pressure gradient develops in the motor, applying pressure on the 
solid propellant grain. This creates deformations in the visco-elastic propellant, and in certain geometries 
will lead to the crack closure. If the crack closes before its internal surface ignites (before the hot igniter 
gases manage to enter the crack), the propellant will burn as if there was no crack, providing the internal 
pressure in the motor does not apply forces on the receding grain that can open the crack.  

To make sure that the hot igniter gases will not penetrate the crack, the crack area was covered 
with a thin liner layer, which acts as a shield and prevents the crack inside area ignition. We assumed that 
if the crack closes, the liner will ensure that there will be no inside area ignition, and later allow it to burn 
as if there was no crack. We have shown in our previous work [1] that it is possible to identify the crack 
inside surface ignition from the pressure vs. time chart analysis. Analysis of the inside surface of the PVC 
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sleeve into which the propellant was cast served as an additional and independent data to verify the 
propellant grain burn pattern. 

One of the results of the first set of experiments was that if the crack does not close, the liner 
cover bursts and the crack inside surface ignites leading to a distinctive chamber pressure chart. This 
result ensured us that we are able to study the crack behavior under mechanical loads only. 

 
BEM2 Experiments 

BEM2 is a 500 mm long motor, with 
a 22.5 kg cylindrical propellant grain (outer 
and inner diameters 188 and 52 mm 
respectively). A 1 mm wide radial slot 
(representing a crack) was machined in the 
grain. In some of the grains two slots were 
machined. 
The 8 mm deep crack was machined into a 2 mm deep depression to prevent scrapping of the covering 
liner layer by the combustion gases (figure 5). The solid propellant was casted into a PVC sleeve, which 
is recovered after the firing. Except for the burnt edges (front, inner and back grain surfaces are 
uninhibited), the central part of the sleeve is protected by the case bonded grain and stays undamaged. 
Short exposure times leave distinctive marks on the sleeve inner surface and provide clues to the grain 
burn pattern. 

 
Open crack test 

The propellant grain burn lines for an uncovered crack with all internal surfaces ignited are 
presented in figure 6. An area A is exposed due to the combustion inside the crack, and the larger area B 
is exposed for a shorter time due to the burning of the 2 mm deep grove. Consequently, if this assumption 
is correct, the pressure vs. time results and the charring marks on the PVC casing should be consistent. 
The calculated pressure chart is shown in figure 7. Exposure marks on the PVC sleeve are shown in figure 
8. The pressure chart shape and the exposure mark dimension and location support the conclusion that the 
crack did ignite on the inside. 

                                           A      B          

0

5

10

0 5 10 15 20 25 30 35 40 45 50
cm  

 
Fig.6 – Uncovered crack propellant grain burn 

lines 

 
Fig.7 – Uncovered crack predicted pressure chart 

 
Fig.8 – Cutout of the BEM2 PVC sleeve with exposure marks 

Figure 5 – BEM2 geometry 

A 
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Closed crack test 

If the crack fully closes under the influence of the ignition pressure, the burning of the grain 
should resemble ideal cylindrical grain combustion, as shown in figure 9, with the pressure chart 
presented in figure 10. 

 
Fig.9 – Burn lines with crack closed. The 2 mm 
depression creates a small casing area with 
longer exposure time marks. 

 
Fig.10 - Closed crack predicted pressure chart 

 
Fig 11 - Cutout of the BEM2 PVC sleeve without exposure marks 

The BEM2 grain geometry and ignition gradient were used to simulate the grain deformation. In 
contrast with the BEM1 (a smaller SRM described in [1]), the different geometry predicted that for a 
minimal ignition pressure the crack would close and prevent internal burning. To test these predictions, 
eight BEM2 motors with the crack covered by a 1 mm thick liner layer were fired, all with the same 
igniter. The resulting pressure vs. time charts and flame marks on the PVC casing were compared to the 
predictions. Four motors were tested and all the indications showed that the crack was closed before the 
flame could enter inside it (figure 12). In four other motors light and irregular exposure marks were found 
on the PVC sleeve indicating partial burning inside the crack. These marks, together with the pressure 
chart profile suggested that the internal surface exposure was partial at best, as indicated by a curving of 
the pressure line close to the web burn-out (figure 13). 

 
Fig.12 – Crack fully closed during fire. Charts 
closely follow prediction. 

 
Fig.13 – Crack partially opened. None of the 
charts shows significantly shorter action time  

Comparison of the pressure vs. time charts presented in figure 13 with the simulation results 
indicates that at some points along the radially machined crack hot combustion gases managed to enter 
into it and as a result of this uneven grain burning, the motor action time is smoothed and not well defined 



-354- 

as it is in figure 12. The additional exposure time, shorter than predicted by approximately 0.5 sec., 
indicated that the hot gases did not fully enter the crack, but were stopped by its partial closure. 
 
Ignition gradient influence on crack behavior 

As it was stated above, crack closure process may be described as a competition between the hot 
combustion gases and the forces acting on the grain. In the literature reviewed (reference [2] in particular) 
the pressure rise rate was found as a significant factor influencing the crack behavior. The assumption is 
that if the pressure rise gradient is steep enough, the crack will close and the grain will proceed to burn as 
if there was no crack. To check this assumption, some BEM2 motors were ignited with a low weight 
igniter, which significantly reduced the ignition pressure rise rate (figure 14). 

 
Figure 14 – Ignition pressure gradients 

 
Figure 15 – Pressure chart tail-off comparison 
for different ignition pressure gradients 

Our initial conclusion was that the low ignition pressure gradient caused only partial crack 
closure, and as a result, the motor action time was reduced. The experimental results presented in figure 
15 seem to support this explanation. The gradual descend of the pressure chart (two lower lines in fig.15) 
is a direct result of burning of the internal crack surface, while the sharp pressure drop (the two upper 
lines) and relatively short tail-off are an indication of the classical cylindrical grain burning. In 
comparison with a closed crack combustion pattern, the pressure drop starts earlier when the crack does 
not close fast enough and some of its internal surface begins to burn.  

When the assumption of the pressure gradient influence on crack behavior was tested with the 
crack behavior finite element model, the conclusion was that the important parameter is the absolute 
pressure value and not its rise gradient. For the BEM2 geometry, the hot igniter gases would penetrate a 
liner cover if the pressure was lower than a threshold value, no matter what the pressure rise time. It is 
possible that the pressure gradient is an important factor in other SRM geometries and pressures. Kuo [2] 
describes experiments with ignition pressure gradient ~15 times greater than the maximal values used in 
our experiments. 
 
Conclusion 

Crack behavior in a solid rocket propellant grain was investigated. Cylindrical SRM grains with 
well-known burn pattern were chosen. An axisymmetric radial slot was machined in the grains to simulate 
the crack.. The conditions for crack closure under the applied pressure were calculated. These calculations 
were compared to the experimental results. The measured pressures vs. time charts were found consistent 
with the prediction. Casing exposure marks placement and dimensions were consistent with the simulated 
crack behavior. 

The criteria for the crack closure before the combustion gases enter and ignite its internal surface 
were established theoretically and proven experimentally. Because of some ambiguous results, it is 
suggested that even if the analysis implies crack full closure, the crack area should be covered with a 1 to 
1.5 mm thick liner layer and allowed to polymerize at room temperature. 

The results of this study raise the possibility of “mending” cracked SRM grains if the geometry 
and ignition pressure are sufficient to close the crack completely during the ignition stage. This approach 
has a potential to prevent scrapping otherwise useful solid rocket motors that have developed small cracks 
during natural aging. 
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ABSTRACT 

Screening level summaries are reported on the known human and ecological toxicology, and 
environmental mobility (aquatic and terrestrial) of compounds predicted as possible pyrotechnic 
combustion products. As a result of the pre-screening process used in selecting the pyrotechnic 
ingredients, the environmental impacts associated with the combustion products were generally 
acceptable, but a number of compounds exhibited high acute toxicity or ecotoxicity. 

 

 

Introduction 

The high energy oxidant potassium 
perchlorate is used in incendiary ammunition to 
produce an incandescent flash and smoke, to 
mark an impact point or act as an ignition source 
for flammable liquids.  

It can be released into the environment 
as a result of spillages during composition 
manufacture or filling, demilitarization, or when 
ammunition fails to function correctly. It has 
high solubility in water and a very low 
retardation in aquifers, as a result, any 
groundwater plumes can be extensive and pose 
severe remediation problems. 

The presence of potassium perchlorate in 
drinking water is a cause for concern, as all 
perchlorates are recognized as a potential hazard 
to human health. In particular, their ingestion is 
known to inhibit iodide uptake by the thyroid 
gland. A number of US states control the 
perchlorate content of drinking water; in 
California a final Public Health Goal of 6 ppb 
has been introduced, and in Massachusetts the 
acceptable perchlorate level is only 2 ppb. 

 

To reduce future perchlorate use, 
QinetiQ in undertaking research into new 
incendiary pyrotechnics. Part of this study 
includes an environmental assessment of the 
pyrotechnic combustion products. 

This work forms part of an investigation 
for the Strategic Environmental Research and 
Development Program (SERDP) into the 
development of environmentally benign, 
perchlorate-free incendiary and pyrotechnic mix 
technologies for projectiles (WP-1424). 

In a previous study [1], screening level 
summaries were reported on the known human 
and ecological toxicology, and environmental 
mobility (aquatic and terrestrial) for the 
compounds selected for the formulation studies. 
As a result, a number of materials including 
copper oxide and manganese oxide were 
removed from the list of potential replacement 
compounds. In the current work, the likely 
combustion products for selected formulations 
have been examined so that their environmental 
impact can also be used in the down selection 
process.  
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Combustion Products 

The main pyrotechnic ingredients 
selected for formulation studies [2, 3], following 
the initial environmental screening, are given in 
Table 1. 

The NASA-Lewis chemical equilibrium 
programme was used to predict the gaseous 
combustion products produced by binary and 
ternary combinations of these ingredients [4]. 

The effect of cooling, oxidation and 
hydrolysis were then considered before 
compiling a final list of compounds to screen. 

The combustion products considered are 
detailed in table 2, the list includes hydrogen 
sulfide and ammonia which are formed either 
during the combustion process or as a result of 
decomposition reactions. 

Environmental Impact Assessment 

A range of information sources were 
utilized to compile the toxicity and 
environmental screening report for these 
compounds, the most pertinent of which 
included: 

• IPCS INCHEM 

• TOXNET 

• Hazardous Substances Data Bank 

• Toxicology Literature Online 

• Integrated Risk Information System 

• ISI Web of Knowledge: Web of Science 

• Google Scholar 

The compounds were rated high, low or 
moderate against environmental persistence, 
bioaccumulation and toxicity (PBT) criteria to 
ascertain their environmental impact. 

The environmental persistence (P) of a 
substance is determined by its half-life in surface 
waters, groundwater, sediments and soils.  

Bioaccumulation (B) of a substance is 
the uptake by organisms to a higher 
concentration than the medium in which they 
live. 

 

 

Bioaccumulation is measured in the 
following ways: 

• Bioconcentration factor (BCF), the ratio 
of substance concentration in organism to 
substance concentration in medium. 

• Bioaccumulation factor (BAF), the ratio 
of substance concentration in organism to 
substance concentration in food. 

• Log octanol water partition coefficient 
(Log Kow), the measure of the equilibrium 
concentration of a substance between 
octanol and water. 

Human and ecological toxicity (T) 
ratings were established from acute and chronic 
studies. 

Where applicable, information on 
reproductive toxicity, teratogenicity, 
mutagenicity and carcinogenicity was also used. 

Methods for quantifying toxicity 
include: 

• Lethal (effect) [L(E)50], the concentration 
at which 50% of the population are likely 
to demonstrate lethality. 

• No observable effect concentration 
(NOEC). 

Table 3 summarizes the criteria used for 
applying each of the levels (high, moderate or 
low) for the persistence, bioaccumulation and 
each of the toxicity ratings. 

Results 

The results of the environmental 
screening studies are summarized in Table 4. 

For many of the compounds the toxicity 
and/or bioaccumulation rating was different for 
the acute and chronic effects. 

In the case of the metal nitrides and 
sulfides, the ratings reflect the decomposition 
products of ammonia and hydrogen sulfide.  

For some compounds, the 
bioaccumulation ratings were established using 
expert judgment. 
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When considering the results it is 
important to put the overall hazard rating of each 
chemical in context. For example, high 
persistence is not necessarily a problem when 
coupled with low toxicity or low 
bioaccumulation.  

Aluminum, barium, magnesium and 
strontium have been treated as inherently 
persistent even though the combustion products 
themselves may not be persistent. 

Conclusions 

The results from the environmental 
screening study for the combustion products 
showed that: 

• Many of the substances have moderate to 
high acute toxicity have low chronic 
toxicity because the toxic compound is 
short-lived in the environment. 

• Strontium and barium compounds have a 
moderate bioaccumulation potential. 

• Ammonia, hydrogen sulfide and sulfur 
dioxide have high acute toxicity but low 
chronic toxicity.  

• Many of the hydroxides have moderate 
acute toxicity but low chronic toxicity. 

• Aluminum compounds including 
magnesium-aluminate can be moderately 
toxic to aquatic organisms; however, this 
is very much dependent on the hydrogen 
ion concentration. 

• The sulfides tend to have moderate acute 
toxicity and high acute ecotoxicity; this is 
related to the release of hydrogen sulfide. 

• Similarly, the nitrides may show acute 
toxic effects because of the release of 
ammonia on contact with water. 
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Tables 

Table  1; Pre-screened pyrotechnic ingredients 
 

Fuels Oxidants 

Aluminum Barium nitrate 
Magnesium Barium sulfate 
Magnesium-aluminum Calcium sulfate 
 Potassium nitrate
 Potassium sulfate
 Sodium nitrate 
 Sodium sulfate 
 Strontium nitrate
 Strontium sulfate

 

Table 2; Combustion products examined 
 

Aluminum nitride Calcium sulfide Sulfur 
Aluminum oxide Potassium hydroxide Sulfur dioxide 
Aluminum sulfide Potassium hydrogen sulfide Strontium hydroxide 
Barium nitride Magnesium-aluminate Strontium oxide 
Barium hydroxide Magnesium hydroxide Strontium sulfide 
Barium sulfide Magnesium sulfide Hydrogen sulfide 
Ammonia Sodium hydroxide  
Calcium hydroxide Sodium sulfide  

 

Table 3; Criteria for high, moderate and low ratings. 
 

 High Moderate Low 

Persistance 
 

Degradation half life: 
Fresh water >40 days 
Freshwater sediment/soil >120 s. 

Degradation half life: 
Freshwater <40 days 
Freshwater sediment/soil <120 d. 

Readily 
biodegradable 
(mineralization in 
<28 d). 

Bioaccumulation 

Log Kow >4.5 or BCF >2000 
where data are available. 
If experimental BCF <2000, 
Log Kow does not apply. 

Log Kow >4 or BCF >500 where 
data are available. 
If experimental BCF is <500, 
Log Kow does not apply. 

Log Kow <4 or BCF 
< 500. 
 

T (Toxicity) 

Category 1 or 2 carcinogen or 
mutagen, and category 2 
reprotoxins or evidence of 
endocrine disrupting effects. 

Category 2 carcinogen and 
category 3 mutagens or reprotoxins 
or evidence of endocrine disrupting 
effects. 

Non-carcinogenic, 
mutagenic or 
reprotoxic. 
 

T (Ecotoxicity) 

Acute L(E)C50 ≤ 0.1 mg l-1 or 
long term NOEC ≤ 0.01 mg l-1. 

Acute L(E)C50 >0.1 mg L-1 to        
≤ 1mg L-1 or long term NOEC 
>0.01 mg l-1 to ≤ 0.1 mg l-1. 

Acute L(E)C50 > 
1mg l-1 or long 
term NOEC > 0.1 
mg l-1. 
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Table 4; Environmental screening results for the products of combustion. 
 

 

Pe
rs

is
te

nc
e 

B
io

ac
cu

m
ul

at
io

n 

T
ox

ic
ity

 

E
co

to
xi

ci
ty

 

Aluminum nitride HIGH LOW LOW HIGH (acute)  
MODERATE (chronic) 

Aluminum oxide HIGH LOW LOW MODERATE 

Aluminum sulfide HIGH LOW MODERATE (acute) 
 LOW (chronic) 

HIGH (acute) 
MODERATE (chronic) 

Ammonia LOW LOW HIGH (acute)          
LOW (chronic) 

HIGH (acute)          
LOW (chronic) 

Barium nitride HIGH MODERATE HIGH (acute)           
LOW (chronic) 

HIGH (acute)          
LOW (chronic) 

Barium hydroxide HIGH MODERATE MODERATE (acute) 
LOW (chronic) LOW 

Barium sulfide HIGH MODERATE MODERATE (acute) 
LOW (chronic) 

HIGH (acute)          
LOW (chronic) 

Hydrogen sulfide LOW LOW HIGH (acute)          
LOW (chronic) 

HIGH (acute)          
LOW (chronic) 

Hydroxides (calcium, 
potassium & sodium) LOW LOW MODERATE (acute) 

LOW (chronic) LOW 

Magnesium aluminate HIGH LOW LOW MODERATE 

Magnesium hydroxide HIGH LOW LOW LOW 

Magnesium sulfide HIGH LOW MODERATE (acute) 
LOW (chronic) 

HIGH (acute)          
LOW (chronic) 

Strontium hydroxide, HIGH MODERATE MODERATE (acute) 
LOW (chronic) LOW 

Strontium oxide HIGH MODERATE LOW LOW 

Strontium sulfide HIGH MODERATE MODERATE (acute) 
LOW (chronic) 

HIGH (acute)           
LOW (chronic) 

Sulfides (calcium, 
potassium hydrogen and 
Sodium) 

LOW LOW HIGH (acute)          
LOW (chronic) 

HIGH (acute)          
LOW (chronic) 

Sulfur HIGH LOW LOW LOW 

Sulfur dioxide MODERATE LOW HIGH (acute)          
LOW (chronic) 

HIGH (terrestrial)   
LOW (aquatic) 
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Potassium Dinitramide as a Pyrotechnic Oxidant for Red Flare 
Applications 

R P Claridge, T T Griffiths and N A D Johnson 

QinetiQ, Fort Halstead, Sevenoaks, UK 

ABSTRACT 

Dinitramide salts are high energy oxidants that have the potential for use in pyrotechnic 
formulations. The most promising of these is potassium dinitramide which has a high oxygen balance but 
a relatively low melting point of around 128 °C. Potassium dinitramide has been investigated as an 
oxidant in a red flare composition which when originally formulated contained a blend of magnesium 
powder, boiled linseed oil, potassium perchlorate and strontium oxalate. 

Control compositions were prepared along with those containing potassium dinitramide, the 
boiled linseed oil content constant at 4%. For each system, two composition ranges were prepared. In the 
first, the amount of magnesium was kept constant at 48% and the perchlorate or dinitramide to oxalate 
ratio was changed. In the second, the strontium oxalate content was kept constant at 10% and the 
magnesium to perchlorate or dinitramide ratio was changed. The compositions were evaluated for their 
burning rate, light output and thermal characteristics. 

Linear burning rate relationships were observed for both systems; generally the compositions 
containing potassium dinitramide had a higher burning rate than the equivalent composition containing 
potassium perchlorate. The compositions containing potassium perchlorate generally gave higher 
luminance than the equivalent composition containing potassium dinitramide. The colour of the flame for 
both systems lay on the border between the red and reddish orange regions of the CIE diagram but the 
mixes containing potassium dinitramide were closer to the yellowish pink region. 

 

Introduction 

Pyrotechnic compositions are used in 
many munitions and on the majority of weapon 
platforms. They enhance platform survivability 
and are fundamental to the safe and reliable 
functioning of more complex weapon systems, 
for example torpedo and rocket motors. 
Pyrotechnic munitions are also used extensively 
in military training and for area illumination and 
signalling. 

Red flare compositions are generally 
formulated to contain strontium nitrate but it is 
also possible to use a high energy oxidant and 
strontium oxalate to produce compositions 
which emit strongly between 620 nm and 700 
nm. 

 

Dinitramide salts are high energy 
oxidants that have the potential for use in 
pyrotechnic formulations. Stable salts are 
formed with a number of mono and divalent 
metals but many of them are photosensitive, 
hygroscopic or contain water of crystallisation 
[1]. This prevents them from being used with 
commonly used pyrotechnic fuels including 
magnesium, aluminium and boron, which 
readily react with water. 

The most promising for pyrotechnic 
applications is potassium dinitramide which has 
a high oxygen balance but a relatively low 
melting point of around 128 °C. 
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Potassium dinitramide has been 
investigated as an oxidant in a red flare 
composition which was originally formulated to 
contain a blend of magnesium powder, boiled 
linseed oil, potassium perchlorate and strontium 
oxalate. 

Control compositions containing 
potassium perchlorate were prepared along with 
those containing potassium dinitramide; all of 
the formulations studied contained 4% boiled 
linseed oil.  

For each pyrotechnic system, two groups 
of compositions were prepared. In the first 
group, the amount of magnesium was kept 
constant at 48% and the strontium oxalate to 
perchlorate or dinitramide ratio was changed. In 
the second group, the strontium oxalate content 
was kept constant at 10% and the magnesium to 
perchlorate or dinitramide ratio was changed.  

The compositions were evaluated for 
their burning rate and light output. 

Experimental 

Details of the formulations prepared are 
given in Tables 1 and 2. The grade 4, cut 
magnesium was used as received; the potassium 
perchlorate and strontium oxalate were oven 
dried at 95 °C for a minimum of 3 hours and 
passed through a 125 µm sieve before use. The 
KDN was milled in a high speed rotor mill and 
passed through a 125 µm sieve. 

The boiled linseed oil was coated onto 
the magnesium powder before blending it with 
the oxidants. To obtain a homogenous mix the 
compositions were passed three times through a 
600 µm sieve. The compositions were spread in 
conducting trays and allowed to cure for 
48 hours. The compositions containing KDN 
were covered to prevent exposure to light. After 
curing the compositions were passed through a 
125 µm sieve. 

The compositions were filled into 12mm 
diameter cardboard tubes; four 3 g increments 
were pressed at 6.7 kN using a stepped drift. 
Prior to pressing the final increment with a flat 
ended drift, 0.5 g of a priming composition was 
added. The column length of each flare was 
measured.  

Pyrotechnic performance data were 
obtained by burning the flares, positioned 
vertically, in a darkened tunnel. The 
compositions were ignited using electric 
fuzeheads and the burning times were measured 
using a stopwatch. During combustion a 
SpectraColorimeter PR650 spectrophotometer 
was used to determine the spectral output 
between 380 nm and 780 nm. 

Results 

Burning rate data for the compositions 
where the strontium oxalate was replaced by 
either potassium perchlorate or potassium 
dinitramide are shown plotted in Figure 1. The 
burning rate of each composition containing 
potassium dinitramide was higher than the 
equivalent composition containing potassium 
perchlorate.  

For the compositions containing 
potassium dinitramide, as the oxalate content 
was increased a large linear reduction in the 
burn rate was observed. For the compositions 
containing potassium perchlorate a small but 
linear reduction in burning rate was seen. 

Figure 2 shows the effect of replacing 
magnesium with either potassium perchlorate or 
potassium dinitramide. A linear reduction in 
burning rate was observed for both systems, and 
once again each composition containing 
potassium dinitramide had a higher burning rate 
than the equivalent composition containing 
potassium perchlorate. 

Typical spectra for flares containing 
potassium dinitramide and potassium 
perchlorate in compared in Figure 3; the 
approximate position of the yellow, orange and 
red regions of the electromagnetic spectrum are 
also shown.  

Both types of compositions gave spectral 
peaks at around 670 nm and 770 nm but the 
latter peak is in the near infrared region and thus 
outside the photopic response region of the eye 
(400 – 700 nm). The radiance between 620 nm 
and 720 nm was higher for the compositions 
containing potassium perchlorate and there was 
considerably greater radiance for these 
compositions between 620 nm and 650 nm. 
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This has a significant effect on the 
luminance and perceived colour of the flame 
because the spectral response of the eye is 
greater in this region than in the region above 
650 nm. 

When plotted on the 1931 CIE diagram, 
the colour of the flame for both systems lay on 
the border between the red and reddish orange 
regions of the diagram but the mixes containing 
potassium dinitramide were closer to the 
yellowish pink region. Figure 4 confirms that the 
CIE chromaticity data fall into two distinct 
groups with those for the compositions 
containing potassium perchlorate having a 
higher x value and a slightly lower y value. 

The effect of changing the magnesium to 
oxidant ratio on the spectrum of the 
compositions containing potassium perchlorate 
is shown in Figure 5. Compositions containing 
lower amounts of magnesium gave a lower 
radiance level. A similar affect on the radiance 
was observed for the compositions containing 
potassium dinitramide. 

For both systems, a linear reduction in 
luminance with increasing oxidant, but 
decreasing magnesium content, was observed 
(Figure 6). The composition containing 
potassium perchlorate had a higher luminance 
than the equivalent composition containing 
potassium dinitramide. 

The luminance data obtained for the 
compositions where the strontium oxalate to 
oxidant ratio was decreased showed some 
variation. For the compositions containing 
potassium perchlorate the luminance appeared to 
increase as the oxalate content increased and for 
potassium dinitramide it appeared to decrease. 
At each oxalate level the compositions 
containing potassium perchlorate had the higher 
luminance. 

Conclusions 

The burning rates of the compositions 
containing potassium dinitramide were higher 
than the corresponding compositions containing 
potassium perchlorate.  

Both systems showed a linear decrease 
in burning rate as the oxidant was replaced with 
strontium oxalate or the magnesium was 
replaced by the oxidants. The addition of an 
oxalate to a pyrotechnic composition or a 
reduction in its magnesium content is associated 
with a reduction in the combustion temperature 
of the composition and as a result the burning 
rate of the composition. 

The luminance of a burning flare is also 
influenced by the combustion temperature of the 
composition. This explains the reduction in 
luminance observed when the magnesium in the 
composition was replaced by increasing amounts 
of an oxidant. 

The effect on luminance which results 
from the change in strontium oxalate content is 
more complex since in addition to reducing the 
combustion temperature, its addition will result 
in an increase in the amount of strontium in the 
flame. 

In addition to having a higher luminance, 
the compositions containing potassium 
perchlorate gave a higher radiance in the red 
region of the electromagnetic spectrum 
especially between 620nm and 650 nm. This 
results from the formation of SrCl+ in the flame 
for the compositions. This species emits strongly 
in three molecular wavebands centered at 622 
nm, 631 nm and 643 nm. 
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Tables 

 
Magnesium Grade 

4 Cut 
(%) 

Boiled Linseed Oil 
(%) 

Strontium Oxalate 
(%) 

Potassium 
Perchlorate 

(%) 

48 4 6 42 
48 4 8 40 
48 4 10 38 
48 4 12 36 
48 4 14 34 
40 4 10 46 
42 4 10 44 
44 4 10 42 
46 4 10 40 
50 4 10 36 
52 4 10 34 
54 4 10 32 
56 4 10 30 

Table 1; Control Formulations. 

 

 
Magnesium Grade 

4 Cut 
(%) 

Boiled Linseed Oil 
(%) 

Strontium Oxalate 
(%) 

Potassium 
Dinitramide 

(%) 

48 4 6 42 
48 4 10 38 
48 4 14 34 
40 4 10 46 
44 4 10 42 
46 4 10 40 
52 4 10 34 
56 4 10 30 

Table 2; Dinitramide Formulations. 
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Figure 1; Burning rate as a function of strontium oxalate content where the oxidant is replaced by 
strontium oxalate. 
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Figure 2; Burning rate as a function of potassium perchlorate or dinitramide content where the oxidant is 
replacing magnesium. 
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Figure 3; Spectra produced by potassium perchlorate and potassium dinitramide flare compositions. 
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Figure 4; CIE Chromaticity data for potassium perchlorate and potassium dinitramide flare compositions. 
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Figure 5; Spectra for two potassium perchlorate compositions containing 40% and 56% magnesium. 
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Figure 6; Luminance as a function of potassium perchlorate or dinitramide content where the oxidant is 
replacing magnesium. 
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E L Charsley, J J Rooney, H M Markham 
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ABSTRACT 

Pyrotechnic compositions containing potassium perchlorate are used in incendiary ammunition to 
mark an impact point or to act as ignition sources. Perchlorates inhibit iodide uptake by the thyroid gland 
and their level in drinking water is controlled. Research is being undertaken to reduce future perchlorate 
use in incendiary compositions. This paper the compares the burning rates and exothermicities of 
compositions containing magnesium-aluminum alloy, barium nitrate and potassium perchlorate with 
compositions where the potassium perchlorate has been replaced by barium, calcium, potassium, sodium 
or strontium sulfate. In addition, the results of differential scanning calorimetry studies on the sulfate 
based compositions are reported. 
4 

Introduction 

Potassium perchlorate is a high energy 
oxidizer that is used in incendiary ammunition to 
produce an incandescent flash and smoke to 
mark an impact point, or act as ignition sources 
for flammable liquids.  It can be released into 
the environment through spillages during 
composition manufacture or filling, 
demilitarization, or when ammunition fails to 
function correctly. Its high solubility in water 
results in a very low retardation in aquifers; as a 
result, any groundwater plumes can be extensive 
and pose severe remediation problems. 

The presence of potassium perchlorate in 
drinking water is a cause for concern, as all 
perchlorates are recognized as a potential hazard 
to human health. In particular, their ingestion is 
known to inhibit iodide uptake by the thyroid 
gland. A number of US states control the 
perchlorate content of drinking water; in 
California a final Public Health Goal of 6 ppb 
has been introduced, and in Massachusetts the 
acceptable perchlorate level is only 2 ppb. 

To reduce future perchlorate use, research into 
new incendiary pyrotechnics is being 

 

 

undertaken for the Strategic Environmental 
Research and Development Program (SERDP).  

Burning rate and thermal analysis studies 
have been reported for the magnesium-
aluminum alloy, barium nitrate and potassium 
perchlorate system [1] and for a range of 
alternative compositions containing magnesium-
aluminum alloy, barium nitrate and either 
potassium, sodium or strontium nitrate [2]. 

The studies showed that the burning 
rates of the ternary compositions containing a 
second nitrate decreased as the barium nitrate 
content reduced. A small increase in 
exothermicity was observed when the barium 
nitrate was replaced by a second nitrate. 

This paper the compares the burning 
rates and exothermicities of compositions 
containing magnesium-aluminum alloy, barium 
nitrate and potassium perchlorate with 
compositions where the potassium perchlorate 
has been replaced by barium, calcium, 
potassium, sodium or strontium sulfate. In 
addition, the results of differential scanning 
calorimetry (DSC) studies on the sulfate based 
compositions are reported. 
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Experimental 

Compositions 

Table 1 details a range of control 
compositions based on binary and ternary 
mixtures of 50% magnesium-aluminum alloy (to 
JAN-M-454), barium nitrate and potassium 
perchlorate.  

Experimental compositions where the 
potassium perchlorate was replaced with barium, 
potassium, sodium or strontium sulfate were also 
manufactured (Table 2).  

The mixes 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. 

Burning rate studies 
Flares were prepared by pressing four 3 

g increments of each composition into 12 mm 
diameter paper tubes at 6.7 kN. A small amount 
of a priming composition was added prior to 
pressing the final increment of composition. 

The column length of the pressed 
composition was measured. The flares were 
ignited using a fuzehead and the burning time 
was measured using a stop watch. 

Exothermicity measurements 
The exothermicity measurements were 

performed using a Parr Model 1425 semi-micro 
combustion calorimeter.  

Experiments were carried out on 100 mg 
powder samples in an argon atmosphere under a 
pressure of 0.1 MPa; the samples were ignited in 
quartz dishes using a hot wire. 

DSC studies under ignition conditions 
DSC experiments were performed under 

ignition conditions on the compositions using a 
high temperature DSC fitted with a nisil heat 
flux plate developed for pyrotechnic studies [3].  

The measurements were made on 20 mg 
samples which were heated at 50 °C min-1 in 
2 cm tall quartz crucibles in an upward flowing 
argon atmosphere. 

 

Results and discussion 

Potassium perchlorate compositions 

The burning rate plot for the control 
compositions containing 50% magnesium-
aluminum alloy is shown in Figure 1. The binary 
magnesium-aluminum alloy barium nitrate 
composition had the highest burning rate of 
around 9 mm s-1 but some batch to batch 
variation was observed for this formulation. The 
addition of potassium perchlorate caused a 
decrease in the burning rate of the compositions. 
The binary composition containing potassium 
perchlorate had a burning rate of around 2.5 mm 
s-1. 

In contrast, the exothermicity of the 
compositions showed a linear increase as the 
potassium perchlorate content increased (Figure 
2). 

Sulfate compositions 
The burning rate plots for the 

compositions containing 50% magnesium/ 
aluminum alloy, barium nitrate and either 
barium, calcium, potassium, sodium or 
strontium sulfate are shown in Figure 3. For 
compositions containing barium, calcium and 
strontium sulfate the burning rates increased as 
the sulfate content increased. 

For potassium and sodium sulfate 
compositions the burning rate initially fell as the 
sulfate content increased but at higher sulfate 
contents it was greater than that of the binary 
magnesium/aluminum alloy-barium nitrate 
composition. Both of these systems failed to 
sustain combustion across the entire formulation 
range. 

The exothermicity data for the 
compositions are plotted as a function of sulfate 
content in Figure 4. For all of the systems 
studied the exothermicity was found to decrease 
as the oxidant barium nitrate was replaced by a 
sulfate.  

The plots obtained for sodium and 
calcium sulfate compositions had similar 
gradients and their addition caused the lowest 
reduction in exothermicity. The plots for 
potassium and strontium sulfate compositions 
also had similar gradients and gave lower 
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reductions than when barium sulfate was added. 
The compositions containing potassium sulfate 
failed to sustain combustion when the sulfate 
content exceeded 30%. 

The ignition DSC curves for the binary 
compositions containing equal amounts of the 
alloy and either barium, calcium, potassium, 
sodium or strontium sulfate are shown in Figure 
5. All the compositions, apart from that 
containing potassium sulfate were found to give 
an ignition reaction; the ignition temperatures 
are given in Table 3.  

The results show that the highest 
reactivity towards the alloy was shown by 
sodium sulfate and that for the alkaline earth 
sulfates the reactivity decreased with increasing 
cation size. In the case of the alkaline earth 
sulfates around 60% of the sample mass was lost 
on ignition. This probably accounts for the 
smaller peaks shown by these compositions 
compared with those given by the composition 
containing sodium nitrate which only lost about 
20% mass on ignition. 

The DSC curves obtained for the ternary 
compositions containing 50% alloy, 35% barium 
nitrate and 15% sulfate are shown in Figure 6, 
along with that for the composition containing 
equal amounts of the alloy and barium nitrate. 

The binary magnesium-aluminum 
alloy/barium nitrate composition failed to ignite 
even under the high heating rate used. Although 
the addition of a sulfate to the binary 
composition did not result in ignition, the 
magnitude of the DSC exotherms was markedly 
increased in the presence of sodium, strontium 
and barium sulfates. That this increase was not 
so marked in the case of calcium sulfate is 
surprising in view of its reactivity with the alloy. 

Conclusions 

Studies on a 50% magnesium-aluminum 
alloy, 50% barium nitrate composition have 
shown that replacement of the barium nitrate 
with barium, calcium or strontium sulfate results 
in a considerable increase in the burning rate. 

The addition of sodium or potassium sulfate had 
a much smaller effect on the burning rate. 

In contrast, for all of the systems 
examined, the exothermicities were found to 
decrease as the sulfate content was increased, 
although in the case of calcium sulfate the 
decrease was small. 

For the binary compositions, the DSC 
experiments suggest that the composition 
containing sodium sulfate is the most reactive. 
However, for ternary compositions where the 
sulfate was present at lower levels, barium and 
strontium showed greater lower temperature 
exothermic activity. 

On the basis of burning rate alone, most 
of the compositions containing sulfate would be 
suitable as replacements for magnesium-
aluminum alloy, barium nitrate and potassium 
perchlorate compositions. The compositions 
containing sodium and calcium sulfate had the 
highest exothermicities which should increase 
their ability to ignite flammable liquids. 
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Tables 

 
Table 1; Formulation details for magnesium-aluminum alloy, barium nitrate and potassium perchlorate 
compositions. 
 

Magnesium-aluminum Alloy     
(%) 

Barium Nitrate               
(%) 

Potassium Perchlorate       
(%) 

50 50 - 
50 45 5 
50 40 10 
50 35 15 
50 30 20 
50 25 25 
50 20 30 
50 15 35 
50 10 40 
50 5 45 
50 - 50 

 
 
Table 2; Formulation details for the magnesium-aluminum alloy, barium nitrate and sulfate 
compositions. 
 

Magnesium-aluminum Alloy 
(%) 

Barium Nitrate 
(%) 

Sulfate 
(%) 

50 50 - 
50 45 5 
50 40 10 
50 35 15 
50 30 20 
50 20 30 
50 10 40 
50 - 50 

 
 
Table 3 DSC Ignition Temperatures for compositions containing equal amounts of magnesium-aluminum 
alloy and a metal sulfate. (Sample mass, 20 mg; heating rate, 50 °C min-1; atmosphere, argon) 
 

Sulfate Ignition Temperature 
(°C) 

Barium 650 ± 0 
Calcium 572 ± 2 

Potassium Did not ignite 
Sodium 537±1 

Strontium 623 ± 0 
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Figure 1; Burning rate plot for magnesium-aluminum alloy/barium nitrate/potassium perchlorate 
compositions. 
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Figure 2; Exothermicity plot for magnesium-aluminum alloy/barium nitrate/potassium perchlorate 
compositions. 
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Figure 3; Burning rate plots for magnesium-aluminum alloy/barium nitrate/sulfate compositions. 
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Figure 4; Exothermicity plots for magnesium-aluminum alloy/barium nitrate/sulfate compositions. 
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Figure 5; DSC curves for binary and ternary compositions containing 50% magnesium-
aluminum alloy and 50% sulfate. (Sample mass, 20 mg; heating rate, 50 °C min -1; atmosphere, 
argon) 
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Figure 6; DSC curves for binary and ternary compositions containing 50% magnesium-
aluminum alloy/35% barium nitrate/15% sulfate and 50% magnesium-aluminum alloy/50% 
barium nitrate. (Sample mass, 10 mg; heating rate, 10 °C min -1; atmosphere, argon) 
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ABSTRACT 

The NASA Chemical Equilibrium with Applications computer program has been used to predict 
the combustion products for a range of pyrotechnic compositions. Many of the predicted equilibrium 
species were in the gaseous state and would be highly reactive towards atmospheric oxygen or moisture. 
When producing the list of final combustion products this reactivity was considered. The compounds 
identified included metal oxides, hydroxides, sulfides and nitrides along with sulfur, ammonia, sulfur 
dioxide and hydrogen sulfide. 

 

Introduction 

Perchlorates are high energy oxidizers 
with good thermal and chemical stability that are 
used in a wide range of military applications 
including rocket propellants and pyrotechnics. 
When applied to ammunition incendiary 
systems, compositions containing potassium 
perchlorate are formulated to produce an 
incandescent flash and smoke, to mark an 
impact point or act as an ignition source for 
flammable liquids. 

Potassium perchlorate has high solubility 
in water and a very low retardation in aquifers, 
as a result, any groundwater plumes can be 
extensive and pose severe remediation problems. 
It can be released into the environment as a 
result of spillages during composition 
manufacture, demilitarization, or when 
ammunition fails to function correctly.  

The presence of potassium perchlorate in 
drinking water is a cause for concern as all 
perchlorates are recognized as a potential hazard 
to human health. In particular, their ingestion is 
known to inhibit iodide uptake by the thyroid 
gland. Although the seriousness of this effect is 
still the subject of some debate, a number of US 
states control the perchlorate content of drinking 
water. 

 

QinetiQ has undertaken a program of 
work to produce and assess perchlorate-free 
pyrotechnic formulations based on oxidizers and 
fuels that will be environmentally benign but 
meet safety and performance criteria. 

The work is part of an investigation for 
the Strategic Environmental Research and 
Development Program (SERDP) into the 
development of environmentally benign, 
perchlorate-free incendiary and pyrotechnic mix 
technologies for projectiles (WP-1424). 

In a previous study [1], screening level 
summaries were reported on the known human 
and ecological toxicology, and environmental 
mobility (aquatic and terrestrial) for the 
compounds selected for the formulation studies. 
As a result of the study, a number of materials 
including copper oxide and manganese oxide 
were removed from the list of potential 
replacement compounds. 

In the current work, the likely 
combustion products for selected formulations 
have been examined so that their environmental 
impact can also be used in the down-selection 
process. 
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Computer modeling 

The NASA computer program CEA2 
(Chemical Equilibrium with Applications) 
which calculates chemical equilibrium 
compositions and properties of complex 
mixtures was used to determine the combustion 
products for a range of pyrotechnic formulation. 
This program, which uses a thermodynamic 
database containing over 2000 species, was 
executed under Windows XP through a Java 
Graphical Users Interface (GUI). The GUI 
allows the input file for the program to be 
modified and the output file to be viewed. 

The problem selected for the task was 
the theoretical rocket performance during 
expansion from infinite area combustor, the 
pressure was fixed at 101.325 kPa and ions were 
used in the calculations. A reaction starting 
temperature of 2500 K was generally selected, 
and different condensed species were included 
to assist with obtaining convergence. Sensitivity 
analysis showed that the selection of these 
parameters does not affect the equilibrium 
values obtained or the species predicted. The 
output from the model allows either the mole or 
mass fraction of each species to be selected; for 
this work mass fraction was chosen. 

Binary and ternary compositions 
containing 50% magnesium-aluminum alloy, 
were examined. The oxidants used in the study 
were barium, potassium, sodium and strontium 
nitrate, and barium, calcium, potassium, sodium 
and strontium sulfate; the ternary compositions 
all contained barium nitrate. The predicted 
species were determined as a function of 
changing oxidant ratio. 

As the program only considers 
combustion, the effects of cooling, oxidation or 
hydrolysis on the species predicted had to be 
considered separately. 
Results 

Analysis of the results confirmed that the 
combustion chemistry of each system is 
complex. For each formulation, the species 
predicted by the CEA program were ranked 
according to mass fraction. For each system, the 
ten most abundant species were selected; where 
several species were predicted to be formed at 

similar levels, the highest value for each 
species across the set of formulations was used 
to rank them. 

For the nitrates, the ten most abundant 
species accounted for greater than 99% of the 
mass fraction. The amounts of the other species 
predicted were each generally less that 0.1%. 
The exception was for MgAl2O4(s) which was 
observed at a level of 3.3% for the binary 
magnesium-aluminum alloy/barium nitrate 
composition. 

For the sulfates, the ten most abundant 
species accounted for around 90% of the mass 
fraction. A further five species which were at 
levels of around 2% accounted for most of the 
remaining 10%. For each system, the curves for 
the ten most abundant species, as a function of 
the second oxidant content, are shown in figures 
1 to 8. 

For all three nitrates, there was a 
relationship between the increase in the amount 
of MgAl2O4(l) and the reduced amount of Al2O3(l) 
and magnesium predicted. For sodium nitrate, 
the formation of magnesium oxide also 
influenced the magnesium content. 

The amount of potassium, sodium or 
strontium metal (depending on the second 
oxidant) showed an almost linear increase with 
increasing second oxidant content while the 
barium content decreased. Aluminum and 
nitrogen also showed small increases while the 
amount of BaO and Al2O initially increased but 
reduced at lower barium nitrate levels. The 
reduction in Al2O at higher second oxidant 
levels is also associated with the increased 
formation of MgAl2O4(l). For each system, a 
small increase in a metal oxide was also 
predicted. 

The lower molecular mass of the cation 
in the second oxidant appears to be the 
controlling factor in the predicted combustion 
process. The addition of the second oxidant 
increases the amount of available oxygen; as a 
result, the predicted combustion temperature 
increases by over 800 K when the barium nitrate 
is replaced by a second nitrate. 

The choice of sulfate was found to have 
a greater influence on the species predicted by 
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the CEA program. Some of these changes 
occur as a result of the total number of each 
atom present. Thus for all of the systems, as the 
nitrate was replaced by sulfate, a linear 
reduction in the amount of nitrogen was 
observed, the barium metal content reduced and 
the amount of calcium, potassium, sodium and 
strontium metal increased. 

When barium nitrate was replaced by 
barium sulfate (Figure 4) the amount of molten 
and gaseous barium sulfide increased; this 
together with the formation of barium oxide 
caused the reduction in the level of barium 
metal. The Al2O3 (l) content also reduced with 
increased barium sulfate content and a linear 
increase in aluminum metal was observed. The 
formation of MgAl2O4(l) initially increased but 
the amount was lower at higher sulfate contents. 
The amount produced was much lower than that 
observed for the nitrates. 

The most abundant species predicted for 
calcium and sodium sulfate were essentially the 
same, as were those for the potassium and 
strontium sulfates. The main difference between 
these four systems was the formation of BaS(l) 
rather than BaO for the potassium and strontium 
salts. 

When compared to barium sulfate all 
four of the other sulfates were predicted to 
produced significantly higher levels of 
MgAl2O4(l). In addition, sulfur was observed at 
much greater levels for the compositions 
containing calcium, potassium sodium or 
strontium sulfate. 

The list of predicted species is given in 
Table 1 and includes the other species present at 
>0.5%. Most of these species are in the gaseous 
state and during or after cooling would 
decompose, oxidize or hydrolyze possibly over 
an extended time period. A final list of 
compounds to environmentally screen, which 
considers these reactions, is shown in Table 1. 

Conclusions 

The CEA computer program allows the 
influence of many different factors including 
thermal properties of the reactants and the 
combustion products to be considered. However, 
it does not consider the kinetics of the initial 
reactions nor the effects of subsequent cooling 
and secondary reactions for example oxidation 
or hydrolysis. 

The work has shown that the initial 
combustion chemistry for each system is 
complex. 

For the systems studied, many of the 
most abundant species predicted were the same. 
The choice of nitrate or sulfate influenced the 
species present at the lower levels, and 
individual species related to the oxidant choice 
were produced. 
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Tables 
 

CEA 
Predicted 

Comments Final predicted species 

Al Reacts to form aluminum oxide and aluminum 
nitride 

Aluminum oxide and aluminum nitride 

AlO Reacts to form aluminum oxide 
Al2O Reacts to form aluminum oxide 
Al2O2 Reacts to form aluminum oxide 
Al2O3 -  

Aluminum oxide 

AlS Reacts to form aluminum sulfide Aluminum sulfide 
Ba Reacts to form barium hydroxide Barium hydroxide 
BaO Barium hydroxide (Barium hydroxide) 
BaS BaS reacts to produce hydrogen sulfide Barium sulfide and hydrogen sulfide 
Ca Reacts to form calcium nitride and oxide. 

Calcium nitride decomposes to ammonia and 
calcium hydroxide. Calcium oxide reacts to 
form calcium hydroxide. 

Calcium hydroxide and ammonia 

CaO Reacts to form calcium hydroxide (Calcium hydroxide) 
CaS CaS reacts to produce hydrogen sulfide Calcium sulfide (and hydrogen sulfide) 
K Reacts to form potassium hydroxide Potassium hydroxide 
Mg Reacts to form magnesium hydroxide Magnesium hydroxide 
MgAl2O4 MgAl2O4 Magnesium-aluminate 
MgO Reacts to form magnesium hydroxide (Magnesium hydroxide) 
MgS - Magnesium sulfide 
N2 Nitrogen Nitrogen 
Na Reacts to form sodium hydroxide Sodium hydroxide 
O Reacts to form a metal oxide - 
S and S2 - Sulfur 
SO Reacts to form sulfur dioxide Sulfur dioxide 
Sr Reacts to form strontium oxide and hydroxide Strontium oxide and strontium hydroxide 
SrO - (Strontium oxide) 
SrS Reacts to produce hydrogen sulfide Strontium sulfide (and hydrogen sulfide) 

(Species in brackets have been identified previously) 

Table 1; Predicted species after combustion and further reaction. 
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Figures 
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Figure 1; Predicted species for magnesium-aluminum alloy-barium nitrate-potassium nitrate. 
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Figure 2; Predicted species for magnesium-aluminum alloy-barium nitrate-sodium nitrate. 
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Figure 3; Predicted species for magnesium-aluminum alloy-barium nitrate-strontium nitrate. 
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Figure 4; Predicted species for magnesium-aluminum alloy-barium nitrate-barium sulfate. 
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Figure 5; Predicted species for magnesium-aluminum alloy-barium nitrate-calcium sulfate. 
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Figure 6; Predicted species for magnesium-aluminum alloy-barium nitrate-potassium sulfate. 
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Figure 7; Predicted species for magnesium-aluminum alloy-barium nitrate-sodium sulfate. 
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Figure 8; Predicted species for magnesium-aluminum alloy-barium nitrate-strontium sulfate. 
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ABSTRACT 

 
Magnesium degradation in pyrotechnic compositions due to interaction with atmospheric moisture and 
oxygen is well known, and polymeric resins are often used to protect against such degradation.  While 
these coatings afford some protection, the degradation of ignition properties and build-up of hydrogen gas 
are still generally observed.  This paper reports on the use of an inorganic barrier coating based on an 
aluminum phosphate composition for the protection of magnesium powder from atmospheric moisture 
based degradation.  This solution-based coating can be applied effectively to magnesium powder to form 
a thin, approximately 50 to 100nm, coating which can be cured during a short thermal cycle to effectively 
reduce moisture-based degradation.  The scalability of the coating process has been recently demonstrated 
to produce uniform and conformal coverage of the magnesium powder.  The performance of the coated 
powder in humidity-based aging experiments has been characterized via thermal and chemical analyses, 
and a reduction in aging rate by over a factor of two had been achieved for atomized powder with fine 
particle size. 

 

Background 

Issues related to the interaction of moisture 
with magnesium-based pyrotechnic 
compositions have historically been a problem1. 
The reaction with atmospheric moisture results 
in the loss of metallic magnesium available for 
combustion and the production of hydrogen gas 
as a by-product that presents a potential hazard 
for inadvertent ignition.  Additionally, 
magnesium-containing byproducts such as MgO 
and Mg(OH)2 inhibit the burn characteristics of 
the powder, causing a significant reduction in 
performance1, 2. 

The objective of this work was the 
development of a scalable process for the wet-
chemical deposition of an inorganic barrier 
coating on magnesium powder to reduce the 
sensitivity toward atmospheric moisture.  In 
particular, this work focused on the deposition 
of an inorganic aluminum phosphate barrier 
coating, based on Cerablak®, which exhibits 
excellent barrier properties and has 
demonstrated performance for the prevention of 
the thermal oxidation of many metals and 
alloys3. 

Mg Powders and Coating 

Three representative grades of atomized 
magnesium powder were coated and 
characterized during this work.  These were all 
manufactured by Hart Metals of Tamaqua, PA.  
Two grades met military specifications (MIL-M-
382 Type-III Gran 16 and MIL-P-14067 Type-I 
200/325) and the other met Hart's specification 
for -325.  Special emphasis was placed on the 
coating of -325 mesh atomized powder, the 
finest atomized mesh grade in this study.  The 
fine mesh atomized powder provided a 
particularly good development material due to 
the regular surface morphology and increased 
sensitivity toward atmospheric moisture.  
Results on the performance of the other powder 
grades are included here where performance or 
characterization results differed significantly 
from that of the -325 mesh atomized powder. 

This work focused on the deposition of an 
inorganic aluminum phosphate coating, based on 
Cerablak®, that is deposited from a liquid 
precursor solution.  Deposition of the material is 
achieved through any of a variety of wet-
chemical deposition techniques to form a thin 
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film on the material to be coated and subsequent 
evaporation of the solvent.  During a short-term 
moderate-temperature cure, the precursor 
materials are converted to the desired dense 
oxide material with outstanding barrier 
properties.  Thin coatings of Cerablak® on 
metal have been shown to provide excellent 
thermal oxidation protection with a coating 
thickness of less than 100nm3.  For each of the 
magnesium powder types coated in this work, 
typical loading by weight of the coating to 
powder was maintained below 2 wt%.   

Results & Discussion 

Magnesium powder coated in this work was 
analyzed to confirm the quality of the coating on 
the particles and the performance of the coating 
toward reducing the reaction of the underlying 
metallic magnesium with atmospheric moisture.  

Coating Analysis  

Scanning electron microscopy and EDS 
(energy dispersive x-ray spectroscopy) were 
used to confirm the presence of the coating, 
coating coverage, and quality.  Due to the thin 
nature of the inorganic coating, the presence of 
the coating ideally should not be visible in the 
SEM images, and the surface morphology of the 
powder should not be significantly altered by the 
coating process or coating.   

As shown in the SEM images in Figure 1, 
there is little difference in the surface 
morphology observed in the images of the 
coated versus the uncoated powder.  Under 
proper deposition conditions, highly conformal 
coatings were produced, and no visible sign of 
the coating was seen.  However, EDS analysis of 
the powder confirms the presence of the coating 
material through the elemental signature of the 
coating chemistry.   

Of particular importance to the quality of a 
barrier coating is the absence of cracks and 
pinholes.  Such cracks and pinholes allow for the 
ingress of moisture which reduces the 
effectiveness of the barrier coating.  Even when 
the frequency of pinholes and/or cracks is low,  
these points serve as local points of attack which 
can lead to further cracking and spallation of the 

coating which, in turn, can rapidly destroy the 
coating integrity.  

Particle Size Distribution 

 The particle size distribution of the 
magnesium powder is generally tightly specified 
for pyrotechnic applications.  In general, it is 
desirable that the particle distribution of the 
coated powder is similar to that of the uncoated 
powder so that the proper mixing of pyrotechnic 
compositions can be accomplished.  For 
solution-deposited coatings, this presents a 
particular challenge, since excess solution 
trapped between particles can bond the particles 
to one another.  However, these effects can be 
mitigated through appropriate process 
modifications which were implemented and 
which resulted in a low level of agglomeration 
and a good retention of the particle size 
characteristics of the original powder.  This 
result is in agreement with the highly conformal 
and uniformly thin coating seen in the SEM 
results.  

Metallic Magnesium Content 

The process of coating metallic magnesium 
exposes the powder to various potential 
atmospheric and solution-based reactants which 
can potentially result in the formation of 
magnesium byproducts and the net loss of 
metallic magnesium.  Such degradation is highly 
undesirable since it reduces magnesium 
available for combustion and inhibits ignition.  
The metallic magnesium content of powder 
samples was determined using a nitrometer to 
measure the hydrogen gas evolved from the 
reaction of a known quantity of magnesium 
powder with acetic acid.  The reaction between 
metallic magnesium and a protic acid results in 
the generation of magnesium salt and hydrogen 
gas, and the amount of gas evolved can be 
measured through a pressure rise in a sealed 
reaction vessel.  Since magnesium-containing 
compounds such as MgO, Mg(OH)2 and the 
Cerablak®-based coating do not react with 
acetic acid to form gaseous byproducts, the 
pressure rise can be related exclusively to the 
metallic magnesium content of the powder. 
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Uncoated -325 Mesh Atomized Magnesium Powder 

  

 
Coated -325 Mesh Atomized Magnesium Powder 

 
 

Figure 1:  SEM and EDS results for coated versus uncoated -325 mesh atomized 
magnesium powder.  Little change in the particle morphology is noted due to the 
conformal nature of the coating and uniform coverage; however, the characteristic 
signature of the Cerablak® coating is observed in the EDS spectrum indicating the 
presence of the coating. 

 
Comparison of the quantity of hydrogen 

produced by a given mass of uncoated powder 
compared to a given mass of coated powder 
gives a direct indication of the mass% reduction 
in metallic magnesium content due to the 
coating and coating process.  For the laboratory 
setup used in this work, typical error in 
measurement is ±1 % for well-behaved powders. 
For the finest mesh atomized powder grade, -
325 mesh, the average of 12 consecutive 1-lb 
batches of powder indicated an average 

reduction in metallic magnesium of 3 wt%.  
Since the wt% of coating material in the coated 
powder was approximately 2 wt%, the 
remaining 1wt% difference is within the error of 
the technique.  The conversion of magnesium 
metal to other magnesium byproducts during the 
coating process is therefore considered to be 
minimal. 
 

Cerablak® signature 
in the EDS spectrum 
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As-Received -325 
Mesh Atomized Mg 

Powder 

Coated -325 Mesh 
Atomized Mg 

Powder 
Figure 2:  Comparison photos of coated and 
uncoated -325 mesh atomized Mg powders 
shows retention of particle size after coating. 

 

Magnesium Hydroxide Content  

The magnesium hydroxide content of the 
coated powder can be determined by 
thermogravimetric analysis (TGA) in the 
temperature range corresponding to the 
decomposition of Mg(OH)2 where the following 
reaction occurs: 

 
Mg(OH)2 (s)  MgO(s) + H2O(g)↑ 

 
The release of water from the sample into 

the gas phase results in the net loss of sample 
weight, which can be accurately measured by 
TGA, and the quantity of magnesium hydroxide 
in the original sample can be determined. 

These measurements were carried out on 
several successive batches of coated magnesium 
powder of each of the three types coated in this 
work.  As seen in Table 1, the magnesium 
hydroxide content of the coated atomized 
powders approaches the sensitivity limits of the 
analysis technique, and no increase in 
magnesium hydroxide content is observed for 
coated versus uncoated powder.      

This can be a relatively slow process under 
ambient humidity and temperature, and the 
effects are accumulated over periods of months 
and years.  To facilitate the study of this process 
in the laboratory over a time period more 
convenient to the development process, the rate 
of the reaction was accelerated by exposing the 
magnesium-containing materials to elevated 
humidity and temperature in an environmental  

 
Table 1: Magnesium hydroxide content 
comparison for as-received and coated 

magnesium powders. 

 As-Received As-Coated 
Gran 16 0.5% 0.6% 
-325 Mesh 1.0% 0.6% 
200/325 Mesh 1.6% 0.4% 

 
chamber.  Following exposure to the accelerated 
aging environment, the powders were evaluated 
to determine the extent of degradation (aging) 
that occurred.  The amount of Mg(OH)2 formed 
during the humidity-based aging experiments 
was considered to be a direct indicator of the 
magnesium powder degradation. 

Samples of coated and uncoated magnesium 
powder were subjected to accelerated aging 
conditions of 50°C and 55% relative humidity 
and were tested periodically to determine the 
amount of magnesium hydroxide formed.  
Comparison of the magnesium hydroxide 
content at a given time for the coated versus 
uncoated powder allowed direct performance 
evaluation of the coating toward prevention of 
moisture-induced degradation. 

As seen in Figure 3 for the finest and most 
moisture-sensitive atomized magnesium grade in 
this study, -325 mesh, the formation of 
magnesium hydroxide in the coated sample is 
much slower than that observed for the uncoated 
sample. Following 100 days of exposure to 
conditions of 50°C and 55%RH, the magnesium 
hydroxide content of the uncoated powder had 
increased by 8.3 wt% compared to 4.0 wt% for 
the coated powder.   The coating reduced the 
aging rate by over a factor of two. 

For the other powder grades studied, a 
reduction in the rate of magnesium hydroxide 
formation was observed in all cases.  For the 
Gran 16 powder exposed to 50°C and 55%RH 
for 150 days, the coated material contained 
4.1 wt% magnesium hydroxide versus 8.7 wt% 
for the uncoated material.  For the 200/325 mesh 
powder exposed for 105 days, the uncoated 
powder contained 6.4 wt% magnesium 
hydroxide versus 4.4 wt% in the coated powder. 
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Figure 3:  Comparison of the rate of magnesium hydroxide formation for coated versus 
uncoated -325 mesh atomized magnesium powder during exposure to atmospheric moisture 
at 50°C and 55% relative humidity.  Data for coated and uncoated samples are the average 
values for three separate powder samples. 
 

Summary 

An inorganic aluminum phosphate coating 
was deposited on three grades of atomized 
magnesium powder to reduce the moisture 
sensitivity and decrease the rate of humidity-
induced degradation.  Conformal barrier 
coatings were achieved on 1-lb batches of all 
three grades of atomized magnesium powder 
using a scalable process.  Coating quality was 
confirmed by SEM and EDS analysis, and 
chemical and thermal analysis did not indicate 
any significant degradation of the underlying 
metallic magnesium during the coating process. 

The rate of humidity-induced aging under 
accelerated test conditions showed a decrease in 
the rate of magnesium hydroxide formation for 
all grades of atomized magnesium in this study.  
The impact of the coating on the reduction of 
aging rate was most pronounced for the finer 
mesh atomized particles where the aging rate 
was decreased by more than a factor of two. 
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ABSTRACT 
 

A model of detonation of Ammonium Nitrate based explosives is developed. This model can broaden the 
possibilities of prediction of the properties and applicability of these explosives. A key feature of the 
model is the hot spot mechanism as the basic mechanism of initiation and maintenance of steady stay 
detonation; it is assumed that the region of the action of hot spots is limited in the energy basis. To esti-
mate the whole region in which exothermal reactions occur, the probabilistic approach is applied. It is 
shown that the analytical dependencies may be obtained with the help of the equation of state in the expo-
nent form with the constant polytropic coefficient; possible errors of such a choice are compensated in the 
data obtained from the calibration experiments. Examples of the practical application of the developed 
model are described.  
Discussion of modeling results involves the consideration of the structure of detonation wave for steady 
stay detonation in the charge of cylindrical configuration, which agrees with the model representation. 
Since detonation propagates in the direction perpendicular to the detonation front wave, it is assumed that 
pressure at the front decreases towards the edges of the charge. This phenomenon gives rise to flow of the 
medium in the steady stay region of the detonation wave along the front and explains the dependence of 
detonation parameters of explosives under investigation on the charge diameter.  
 

 
1. INTRODUCTION 

Explosives based on Ammonium Nitrate 
(AN) are widely used for different purposes. 
These explosives can have different component 
composition but even in the case of identical 
component composition these explosives can 
differ in meso- and microstructure. Their detona-
tion properties are often different, too, thus indi-
cating that we deal with different explosives.  

It follows from the empirical data that 
the parameters determining the detonation prop-
erties of explosives with identical component 
composition are the degree of components mix-
ing, charge density, and pore size, that is, the 
parameters of porosity of the explosive. The ef-
fect of these parameters on the detonation char-
acteristics of charges is so strong that it is rea-
sonable to consider them as the basic ones.  

So, the detonation characteristics of ex-
plosives are determined by their chemical com-
position, micro- [1] and mesostructure [2-5]. 
With respect to these parameters, such parame-

ters as detonation velocity, critical charge di-
ameter, curvature of the front, etc. bear the de-
pendent or secondary character.  

The proposed investigation has been 
carried out in such an arrangement.  
 
2. DETONATION MODEL 

Investigation of the non-ideal detonation 
behavior of Ammonium Nitrate explosives 
should undoubtedly rely on the empirical data. 
The most convenient experiments aimed at ob-
taining these data are those involving emulsion 
explosives. Indeed, it is possible to monitor their 
main parameters during manufacturing: chemi-
cal composition, degree of component mixing, 
pore size and their number in the unit volume. 

A photograph of the emulsion is shown 
in Fig.1. Evidently, the degree of component 
mixing may be estimated on the basis of mean 
size of ammonium nitrate drops which can easily 
be determined by means of digital image proc-
essing.  
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Fig.1. A photograph of the emulsion of AN in 
oil. Dispersed phase is the aqueous solution of 
AN, continuous phase is a mixture of the min-

eral oil with emulsifying agent. 

Fig.2. Dependence of the capacitance sensor 
indication on the mean size of AN solution 
drops in the emulsion. Inherent capacity of 

sensor with cord is 125 πF. 
 
Dispersity can be easily monitored on-

line due to the linear dependence of the “electric 
capacity of the emulsion” on the mean size of 
droplets in it. Such a dependence obtained for a 
specially manufactured capacitance sensor im-
mersed into the emulsion is shown in Fig. 2. 

The required porosity in the emulsion 
was created by means of the uniform distribution 
of a definite strictly prescribed number of hull 
microspheres (MS). MS were preliminarily 
sieved into size fractions; their mean size was 
determined using digital techniques.  

Experiments carried out with the emul-
sions of one and the same disperse composition 
allowed obtaining the comparable data which 
were used in developing the model,  

A typical dependence of the velocity of 
detonation of a charge of the emulsion explosive 
on porosity for the pores of different size is 
shown in Fig.3. With an increase in porosity, 
after having achieved its definite critical value, 
the detonation velocity at first increases, reaches 
its maximum and then starts to decrease. In this 
situation, the value and position of the maximum 
of detonation velocity depend on pore size [2-5]. 

Fig.3. A typical dependence of the velocity of 
detonation of aerated emulsion explosive on 
porosity formed by the pores of different di-
ameter ( id  is mean pore diameter, porosity 

k = v V , where v is the pore gas volume, V is 
the value of the explosive). 

 
BASIC ASSUMPTIONS  

The physical model is based on the fol-
lowing hypotheses [6]: 
H1. Emulsion matrix is non-detonating for 
charges of any arbitrary large diameter. In 
other words, the steady stay self-sustaining 
detonation is impossible in an emulsion matrix.  

This statement is based on the experi-
mental data providing evidence that researchers 
failed to achieve the detonation mode in the 
charges in emulsion matrix without sensitizers. 
However, more or less reliable evidence of the 
opposite could not be found also.  
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H2. Detonation in emulsion explosives is con-
nected with the presence of sensitizers; chemical 
reactions start from their surface and propagate 
within a limited area which we call the domain 
of sensitizer (pore, gas inclusion) influence (ac-
tion). 

Addition of a small amount of a sensi-
tizer to the emulsion matrix does not result in the 
existence of steady detonation modes. For emul-
sive explosives, similarly to many other explo-
sives produced on the basis of ammonium ni-
trate, there is a maximal density value called the 
critical density below which steady stay detona-
tion modes are possible.  
H3. Total volume of the emulsion matrix that has 
got into the united domain of the influence of all 
the sensitizers determines the detonation charac-
teristics of emulsion explosives. 

Energy evolution occurs in the domain 
of pore influence. The emulsion matrix that has 
not got into the domain of pore influence is con-
sidered as an inert material.  
 
CALCULATION OF HEAT RELEASE  

Heat release is determined by the 
amount of matter participating in reactions. Be-
hind the leading shock wave, the domain of in-
fluence is formed around a pore; chemical reac-
tions occur here. To calculate the total volume of 
these domains, the statistical approach may be 
used; its ideas can be found in [7, 8]. 

The reactions accompanied by heat re-
lease take place in the emulsion matrix. Having 
separated in the emulsion explosive an arbitrary 
region occupying volume V , we may write: 
k v V=  is porosity of the emulsion explosive, 
d  is a mean pore diameter, 0v  is the volume of 
a pore, v  is the volume of the porous gas in vol-
ume V . The probability for an arbitrary point in 
the volume V  of the emulsion explosive to get 
into the emulsion matrix is equal to em 1p k∗= − , 
where k∗  is the porosity of the compressed ex-
plosive. The probability of the event that an arbi-
trary point of the aerated emulsion explosive 
gets into the domain of influence of some pore 
and chemical reactions occur in this domain (it 
is assumed that reactions do not proceed in pores 
themselves) is equal to ( ) 01  /ip k w V∗= − , 

where 0w  is the volume of the domain of influ-

ence of a pore number i. The probability of the 
even that the point does not get into the domain 
of influence of a pore number i ip−  is therefore 
equal to 1i ip p− = − , while the probability of 
the event that the point would not get into any 
domains of pore influence p−  is equal to the 

product ( )1 N
ip p− = − , where 0N v v=  is the 

number of pores in the pore gas volume v . Pass-
ing to the limit in N , we obtain an equation for 
the probability of the event that no reactions of 
heat evolution occur in an arbitrary point of the 
emulsion explosive ( )( )0 0exp 1p k k w v− ∗= − − . 

Since heat release occurs in the emulsion explo-
sive outside this volume, it occurs in the region 
possessing the probability  

( )0 01 exp (1 )p k k w v+ ∗= − − −  

Similarly to [7,8], the probabilities are 
interpreted as volume fractions. So, the follow-
ing equation will be obtained for heat release: 

( )( )0 01 exp 1Q k k w v q∗⎡ ⎤
⎢ ⎥⎣ ⎦

= − − − .   (1) 

It should be noted that 0w  is the emul-
sion matrix volume added to the pore. We do not 
make any special assumptions concerning the 
shape of this volume. For explosives with uncer-
tain pore shape, volume 0v should be considered 
as a conventional calculated round pore.  
 
SPECIFIC HEAT CONTENT q 

In the region affected by sensitizers, the 
main chemical reactions proceeding with heat 
release are [9]: 
• decomposition of AN: 

NH4NO3 → N2 + 2H2O + 1/2O2 + qAN;    (R1) 
• oxidation of combustible components: 

3/2O2 + {CH2} → H2O + CO2 + qburn  .   (R2) 
Here heat release is qAN = 1400 kJ/kg, 

while qburn corresponds to an idealized 
stoichiometric situation with the balanced com-
position like ANFO (AN – Fuel Oil) and is equal 
to 2560 kJ/kg. 

So, specific calorie content is  
AN AN burn(  + )q = C q zq , 

where CAN is the concentration of AN in the 
emulsion matrix,   
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where StC  is the stoichiometric concentration of 
AN in ANFO. 

Now it is reasonable to assume that for 
coarse emulsions (and for many poorly proc-
essed granulated explosives of the type of 
ANFO), when reaction (R2) proceeds at too low 
rate, coefficient z can be smaller than 1. 
 
DOMAIN OF INFLUENCE w0 

Without any doubt, the data on the do-
main of pore influence can be obtained only 
from the experimental data. Indeed, the use of 
hull microspheres or different methods of mak-
ing pores in emulsion, different pore size and the 
composition of gas in pores affect the size of the 
domain of influence. So, it is a very labor-
intensive problem to estimate theoretically the 
size of the domain of influence. Nevertheless, 
some considerations concerning the domain of 
pore influence can be presented.  

It is known that the intensity of many 
physical and physicochemical processes is di-
rectly dependent on pressure at which they oc-
cur. In particular, heating in viscous condensed 
media in the region of high-gradient flow, heat-
ing with a shock wave, relaxation processes in 
gases, chemical reactions of the order higher that 
the first order, other processes are directly de-
pendent on the imposed load. A gas pore and the 
adjacent emulsion matrix in a shock wave sur-
vive deformation load, the value of which de-
pends on the imposed pressure. It is reasonable 
to assume that the higher is pressure imposed on 
a pore, the larger is the size of the domain of 
pore influence  

A monotonous character of the pressure 
dependence of the size of a domain of pore in-
fluence, for an averaged pore, during the ex-
perimental estimation, allows one to make a 
number of model simplifications for the depend-
encies having a monotonous dependence on 
pressure1. 

                                                 
1 In a more general case, it seems necessary to speak 
of the functions of limited variation according to Jor-
dan. 

In particular, the domain of influence should be 
considered in the form  0 0(1 )w k w∗ ∗= − , since 

the data on k∗  are unknown in many cases, and 
the dependence ( )k k P∗ ∗=  is monotonous in 
the majority of cases ( P  is pressure). 

Second, experimental estimations may 
reveal some features of the explosives under 
investigation which may turn out to have an ir-
regular character.  
 
EQUATION OF STATE  

According to the proposed model, the 
products of explosion consist of the products of 
reactions (R1) and (R2), unreacted substance, 
and the porous gas. For the equation of state for 
such a complicated system of variable composi-
tion, no definite formula can be proposed.  

It was shown in [10] (Fig.4.) that for dif-
ferent explosives based on AN, for different 
densities of the explosives and with different 
sensitizers, the polytropic coefficient n in the 
equation of state in the exponential form has a 
close value.  

 

 
Fig.4. Dependence of detonation pressure 

(upper plot) and polytropic coefficient n of 
explosion products (lower plot) on the density 

of emulsion explosive: 1 – MS K1 3M™, 2 – 
polymeric MS, 3 – “Poremit-1”, 4 – glass MS. 
 

So, for the region of charge density (po-
rosity) in which the detonation velocity exhibits 
non-monotonous behavior, there are reasons to 
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use the equation in the exponential form with 
constant index n as the equation of state.   

In addition, similarly to the above-
considered case, errors of such a choice will be 
compensated when estimating the size of the 
domain of influence w0 during calibration of the 
model.  
 

 
DETONATION VELOCITY 

Basing on the statement that  
H4. detonation in AN based explosives is Chap-
man-Jouguet  detonation, 
we will use the following equation for detona-
tion [11]  

( )2
por 2 1D F n Q= −  ,       

where ( ) 1 /2
por 1 nF k

⎛ ⎞
⎜ ⎟
⎝ ⎠

−= −  is the coefficient tak-
ing into account porosity. Having substituted the 
expression for heat release (1) into this equation, 
we obtain 

( ) ( )( )0 0
1 /2 21 2 1 1 exp(nD k n k w v q

⎛ ⎞
⎜ ⎟
⎝ ⎠ ∗−= − − − − . 

(2) 
 
3. APPLICATION OF THE MODEL  

Equation (2) can be successfully used to 
solve a number of applied tasks, for example:  
• estimation of the “quality” of sensitizing 
additives; 
• optimization of the compositions of explo-
sives; 
• evaluation of the possibility to use promot-
ers and inhibitors in the explosives etc.  
 
ESTIMATION OF THE “QUALITY” OF 
SENSITIZING ADDITIVES 

Using equation (2) one may estimate the 
ratio of the volume of domain of influence to the 
mean pore volume, which determines the degree 
of sensitizing action, or the "quality"  of sensitiz-
ing additives. 

For this purpose, we may use the data of 
experiments on the determination of detonation 
velocity in the emulsion explosive sensitized 
with cenospheres and microspheres 3М™. For 
different size fractions of cenospheres, we will 
choose the maximal value of detonation velocity 
obtained for each fraction. For comparison, one 

may use similar data from [3] for the charges of 
another diameter.  

The result of this investigation is shown 
in Fig.5.  as the dependence of ( )1/3

0 0/w v  on the 
mean size of MS in a fraction.  

Fig.5. Dependence of an increase in the size of 
the domain of pore influence on the mean 
pore diameter in the points in which the 

maximal detonation velocity is achieved for 
this diameter, for different charge diameters. 

 
One can see in the plotted dependencies 

that the sensitizing effect («quality») is higher 
for the MS of smaller size. The dependence has 
almost linear character, which simplifies the es-
timation.  

One can see in Fig.5 that one point is 
not united into the general dependence. The data 
fort his point correspond to the cenospheres of 
the size fraction 70-100 mkm. For this fraction, 
anomalously high detonation velocities were 
obtained in experiments; their values are close to 
the detonation velocity for the charges of MS K1 
3M™. Though this fact has not been explained 
in a convincing manner, it was assumed that in 
this case a substantial role is played by the 
chemical-morphological composition of the 
shells of cenospheres of this size fraction.  
 
A SIMPLE MODEL OF DETONATION OF 
THE EMULSION EXPLOSIVE 

To obtain the calculation formula for the 
velocity of detonation of charges 55 mm in di-
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ameter, the following approximation may be 
used in equation (2): 

( )
( )( )( )

3
0 0

3

2.714 0.0057

1 exp cr

w v d

g k k

∗ ×

×

= −

− − −
    ,  (3) 

where crk  is the critical porosity determined 
from the experimental data, g is a fitting coeffi-
cient. Here the first term was obtained form the 
dependence depicted in Fig.5., while the second 
term is a binding function to bind the value 

0 0 0w v∗ =  for the critical porosity and maximal 

0 0w v∗  value.  
Experiments were carried out with the 

emulsion of the composition:  
• mineral oil – 6.9% mass;  
• emulsifier  – 1% mass;  
• water – 15.2% mass;  
• AN – 76.9% mass, 
for which we assume 1z = ,  q = 3960 kJ/kg.  

Detonation velocity was calculated ac-
cording to the proposed model with the follow-
ing parameters:  
• n = 3.05;  
• g = 40;  
• kcr = 0.075;  
• d=37, 137, 226 mkm.  

Fig.6. Comparison of calculated and experi-
mental data for the dependence of detonation 

velocity on charge porosity created by the 
pores of different diameter. The upper curve 

was built for glass microspheres K1 3M™, 
the middle curve for the cenospheres with the 
mean diameter of 137 mkm, the lower curve 
for the cenospheres with the mean diameter 

of 226 mkm. 
 

The calculated dependencies and ex-
perimental results for some fractions of ceno-
spheres and MS K1 3M™ are shown together in 
Fig.6. The results of experiments with other 
glass MS of 3M™ company and MSV (made in 
Russia), as well as with other fractions of ceno-
spheres, with the exception of cenospheres of the 
fractions 70-100 mkm and 125-160 mkm, are 
described by the proposed calculation formula. 
 
4. DISCUSSION OF RESULTS 

A number of hypotheses was formulated 
on the basis of phenomenological observations; 
this allowed us to develop a detonation model 
for AN-based explosives. The calculation for-
mula for the detonation velocity describes not 
only calibration experiments but also other ex-
periments performed within the present investi-
gation, and also comparable data reported in lit-
erature. The main merit of this formula is that it 
takes into account the parameters of porosity of 
the explosive.  

The statistical approach to the calcula-
tion of heat release showed that there are natural 
limitations for heat release in the case of explo-
sives with large pores. Indeed, estimation based 
on the experimental data shows (Fig.5.) that the 
ratio ( )0 0/w v∗  decreases with an increase in pore 

size. Estimation of the probabilistic part of equa-
tion (1) (Fig.7.) for different ( )0 0/w v∗  values 

shows that complete heat release is impossible 
even theoretically for large pores.  

So, the proposed LHS model has a wide 
range of applications. Nevertheless, it does not 
solve directly such an important problem of 
detonation theory as the dependence of detona-
tion parameters on the charge diameter.  

On the other hand, such a feature of the 
model as the correspondence of the volume of 
the combined domain of influence of sensitizing 
additives to the detonation velocity and hence to 
pressure behind the front can become a key to 
understand the nature of the dependence of 
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detonation parameters on the dimensions of the 
charge and a number of other effects.  

 

 
Fig.7. Estimation of the probabilistic part of 

equation (1). The upper curve corresponds to 
the data for MS K1 3M™ with mean pore 

diameter 37 mkm, the lowest curve is an es-
timation for the pores 350 mkm in diameter. 

 
An excellent snap-shot of the detonation 

front in ANFO reported in [5] is shown in Fig.8.  
 

 
 
Fig.8. Streak-camera trace of an ANFO shock 

[5]. 
 

One can clearly see a convex shape of 
the front which is inherent of all the known ex-
plosives exhibiting non-ideal detonation behav-
ior.  

We will rely on  
H5. detonation propagates strictly perpendicu-
lar to the front of the detonation wave.  

Then, from the process stationary condi-
tion, in all the points of the front except the axial 
one, detonation velocity is lower that the rate of 
process D. 

Assuming that for each point of the front 
detonation is  
H6. Chapman-Jouguet detonation, 
we will inevitably come across the fact that the 
pressure at the front decreases from the axis of 
the charge to its edge. As usual, we assume that 
the pressure at the edge of the charge is equal to 
zero, which corresponds to the sonic speed of 
process propagation. The possibility to realize 
the proposed model can be revealed only when 
considering the structure of the front, that is, the 
stationary region of the detonation wave in 
which the propagation of weak perturbations is 
possible.  

Within the framework of the existing 
models of detonation front, the proposed LHS 
model of detonation cannot be realized. Because 
of this, the following frame structural model of 
the stationary part of the detonation wave is pro-
posed.   
H7. Each point of the front corresponds univo-
cally to a point on the Chapman-Jouguet sur-
face. The lines connecting the corresponding 
points of the front and the sonic plane form the 
set of Michelson-Rayleigh lines in the stationary 
region (direct lines in the PV diagram). Energy 
transfer (dissipation)  occurring in the direction 
perpendicular to Michelson-Rayleigh surfaces 
corresponding to the same velocities of points at 
the front leads to pressure losses in the central 
part of the stationary region and maintains the 
shock regimes in the vicinity of the extreme 
critical points (Fig.9.). 

Energy transfer value should be calcu-
lated along Michelson-Rayleigh lines, and there-
fore this value depends on the length of the re-
action zone. This agrees with the generally ac-
cepted notions concerning the connection of the 
non-ideal detonation behavior of explosives 
with the width of the reaction zone.  

Thus, the proposed LHS model seems to 
be both physically realistic and possible in each 
its part.  
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Fig.9. A schematic image of the fragment of 
the stationary part of the shock-detonation 

wave. 
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ABSTRACT 
 

The impact endurance of hot bridge wire type (HBWT) K13 electric detonator (ED) was investigated 
by giving high impact on it. A ballistic simulation apparatus was used to give high impact on K13 ED. 
After high impact on the K13 ED in longitudinal (axial) and vertical directions of it, the resistance was 
checked and the function test was carried out. Since the background materials of bridge wire can affect 
the impact endurance, inert K13 ED which was charged at higher pressure than normal one was also made 
for test. The test results showed that the impact endurance in the longitudinal direction of K13 ED was 
superior to that in the vertical direction. The inert K13 ED whose background of the bridge wire is denser 
than normal one turned out more effective in impact endurance. The test results would be helpful to 
design fuze and electric detonator.  

 

1. Introduction 
 

HBWT EDs have been used in antitank ammunition, hard target missile warhead, and others. Since 
they receive high shock when they are fired or hit the target, all these EDs have a possibility of 
malfunction due to high shock. The main causes for malfunction are probably breakage of a bridge wire, 
detachment of lead wire’s welding parts, and the gap by compacting of detonator explosives. [1]. 

 
There are two methods to evaluate the impact endurance of an ED on high impact. One is to prepare a 

flying object and hit the electric detonator with high speed. The other is to make the electric detonator hit 
a target with high speed. In our research, the latter was adopted because of convenience and low cost of 
tests as well as a possible application of currently existing test equipment. The K13 ED was used to study 

the impact endurance of HBWT ED upon high impact, It has the function energy of 1μF, 38.5 volts and 
has been used in ammunitions and missile warheads. In general, HBWT EDs resist 20000 G. 
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2. ED K13 and ballistic simulation apparatus 
 
2.1 ED K13 
 

As shown in Figure 1, HBWT K13 ED is 9.6 mm in length and 4.87 mm in diameter. It has Ni-Cr 
bridge wire which is connected to lead wire by soldering. The ignition charge is buttered on the bridge 
wire and the intermediate charge is pressed at 1055 kg f/cm2. The output charge is pressed at 689 kg f/cm2. 
When the K13 ED is impacted high, weak parts of it such as a bridge wire, welded parts, and an ignition 
charge are prone to be damaged. If the charge surrounding bridge wire is denser, the impact endurance of 
the K13 ED can be improved. To investigate this feature, we prepared samples of inert K13 ED whose 
charge surrounding bridge wire is denser than the normal one. It used a plaster instead of explosives. The 
plaster was loaded at 1055 kg f/cm2 in the upper part (ignition and intermediate charge) and at 689 kg 
f/cm2 in the lower part (output charge). 

 
The specification of the K13 ED requires that the resistance between its two lead wires should be 

3~7Ω and it should produce the minimum depth of the dent of 0.25 mm on the steel with the hardness of 
HRB 70~95 when functioned at 1μF, 38.5 volts. 

 

 

Figure 1. Electric detonator K13 
 

2.2 Ballistic simulation apparatus 
 

The ballistic simulation apparatus shown in Figure 2 was used to shoot the K13 ED into a target. The 
apparatus can give the maximum velocity of 300 m/s to the impactor with 50 mm diameter and 1 kg 
weight. It consisted of a breech system propelling the impactor, a gun tube improving the impactor’s 
velocity, and target area. There were the auxiliary devices such as the velocity measuring device of the 
impactor, high pressure N2 gas and control valves. 
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Figure 2. Ballistic simulation apparatus 
 

The impactor installed test samples flied through gun tube and hit the target. Figure 3 illustrated the 
impactor which consisted of a conical head, a body, a board installed test specimens and a plug. The K13 
ED was fitted into the impactor in two directions, i.e. longitudinal and vertical directions. Five K13 EDs 
were inserted into the board and each one was fixed with a plastic ring and bolt. Then the board was put 
into the body and locked up by the plug. The assembled impactor inserted into the breech of the apparatus 
and was fired. It flied through the gun tube, impacted on the target, and stopped there. The target materials 
were lead or aluminum rod. The size of the target is 15 cm diameter, 20 cm long in lead rod and 20 cm 
diameter, 10 cm long in aluminum one, respectively. Lead target is used for 20,000~35,000 G and 
aluminum one is used for over 35,000 G. 

Target Area 

Gun Tube
Breech System 
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(Upper : longitudinal    Lower : vertical) 

Figure 3. Exploded view of the impactor installed K13 EDs 
 

3. Deceleration behavior of impactor related with target material 
 

From our experimental results, the curve between deceleration and the time of the impactor on target 
materials was schematically depicted in Figure 4. The deceleration vs. time curve of the impactor on 
aluminum (2024 T-0) target was generally triangle pulse shape with 0.25~0.30 ms duration time. In case 
of lead (over 90 % purity) one, the magnitude of the sine wave was roughly half with 0.8~1.0 ms duration 
time. Therefore, the maximum deceleration in two targets was described as follows. 
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In case of aluminum target, 

  
gt

vG 12 •
Δ
Δ•=        (1) 

In case of lead target, 

  
gt

vG 1
2

•
Δ
Δ•= π

       (2) 

Where,  G = deceleration of impactor 
  v = velocity of impactor 
  t = duration time of impulse 
 

In this paper, the estimated maximum deceleration was calculated by using the equations of (1) with 
duration times of 0.3 ms and the equations of (2) with duration times of 1.0 ms. 

 
(a)             (b) 

(a) Target : aluminum,    Impactor velocity : under 120 m/s 

(b) Target : Lead,    Impactor velocity : over 150 m/s 

Figure 4. Curves between deceleration and time of impactors on two targets 
 

4. Impact test and impact endurance analysis of the K13 ED 
 

It was reported that HBWT EDs similar to K13 ED could be endurable at least 20,000 G and MK71 
ED equivalent to it could be survived at 20,900 G[2]. 

 
In our research, a series of impact tests were carried out from 30,000 G that the K13 ED could be 

endurable to 82,000 G. The impact directions of the K13 ED as shown in Figure 3 were longitudinal and 
vertical ones. First, the impactor installed the K13 ED was put into the breech system and was fired at the 
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velocity equivalent to the desired impulse. After impacting on the target, the impactor was collected to 
check the extent of damage of the K13 ED. 

 
There were several causes of damage in the K13 ED.  They included a gap between bridge wire and 

explosive charges, the crack or breakage of ignition charge, the breakage of bridge wire, and the 
detachment of lead wire’s welding parts. The electric resistance of the K13 ED was checked before and 
after an impact test. It is difficult for one to discriminate the damage of explosives like ignition charges by 
radiographic method. Thus, damage inspection was replaced by an output function test of the K13 ED. 

 
Table 1 and 2 showed the impact test results of live and inert K13 EDs. Contrary to the live K13 ED 

which was the normal one prepared by following its specification, the inert K13ED was charged with 
plaster instead of explosives and was denser around the bridge wire than normal one. The impact test was 
performed up to 82,000 G. As shown in Table 1, in case of the vertical direction in the live K13 ED, it was 
found that the bridge wire was broken in one of five specimens at 66,000 G and 80,000 G according to 
resistance inspection. In addition, the lead wire of it was either cut off or very deformed as shown in 
Figure 5. However, its outside appearance was free from any damage in a visual examination. In case of 
the longitudinal direction, the resistance of it was normal without any change up to 82,000 G. Its lead wire 
was less deformed than it was in the case of the vertical direction. After impact test, the test samples were 

output functioned at 1.0 μF, 38.5 volts. All of specimens except two with the bridge wire breakage were 
normally functioned and made the minimum dent-depth of 0.41 mm on steel block. They met the output 
requirement that was the minimum dent-depth of 0.25 mm and the average dent-depth of 0.32 mm. In 
case of inert K13 ED that was loaded at high density around the bridge wire, Table 2 showed that it had 
no breakage of the bridge wire and any abnormal resistance at 82,000 G in the vertical direction that was 
more vulnerable than the longitudinal one. The deformations of the bolts that enabled the K13ED 
specimen to be fastened were shown in Figure 6. They got a little deformation at 57,000 G, a large 
deformation or cut off at 66,000 G and a complete cut off at 80,000 G. 

 
From the above test results, when the K13ED was impacted at the vertical direction, its impact 

resistance seemed to be 57,000 G from the fact that the bridge wire was broken at 66,000 G. On the other 
hand, in case of the longitudinal direction, its impact resistance seemed to be 82,000 G. When the impact 
stimulus was over 54,000 G, the lead wire was very deformed or cut off. Therefore, in this circumstance, 
it was required that both the lead wire and the welding parts of the K13 ED should be designed to be 
durable against high impact.  
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Table 1. Impact test results of the live K 13 ED 

Impactor Detonator Test Results before and after 

Resistance (Ω) 
Impact 

Direction 
Wt. 
(g) 

V 
(m/s) 

Target
Gmax

1 

(G) 
Test 

Sample
before after 

Output 
(mm) 

Remarks 

957 209 Pb 33,000 3 Ea 5.6∼5.9 5.0∼5.3 0.52∼0.56 - 

958 85 58,000 3 Ea 5.3∼5.8 4.9∼5.6 0.50∼0.53 - 

971 102 69,000 5Ea 5.3∼5.8 5.2∼5.6 0.57∼0.63 - 

Longi- 
tudinal 

969 121 

Al 

82,000 5 Ea 5.0∼5.8 4.9∼5.7 0.57∼0.62 - 

962 190 Pb 30,000 3 Ea 4.8∼5.8 4.3∼5.7 0.47∼0.56 - 

963 85 58,000 3 Ea 5.2∼6.6 4.5∼5.9 0.51∼0.57 - 

970 84 57,000 5 Ea 4.5∼5.2 4.6∼5.2 0.48∼0.52 - 

971 83 56,000 5 Ea 4.0∼5.5 4.1∼5.5 0.41∼0.56 - 

969 82 56,000 5 Ea 5.2∼5.8 5.2∼5.7 0.43∼0.50 - 

962 84 57,000 3 Ea 5.3∼5.5 5.3∼5.4 0.46∼0.57 - 

79.2 54,000 5 Ea 5.6∼5.9 5.6∼6.1 0.48∼0.50 - 

79.2 54,000 5 Ea 5.7∼6.6 5.2∼6.2 0.46∼0.51 - 

80 54,000 5 Ea 5.2∼5.7 5.4∼5.8 0.48∼0.52 - 

80.5 55,000 5 Ea 5.5∼6.2 5.4∼6.2 0.48∼0.59 - 

Vertical 

971 

80.4 

Al 

54,000 5 Ea 5.5∼6.3 5.4∼6.2 0.45∼0.52 - 
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78.5 53,000 5 Ea 5.2∼6.2 5.2∼6.2 0.48∼0.51 - 

970 97 66,000 5 Ea 5.5∼5.8 5.5∼5.9 0.58∼0.69
Bridge wire 
cutoff(1ea) 

971 118 80,000 5 Ea 5.3∼5.8 5.1∼5.7 0.63∼0.65
Bridge wire 
cutoff(1ea) 

Note 1. Gmax is the estimated maximum deceleration 
 

Table 2. Impact test results of the inert K13 ED 

Impactor Detonator Test Results before and after 

Resistance (Ω) 
Impact 

Direction 
Wt. 
(g) 

V 
(m/s) 

Target 
Gmax

1 

(G) 
Test 

Sample
before after 

Output 
(mm) 

5.5 5.4 - 

5.4 5.3 - 

5.6 5.4 - 

5.2 5.1  

971 101 69,000 5 Ea 

5.3 5.2 - 

5.3 5.2 - 

5.4 5.4 - 

5.4 5.4 - 

5.4 5.3 - 

Longi- 
tudinal 

969 121 

Al 

82,000 5 Ea 

5.2 5.1 - 

5.3 5.1 - 

5.5 5.4 - 

5.3 5.1 - 

5.2 5.0 - 

971 102 69,000 5 Ea 

5.4 5.0 - 

5.7 5.4 - 

5.4 5.2 - 

5.3 5.1 - 

5.2 5.1 - 

Vertical 

969 121 

Al 

82,000 5 Ea 

5.6 5.5 - 

Note 1. Gmax is the estimated maximum deceleration 
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(Left : 57,000 G, Middle : 66,000 G, Right : 80,000 G) 

Figure 5. K13 ED after impact test 

 

 

(Left : 57,000 G, Middle : 66,000 G, Right : 80,000 G) 

Figure 6. Deformations of the bolts fastened K13 ED after impact test 



-638- 

5. Conclusion 

 
The impact test of HBWT K13 ED was performed with ballistic simulation apparatus and its impact 

endurance was evaluated. The impact test was carried out in two directions, vertical and longitudinal 
directions. The test samples of the K13 ED were prepared in two types, live and inert. Inert type used 
plaster instead of explosive charges and the plaster surrounding the bridge wire was loaded at higher 
pressure than the explosive charge of the live one. 

 
From the test results, the impact endurance in the longitudinal direction of K13 ED was superior to 

that in the vertical direction. In case of the vertical direction, its impact resistance seemed to be 57,000 G 
from the fact that the bridge wire was broken at 66,000 G. In case of the longitudinal direction, its impact 
resistance seemed to be 82,000 G. If the impact stimulus was over 54,000 G, the lead wire was either 
severely deformed or cut off. Thus, when the lead wire was assembled into a firing circuit board, its 
junction point should be carefully connected. The test results of the inert one showed that high dense 
explosive charges surrounding bridge wire could improve its impact endurance. 
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ABSTRACT 
 

Colored smoke grenades have undergone many transitions over the years since the initial design was 
completed in the in the 1940’s.  The original M18 Colored Smoke Grenade began as the product of 
knowledge available at that time.  Since the initial success of the M18 Colored Smoke Grenade, many, 
many changes have upgraded the initial design to one suitable for the modern battlefield.  Changes in 
formulation percentages, fuels, coolants, and processing techniques have all provided a system that is 
more reliable and safer to handle. 
 
The one constant which has been an area of investigation over the years has been the search for a more 
“suitable’ colored smoke dye.  The problem of finding new dyes to use not only includes the grenades 
ability to produce the required smoke cloud for the proper length of time, but also other factors to 
include the proper color match as well as the dye’s toxicity to both animals and the environment. 
 
This paper will start with the initial development of the grenade using information obtained from 
antique literature and follow the design to the modern day battlefield.  It will include the many successes 
and failures of the process used to improve the grenade.  The talk will conclude with an in-depth look at 
the current candidate smoke dye screening protocol for finding suitable dyes for use in the modern day 
colored smoke grenade. 
 
 
1. GENERAL 
 
 The screening of colored smoke dyes has always been a blend of the scientific method and trial 
and error.  Expertise in this effort was previously gained by performing hundreds of tests in both sub-
scale canisters and full scale colored smoke grenades.  With any change in the ratios of the components, 
it was often necessary to "start over" the entire test series.  When attempting to change two components 
at the same time, the results were often erratic and non-decypherable. 
 
 The goal of this effort was to design a "quick and dirty" screening protocol for any candidate 
dye that might have application in colored smoke grenades.  The dyes that were presented for testing 
had favorable characteristics from a wide viewpoint.  They were proposed as less expensive, lower in 
toxicity, non-carcinogenic, or "better" in color hue and density.  It quickly became obvious that 
everyone that was contacted for a dye sample had a "better" dye candidate for use in colored smoke 
grenades! 
 
 The expensive component to the dye candidate screening effort would be the toxicology 
screening testing.  Before such testing was to be conducted, any candidate dye must be tested in a sub-
scale device and a full scale M18 sized colored smoke grenade.  It would need to be tested in a variety 
of configurations using various percentages of fuel, oxidizer, coolant, binder, and dye.  The traditional 
effort would have been to make many, many sub-scale grenades, conduct field and chamber testing, 
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then make full scale grenades, and perform similar field and chamber testing.  Even with only a single 
or a small number of dye candidates presented for testing, this would require a very length amount of 
time and a substantial cost only to discover that the dye did not produce favorable results under all test 
conditions. 
 
 To the general public, a smoke grenade is the identical device which is available in four (or 
five) distinct colors.  These are yellow, red, green, and violet (and sometimes blue).  To the chemistry 
oriented individual, these are four separate and distinct carefully balanced thermodynamic systems.  The 
component ratios for each color are different and substituting a new dye candidate into an existing 
formulation is a hit-or-miss proposition.  For example, substituting the red dye into the yellow dye 
pyrotechnic composition produces a pinkish color smoke cloud which is not distinguishable at any 
significant distance. 
 
 The ratios of chemicals in these delicately balanced thermodynamic systems is further 
complicated due to a study that was conducted by this organization (with the assistance of many others) 
in replacing the older dyes in the yellow and green colored smoke grenades.  Common confectioner's 
sugar was successfully substituted for the sulfur as the fuel for the new smoke compositions.  These 
replacement colored smoke formulations were focused on finding new pyrotechnic compositions using 
the (then) new yellow and green dyes. (Note: the green smoke formulation contains a blend of green and 
yellow dye).  It was also desired at that time to replace the sulfur as well.  This led to many problems 
during the replacement effort as the burning temperature of the new sugar based smoke compositions 
were much lower than the burning temperatures of the sulfur based compositions.  This meant that the 
dyes needed to be less toxic and be able to withstand the additional heat generated by the sugar-
potassium chlorate reaction.  Table 1 shows some typical colored smoke formulations using sulfur as the 
fuel.  The binder has been left out of the formulations to simplify the chart. 
 

Table 1 
Typical Sulfur Based Colored Smoke Formulations 

 Yellow Red Green Violet 
Sulfur 8.5 9 10.4 9 
Potassium chlorate 20.0 26 27.0 25 
Sodium bicarbonate 33.0 25 22.6 24 
Dye(s) 38.5 40 40.0 42 
 
 Similar formulations using sugar as the fuel are shown in Table 2.  These formulations do 
indeed burn well, but the quality of smoke from some of these compositions is less than satisfactory.  At 
first glance these formulations may appear very similar, but the wide range of bulk densities of the 
components has a dramatic effect when slight changes to the base formulation are prepared. 
 

Table 2 
Typical Sugar Based Colored Smoke Formulations 

 Yellow Red Green Violet 
Sugar 15 17.5 16.5 19.1 
Potassium chlorate 22 17.5 24.5 18.4 
Magnesium bicarbonate 21 10.0 17.0 20.1 
Dye(s) 42 55.0 42 42.4 
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2. EQUIPMENT 
 
 As this was not a study of mixing equipment, all sub-scale blending was performed by hand 
mixing.  The chemicals were added in the following order: fuel, coolant, dye, acetone, and oxidizer.  
Acetone was added to the mixer as a dust suppressant and a mixing aid.  The addition of the acetone 
also serves a very important purpose.  The colored dyes are soluble in the acetone.  This mitigates any 
variation in the particle sizes found in the dyes.  The other chemicals have relatively large particle sizes 
which can be measured and certified by the use of mechanical screening, but the dye particle size range 
is so small as to make this technique impractical. 
 
 The sub-scale canisters used for this study are commonly known as the "E-49" canister.  It is 
still a mystery today as to where the name originated, but it is strongly believed that it was an 
experimental smoke canister of world war two vintage.  The canister is approximately 1.25 inches in 
diameter and 2.5 inches long.  The canister is normally loaded to a specific height with composition and 
a thin aluminum disk dropped in and taper crimped in place.  For this effort a specific amount (10 
grams) of the candidate smoke composition was hydraulically pressed into the can, and the remaining 
space filled with pressed bentonite clay (dry kitty litter) to the desired height.  An aluminum disk was 
then taper crimped on to the canister.  The canister had an axial hole of 0.25 inches in diameter (as the 
smoke exit port) while the aluminum disk had no holes for the smoke to exit.  Essentially, the 
composition would burn and the smoke would exit out a single port.  The canister was placed over a 
central tapered rod with allowed a central cavity to form when the composition was pressed into the 
canister.  This is often referred to as a "core burning" design as the composition is usually ignited at the 
central core and the flame front moves toward the outside curved edges of the canister.  An alternate 
configuration is know as the "end burning" design and contains no core hole.  The burning front moves 
from the top to the bottom of the canister in a cigarette style burn.  The core burning configuration is 
often the design of choice as it minimizes the amount of time the vaporized dyes are exposed to hot ash 
inside the smoke producing device.  In this experiment, an ignition composition was prepared in a 
granulated form and 1 gram was poured into the center cavity.  Ignition was via a short piece of visco 
time fuse. 
 
3. PROCEDURES 
 
 Many previous colored smoke formulations were evaluated for indications as to the important 
areas to focus on for designing the test protocol.  The ratios of fuel-to-oxidizer, fuel/oxidizer-to-coolant, 
fuel/oxidizer-to-dye, and coolant-to-dye were studied for clues, but no particular pattern emerged if the 
specific dye was not taken into account. 
 
 After analyzing all of the available data, the decision was made to restrict the test protocol dye 
percentage to 30%.  This served to minimize the amount of dye necessary for a full test series, ensure 
that the dye was not being used as a supplemental fuel in the burning reaction, and provide a less 
expensive overall formulation for producing smoke.  The dyes are the most expensive component in the 
compositions and any reduction in the percentage required to produce a quality smoke cloud would 
mean a large cost savings for the new colored smoke grenade.  Table 3 shows the normalized 
percentages for theoretical smoke compositions based on the collected data. 
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Table 3 
Theoretical Normalized Colored Some Formulations 

 Yellow Green Red Violet 
Sucrose 25.9% 28.4% 38.9% 34.5% 
Potassium Chlorate 37.9% 42.2% 38.9% 31.0% 
Magnesium Carbonate 36.2% 29.3% 22.2% 34.5% 
Dye(s) +36.3% +42.0% +47.7% +42.2% 
 
 Notice that the ratios are calculated with the fuel / oxidizer / coolant percentages adding up to 
100% and the dye as an additional percentages.  Figure 1 is a graphical representation of the data.  The 
geometric shapes are the formulations while the circles are the values of the "Test Ratios" (TR for short) 
for the experimental test protocol.  Notice that the percentage of oxidizer (potassium chlorate) ranges 
from 30% to 60% of the compositions.  By using a high percentage of oxidizer in the test protocol, the 
dye's resistance to oxidation would be severely tested. 
 

Figure 1 
Initial Dye Protocol Test Percentages 
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 To clarify these Test Ratios, a table of the percentages is presented in Table 4.  The ratios are 
referred to as TR1, TR2, TR3….TR8.  The values are in parts-by-weight.  The dye percentage is an 
additional 30% or simply an additional 30 parts as weighed on a scale.  The compositions were blended 
in 13 grams batches (if you add up all four components). Ten grams were pressed into the canisters and 
the remaining few grams used for Differential Scanning Calorimetry (DSC) analysis and other physical 
characteristic tests. 
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Table 4 
Smoke Test Protocol Test Ratios 

 TR1 TR2 TR3 TR4 TR5 TR6 TR7 TR8 
Sugar 20 20 30 30 30 40 40 40 
Potassium chlorate 60 50 50 40 30 50 40 30 
Magnesium carbonate 20 30 20 30 40 10 20 30 
Dye 30 30 30 30 30 30 30 30 
 
 When presented in these two forms (traditional 2D graph and numerical table) the choices for 
the TR percentages are not obvious.  When the same data is placed onto a triangle diagram, the choices 
seem more logical.  Figure 2 shows the data in a triangle plot. 
 

Figure 2 
Test Ratio Percentage 
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4. RESULTS 
 
 Each test formulation was evaluated for color quality and burn time.  The burn time was later 
calculated into burn rate and a prediction as to the performance in an M18 colored smoke grenade 
canister was determined.  Only dyes which performed suitably (i.e. burn time and color quality) were 
tested in full size grenades.  Table 5 shows a sample of the collected data.  The background colors (not 
visible in this chart) represented the quality of the smoke while the numbers in the boxes are the burn 
times for the sub-scale canisters with the ten grams of smoke composition. 
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Table 5 
Burn Rate Data 

57.433.638.363.355.533.333.146.9YellowThermoplast Yellow 104

85.731.244.3128.144.340.749.569.3YellowSudan Yellow 150

56.423.830.751.430.224.535.237.4YellowSolvent Yellow 93

48.826.225.577.138.323.832.633.8YellowSolvent Yellow 33

88.831.719.061.933.828.835.529.8VioletSolvent Violet 47

28.116.914.321.716.411.918.611.2VioletPink

41.927.622.4111.221.221.024.330.5RedSudan Red 380

56.732.427.10.031.436.438.852.9RedSolvent Red 135

60.034.832.6142.99.538.138.138.8RedSolvent Red 113

32.121.216.231.717.614.821.012.6RedDisperse Red 11

34.316.013.350.224.012.913.612.9RedDisperse Red 11

58.624.522.988.130.725.028.340.2OrangeSolvent Yellow 14

44.821.219.872.924.518.821.021.0GreenGreen Mix

42.114.315.261.917.917.421.740.5GraySolvent Green 3

36.012.912.168.117.418.825.010.2GrayPalitol Black

43.121.215.0126.227.919.522.921.7BlueThermoplast Blue 684

64.835.235.590.746.433.337.655.2BlueSudan Blue 570

34.335.235.246.237.936.741.750.2BluePigment Blue 15:2

48.321.016.989.526.719.522.117.9BlueDisperse Blue 3

TR8TR7TR6TR5TR4TR3TR2TR1Smoke

57.433.638.363.355.533.333.146.9YellowThermoplast Yellow 104

85.731.244.3128.144.340.749.569.3YellowSudan Yellow 150

56.423.830.751.430.224.535.237.4YellowSolvent Yellow 93

48.826.225.577.138.323.832.633.8YellowSolvent Yellow 33

88.831.719.061.933.828.835.529.8VioletSolvent Violet 47

28.116.914.321.716.411.918.611.2VioletPink

41.927.622.4111.221.221.024.330.5RedSudan Red 380

56.732.427.10.031.436.438.852.9RedSolvent Red 135

60.034.832.6142.99.538.138.138.8RedSolvent Red 113

32.121.216.231.717.614.821.012.6RedDisperse Red 11

34.316.013.350.224.012.913.612.9RedDisperse Red 11

58.624.522.988.130.725.028.340.2OrangeSolvent Yellow 14

44.821.219.872.924.518.821.021.0GreenGreen Mix

42.114.315.261.917.917.421.740.5GraySolvent Green 3

36.012.912.168.117.418.825.010.2GrayPalitol Black

43.121.215.0126.227.919.522.921.7BlueThermoplast Blue 684

64.835.235.590.746.433.337.655.2BlueSudan Blue 570

34.335.235.246.237.936.741.750.2BluePigment Blue 15:2

48.321.016.989.526.719.522.117.9BlueDisperse Blue 3

TR8TR7TR6TR5TR4TR3TR2TR1Smoke

 
 
 
 Figure 3 shows the Solvent Red 113 test series as an example of typical results.  Compositions 
containing 50 percent potassium chlorate and higher simply burned up the dye as the burning 
temperature was too high for the dye to vaporize and recondense. (TR1,2,3 & 6).   Test Ratio 7 (TR7) 
can be seen burning so fast that the exhaust fan can not keep up with the smoke production.  TR4, 5 and 
8 showed suitable combinations of fuel, oxidizer, and coolant.  Normally this dye would not be 
considered suitable based on this performance, but this was the test case for the experiment. 
 

Figure 3 
Solvent Red 113 Test Results 
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 Using TR5 as the chosen formulation for the dye Solvent Red 113, a full sized smoke grenade 
was fabricated and field tested for time and cloud color.  The target burn time was 90 seconds and the 
color needed to be a vivid red.  Figure 4 shows a single frame from the test video.  The burn time was 
87 seconds (smoke production under pressure) which was acceptable.  However, the color was more 
pink than red.   The actual color of the cloud is not representative in the photos, as the camera adjusts 
the hues to what it believes makes a better "photo". 
 

Figure 4 
M18 Solvent Red 113 Grenade 

 
 
5. CONCLUSIONS 
 
 The test protocol worked very well for quickly screening candidate dyes.  Only 25 grams of the 
dye was needed for performing all eight of the tests as well as having material for the other physical 
characteristic tests (melting point for example). 
 
 Another obvious benefit is the construction of a numerical and graphical database which can be 
used for historical purposes.  Dyes which are no longer used can be tested and catalogued to determine 
their performance in the protocol.  This will allow a clear understanding of these obsolete dyes and their 
actual performance rather than attempting to predict specifically why they were chosen as smoke dyes 
in the past.  
 
 This protocol also allows a one-on-one comparison of two dye candidates that appear to have 
similar physical characteristics.  Their actual performance can be quickly tested and the more suitable 
candidate forwarded to subsequent testing. 
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Evaluation of Candidate Low Toxicity Colored Smoke Dyes 
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1 INTRODUCTION 
 

The M18 Colored Smoke Grenades have been used by the military for signaling since the World 
War II era.  Over the past few decades the army has made attempts at creating a safer smoke for the 
soldier to use on the battlefield.  Recently the Green and Yellow M18 Smoke Grenades have been 
converted to a sugar-chlorate based smoke formulation in which the sugar replaced the previously used 
sulfur as the fuel for the pyrotechnic reaction.  Replacing the sulfur in the Red and Violet M18 Smoke 
Grenades proved more difficult using the current dyes supplied to the army.  Previous efforts showed that 
the grenade failed to meet the burn time requirements or the color requirements set forth by the M18 
Specification.   
 
2 OBJECTIVE 
 

The purpose of this experiment was to replace the sulfur based smoke formulations for the Red 
and Violet M18 Smoke Grenades with a safer sugar based smoke formulation.  Testing began on smaller 
scales to determine the thermodynamic characteristics of the possible replacement dyes.  The dyes that 
were able to handle the high temperatures from the sugar-chlorate reaction and showed a color that was 
comparable to that of the current Red and Violet M18 Smoke Grenades were scaled up to full size 
grenades.  The full size grenades were then tested for color and for burn time requirements (50-90 
seconds).  Depending on the results from these tests the formulations were adjusted accordingly to better 
meet the M18 requirements.   
 
3 TESTING PROCEDURE 
 
3.1 Small Scale Testing 
 

Before using the dye in a full scale grenade it was tested in ten gram samples in a laboratory 
chamber.  The samples were always 30% dye and the remaining 70% consisted of various ratios of 
Potassium Chlorate (oxidizer), Sugar (fuel), and Magnesium Carbonate (coolant).  There were eight 
combinations of the fuel, oxidizer, and coolant ratio that were tested.  These test ratios (TR) are given in 
Table 1. 

Table 1. TR 1 - 8. 
 

TR  #1 #2 #3 #4 #5 #6 #7 #8 
Sugar 20 20 30 30 30 40 40 40 
KClO3 60 50 50 40 30 50 40 30 
MgCO3 20 30 20 30 40 10 20 30 

 
 From the table it does not show very much as to why these numbers are used but when those 
ratios are plotted in a triangle diagram it gives a better understanding of the ratios, as shown in Figure 1. 
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Figure 1.  TR Triangle Plot 
 
 From the table and the triangle plot it can be observed that each of the dyes was tested through 
each different ratio of fuel/oxidizer/coolant.  The different ratios have different burning characteristics 
varying from very hot and fast burning to cool and slow burning smokes.  The more coolant that was used 
would often make the mix more difficult to ignite.  Therefore, TR #5 would require extra energy to ignite 
and would work best with dyes that have a lower decomposition temperature.  TR #’s 1, 2, 3, and 6 have a 
lower coolant and/or a higher oxidizer/fuel ratio.  These mixes generated more heat and worked better 
with dyes that had a higher sublimation temperature.  When dyes with a lower decomposition temperature 
were used with these TR mixes the dye would combust and a white or gray smoke would then form.  
Formulations TR #4 and 8 had the more consistent results of the eight mixes.  These formulations had a 
closer ratio of fuel/oxidizer and enough coolant to allow these smokes to burn long enough without 
making it too difficult to ignite.   
 

TR1 
TR2 

TR3 
TR4 
TR5 

TR6 
TR7 
TR8 
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 Other observations to look for during this phase of testing are the color produced from the dye 
and burn times from each of the formulations.  Although some of the dyes may be labeled as a red dye 
when they are tested within the thermodynamic condition of the grenade the expected outcome does not 
always occur.  Many times the red dyes would come out as a pink color or a violet dye would be visibly 
much darker than the current standard for the M18 grenades.  If a red dye was lighter in color in 
comparison to the current color then a small percentage of a violet dye was added to the mix in order to 
darken the color.  Colored smoke mixes from current production formulations were pressed in ten grams 
samples and burned in order to get a color and burn rate comparison on a smaller scale.  The different 
burn rates between each dye will help show how much heat is absorbed by the dyes.  Since the dyes are 
all organic they could possibly react with the oxidizer through the heat generated.  This can be determined 
if the nozzle becomes clogged and begins to sputter due to the ash build up.   
 
 In order for the dye to move on to the next stage it must demonstrate a suitable color, a smooth 
burn rate, and a relatively ignitable mix.  Based off of tests on past and current dyes it was determined 
that four red candidates and five violet candidates would be tested in full up grenades. 
 
3.2 Full Scale Testing 
 
 The formulations from the small scale test were then prepared similarly to the current M18 
grenade.  These formulations were mixed in 300 g increments using a 2% by weight Nitrocellulose 
binder.  The mix was then pressed at approximately 15,000 lbs dead load in a standard M18 grenade can.  
Each of the candidate grenades were tested along with a standard M18 Grenade produced from Pine Bluff 
Arsenal (using the sulfur based formulation) in the same environmental conditions.  The smoke duration, 
cloud size, and color were all compared with the standard grenade.   
 
 This test would demonstrate if the dye could handle the thermodynamic conditions set by the full 
up grenade.  Besides testing the color, the other requirement that the new formulations must meet is the 
burn times.  The current specification calls for a range of 50-90 seconds.  Based off of observations the 
appropriate adjustments were made to the formulation or the formulation was removed from testing 
altogether.  Although the some formulations were within the burn time range they were still on the shorter 
side of the range.  It was decided that slight adjustments would be made to the formulation to extend the 
burn time.  The adjustments that were made included using granulated sugar in place of the confectioner 
sugar (for extended burn time) and varying the ratio of dyes mixed together (for color).   
 
4 RESULTS 
 
4.1 Red Formulations 
 
 Replacement candidates for the Red M18 Grenade were tested prior to the violet since the violet 
smoke mix may contain a combination of a red and blue dye.  Therefore if a red dye is successfully tested 
in a full up grenade it would already demonstrate that it can handle the thermodynamic conditions of the 
grenade.  After reviewing previous experiments with various red dyes and testing recently received red 
dyes the replacement candidates were narrowed down to four choices for full up tests.  The formulations 
are listed in the following table.  
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Table 2.  Successful Small Scale Red Formulations 
 

Red Smoke Mixes Formulation 
#1 

Formulation 
#2 

Formulation 
#3 

Formulation  
#4 

Solvent Red 168 
 

30%    

Solvent Red 169 
 

 27%   

Solvent Red 111 
 

  27%  

Solvent Red 1 
 

   24% 

Solvent Violet 47 
 

 3% 3% 6% 

Sucrose, 10X Powdered 
Type 1, Style C 
A-A-20135 

28% 28% 28% 28% 

Potassium Chlorate 
MIL-P-150 
Grade B, Class 7 

21% 21% 21% 21% 

Magnesium Carbonate 
MIL-M-11361 
Grade B 

21% 21% 21% 21% 

Nitrocellulose 
MIL-DTL-244 
Grade D 

2% 2% 2% 2% 

Burn Times 
 

51 sec 82 sec 57 sec 51 sec 

 
 The colors of the grenades were all comparable to that of the current formulation except for 
Formulation #4.  This formulation started off with a red color and gradually changed to pink and then to 
white.  Although this dye demonstrated the quality of a good red dye candidate in the small scale, the full 
up scale showed that dye could not withstand the thermodynamic conditions for an extended period of 
time.  As the dye was subjected to the heat of the sugar/chlorate reaction over the fifty second burn time 
dye began to combust fading the color and eventually turning it white.  Formulation #2 had the longest 
burn time of the different dyes.  Since each dye was tested with the same quantities and ratios of fuel, 
oxidizer, and coolant the solvent red 169 demonstrated that it required more heat to create sublimation of 
the dye.  Therefore the extra heat absorbed by the solvent red 169 allows the formulation to burn for an 
extended period of time in comparison with the other formulations.  Formulations #1 and #3 had shorter 
burn times and had granulated sugar added to the formulation to extend the burn time.  The formulations 
with the final adjustments and the dyes that passed the color test are listed in the following table. 
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Table 3.  Red Smoke Final Formulations 
 

Red Smoke Mixes Final 
Formulation 

#1 

Final 
Formulation 

#2 

Fiinal 
Formulation 

#3 
Solvent Red 168 
 

30%   

Solvent Red 169 
 

 27%  

Solvent Red 111 
 

  27% 

Solvent Violet 47 
 

 3% 3% 

Sucrose, 10X Powdered 
Type 1, Style C 
A-A-20135 

14% 28% 14% 

Sucrose, Granulated 
Type 1, Style A 
A-A-20135 

14%  14% 

Potassium Chlorate 
MIL-P-150 
Grade B, Class 7 

21% 21% 21% 

Magnesium Carbonate 
MIL-M-11361 
Grade B 

21% 21% 21% 

Nitrocellulose 
MIL-DTL-244 
Grade D 

2% 2% 2% 

Burn Times 
 

73 sec 88 sec 87 sec 

 
 All three formulations fulfilled the requirements set forth by the current M18 grenade.  They 
produced a comparable red cloud and burned within the 50 – 90 second range.   
 
4.2 Violet Formulations 
 
 The same experimental procedure was used with the violet smoke grenades.  There were five 
initial formulations that were successful on the small scale that were used in full up grenades.  The smoke 
formulations are listed in the following table. 
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Table 4. Successful Small Scale Violet Formulations 
 

Violet Smoke Mixes Formulation 
#1 

Formulation 
#2 

Formulation 
#3 

Formulation 
#4 

Formulation  
#5 

Disperse Blue 3 
DOD-D-51524 

7.5%     

Solvent Red 168 
 

22.5%     

Violet Dye Mix 
MIL-DTL-3691 

 30% 30%   

Solvent Red 169 
 

   3%  

Solvent Violet 47 
MIL-DTL-3668 

   27%  

Solvent Red 111 
 

    15% 

Pigment Blue 15-2 
 

    15% 

Sucrose, 10X Powdered 
Type 1, Style C 
A-A-20135 

28% 28% 21% 28% 21% 

Potassium Chlorate 
MIL-P-150 
Grade B, Class 7 

21% 21% 28% 21% 28% 

Magnesium Carbonate 
MIL-M-11361 
Grade B 

21% 21% 21% 21% 21% 

Nitrocellulose 
MIL-DTL-244 
Grade D 

+2% +2% +2% +2% +2% 

Burn Times 
 

41 sec 40 sec 34 sec 28 sec 23 sec 

 
 The violet grenades generally had shorter burn times compared to the red grenades.  These 
grenades required more adjustments.  Formulation #1 produced the best results as far as color and burn 
time requirements.  Although the burn time for this formulation was on the shorter side of the burn time 
range.  Formulations #2 and #4 both produced very brilliant violet clouds but were short of the burn time 
requirements.  Formulations #3 and #5 were both very energetic mixes that caused the grenade to skid 
across the testing pad and were thus removed from the next phase of testing.   
 
 Adjustments were made to all the formulas adding various amounts of granulated sugar.  A new 
formulation was created replacing the Solvent Red 168 for Solvent Red 169.  Since the Solvent Red 169 
demonstrated a longer burn time in the red formulation it was decided to test it in the violet to possibly 
increase the burn time.  The final four formulations are listed in the following table. 
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Table 5.  Violet Smoke Final Formulations 
 

Violet Smoke Mixes Final 
Formulation 

#1 

Final 
Formulation 

#2 

Final 
Formulation 

#3 

Final 
Formulation 

#4 
Disperse Blue 3 
DOD-D-51524 

12% 15%   

Solvent Red 168 
 

18%    

Violet Dye Mix 
MIL-DTL-3691 

  30%  

Solvent Red 169 
 

 15%  3% 

Solvent Violet 47 
MIL-DTL-3668 

   27% 

Sucrose, 10X Powdered 
Type 1, Style C 
A-A-20135 

14% 14% 14%  

Sucrose, Granulated 
Type 1, Style A 
A-A-20135 

14% 14% 14% 28% 

Potassium Chlorate 
MIL-P-150 
Grade B, Class 7 

21% 21% 21% 21% 

Magnesium Carbonate 
MIL-M-11361 
Grade B 

21% 21% 21% 21% 

Nitrocellulose 
MIL-DTL-244 
Grade D 

+2% +2% +2% +2% 

Burn Times 
 

55 sec 60 sec 40 sec 47 sec 

 
 Final Formulations #1 and #2 demonstrated burn time within the range of the specification and 
produced a similar violet color cloud comparable to that of the current grenade.  Final Formulations #3 
and #4 demonstrated a brilliant violet cloud but still failed to meet the burn time requirements specified. 
 
5 CONCLUSION 
 
 After reviewing small and full scale testing for the red and violet smoke formulations it was 
determined that there were three possible red dye replacements and two violet dye replacements.  Final 
Formulations #3 and #4 for the violet smoke were not within the requirements but could be further 
adjusted to meet the burn time ranges required.  The CHPPM toxicity team is currently researching the 
effects of the Solvent Red 169.  Pending the outcome of this research it would be recommend to move 
forward with Red Smoke Final Formulation #2 and Violet Smoke Final Formulation #2. 
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ABSTRACT 
 
The US Army color smoke grenades are used as ground-to-ground or ground-to-air signaling devices, 
target or landing zone marking devices, or screening devices for unit movements.  The smoke quality and 
burn time are closely related to the burning temperature that is typically regulated by a flame suppressant, 
such as magnesium carbonate or sodium bicarbonate.  The temperature regulating material is used 
together with a pyrotechnic base (fuel and oxidizer) and various organic dyes to generate color smokes, 
such as yellow, green, red, and violet.  This paper describes a laboratory effort to characterize the 
chemical composition, physical property, and thermal decomposition mechanism of magnesium carbonate 
that are known to affect the performance of the smoke grenades.  Commercially available basic and 
anhydrous magnesium carbonate samples were identified and thoroughly analyzed using X-ray 
Diffraction (XRD), Fourier-Transform Infrared Spectroscopy (FT-IR), Differential Thermal Analysis 
(DTA), and Thermogravimetric Analysis (TGA) to examine the differences in chemical structure and 
thermal behavior.  Further investigation into the particle size and surface morphology of magnesium 
carbonate was conducted with Scanning Electron Microscopy (SEM), Particle Size Analysis (PSA), and 
Surface Area Analysis.   
 
 
Introduction 

 
Current generation smokes being 

developed by the United Sates Army RDECOM-
ARDEC rely heavily on a flame suppressant to 
produce high quality smoke.  Smoke 
formulations currently being developed use 
organic, colored dyes to generate the 
characteristic colors that are used by the Army.  
Using this method of smoke generation allows 
options in choosing a color, and mixing of colors 
has been done to produce colors different then 
the component dyes 1. 

 
The smoke that is developed from the 

pyrotechnic device relies on the rapid 
vaporization and subsequent sublimation of the 
particular dye that is used in the pyrotechnic 
mixture 2.  The use of these dyes with differing 
thermal characteristics necessitates a reaction 
that will continue at a temperature only slightly 

higher than the melting point of the dye.  If the 
flame temperature of the mixture is too high, 
smoke may not be seen at the location of the 
pyrotechnic device, if at all.  If the flame 
temperature of the mixture is too low the 
mixture will not burn.  The addition of a 
thermally regulating material, such as 
magnesium carbonate or sodium bicarbonate, 
allows for a steady, consistent burning 
temperature that will produce smoke with the 
desired properties. 

 
Magnesium carbonate, MgCO3, and 

sodium carbonate, Na2CO3, are good thermal 
regulators for several reasons 3.  First they are 
generally supplied as hydrated chemicals with 
adsorbed water attached to the molecule.  
Second, both materials decompose when heated 
at elevated temperature aiding in gas generation 
in the pyrotechnic device.  Finally, the materials 
are benign and handled safely. 
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Experimental 
 

Magnesium carbonate was subjected to 
a variety of tests to determine the chemical, 
physical, and thermal properties that are 
important to smoke generation.  Six 
commercially available samples were tested as 
received, see Table 1.  
 

Table 1: Magnesium Carbonate Samples 
Sample Supplier/Distributor Lot # 

A Hummel Croton (HC) MgC-04-
245 

B JLM Manufacturing 
(JLM) 

Not 
provided 

C American 
International 
Chemical (AIC) 

20050946 

D Rohm-Haas (RH) 20D36018 
E Akrochem (Akro) H0406F4 
F ICL Industrial 

Products (ICL) 
Not 
provided 

 
A. Chemical Analysis 
 

The chemical properties of the material 
were tested using X-ray Diffraction (XRD), 
Fourier-Transform Infrared Spectroscopy (FT-
IR), and Atomic Absorption Spectroscopy (AA). 

 
The XRD analysis was performed on the 

as-received powder at room temperature.  The 
analysis was performed on a Philips PW3040 X-
ray Diffractometer using a continuous scan at 45 
kV and 40 mA. 

 
The FT-IR analysis was performed on a 

Perkin Elmer Spectrum 2000 with a MIRTGS 
detector.  Samples were analyzed by mixing in a 
ratio of approximately 2000:1 with potassium 
bromide and pressing into a pellet.  Data shown 
is the average of 5 scans subtracted from a 
potassium bromide reference pellet. 
 

Furnace analysis was performed by 
placing approximately 0.25-g of sample into a 

platinum crucible and heating to 700°C.  The 
residue remaining after heating was assumed to 
be magnesium oxide and impurities 

 
B. Thermal Analysis 

 
The thermal analysis was performed on 

a TA Instruments Simultaneous DSC/TGA.  The 
instrument was run in DTA mode with 
aluminum oxide as a reference.  The samples 
were heated from ambient to 800°C under argon 
gas flowing at 100 mL/min.  Both weight loss 
and temperature difference were collected as a 
function of temperature. 

 
C. Physical Analysis 

 
The physical properties of the material 

were analyzed using Particle Size Analysis 
(PSA), Surface Area (SA) analysis, and 
Scanning Electron Microscopy (SEM). 

 
The PSA was performed on a Microtrac 

S3500 in denatured alcohol.  The samples were 
ultra-sonicated at a power of 25 Watts for 60 
seconds.  The flowrate was set to 35% and the 
samples were run for 60 seconds. 

 
The SA analysis was performed on a 

Micromeritic TriStar Porosity Analyzer.  The 
samples were heated to 200°C under flowing 
nitrogen for a minimum of 2 hours prior to 
analysis.  Nitrogen gas adsorption measurements 
were then performed at 77 K using a B-E-T 
analysis. 

 
The SEM was performed on a JEOL 

JSM-6380LV instrument.  The samples were 
mounted on brass sample stubs using carbon 
tape and silver paint.  Excess material was 
removed from the stub and the samples were 
analyzed at varying levels of magnification 
using 1-10 kV of tip voltage to minimize 
charging on the sample. 
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Results 
 
Chemical Analysis 

 
The results of the XRD analysis are 

shown in Figure 1 below.  The results have been 
shown on the same graph to aid in 
characterization and comparison of the samples.  
The scattering angle of the samples was adjusted 
from 10 to 70 degrees.  Five of the samples 
exhibit similar diffraction patterns only one, 
JLM, differs from the rest of the samples. 

 
 
The five samples with similar diffraction 

patterns match closely in distribution and 
intensity with hydromagnesite.  The JLM sample 
matches closely in distribution and intensity 
with magnesite.  The difference is most notable 
in the 2-theta region of 10-20, where the JLM 
sample is devoid of peaks, and the regions of 42 
and 55, where the JLM has distinct peaks absent 
from the other samples. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Figure 1: XRD data for magnesium carbonate samples

 
 

The results of the FT-IR analysis are 
shown in Figures 2 and 3 below.  Again the 
samples can be grouped into two categories.  All 
samples have an absorption in the regions, 700-
900 cm-1 and 1400-1500 cm-1, which is 

attributed to carbonate peaks.  Five of the 
samples have a large absorption near 3400 cm-1 
attributed to water and a peak at 3700 cm-1 has 
been attributed to hydroxide, while the JLM 
sample has neither of these peaks. 
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Figure 2: FT-IR Spectroscopy of HC, JLM, AIC, and RH magnesium carbonate samples 
 

 
 

Figure 3: FT-IR Spectroscopy of Akro and ICL magnesium carbonate samples 
 

The results of the furnace analysis are 
shown in Table 2 below.  Furnace analysis was 
performed by placing approximately 0.25-g of 
sample into a platinum crucible and heating to 
700°C.  The residue remaining after heating was 
assumed to be magnesium oxide and impurities.  

The samples are again split into two categories.  
The first category has MgO weight percent of 
approximately 44% and is comprised of five 
samples.  The second category has a weight 
percent of 50.7 and consists of the JLM sample. 
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Table 2: Results of Furnace Analysis for Magnesium Carbonate Samples 

Sample Name MgO (% weight) 
A HC 43.8 
B JLM 50.7 
C AIC 43.7 
D RH 44.0 
E Akro 42.0 
F ICL 42.8 
 
Thermal Analysis 

 
The results of the thermogravimetric 

analysis (TGA) are shown in figure 4 below.  It 
is clear from the graph that the five of the 
samples share similar thermal profiles, which is 
further demonstrated in the derivative of the 
TGA in figure 5 and the Differential Thermal 
Analysis (DTA) data shown in figure 6.  A 
summary of the thermal data is contained in 
Table 3 below. 

 
The five similar samples have an 

endotherm near 247-248°C with an associated 
weight loss of 11.3-19.8%.  The five samples 
have a second endotherm near 440-449°C with 
an associated weight loss of 36.9-45.0%.  The 
JLM sample had an endotherm near 608°C with 
an associated weight loss of 56.3%.  Total 
weight loss for the samples ranged from 54.3-
60.5% 

 

Thermogravimetric Data for Magnesium Carbonate Samples

0 100 200 300 400 500 600 700 800

Temperature (C)

W
ei

gh
t (

A
.U

)

HC JLM AIC RH Akro ICL
 

 
Figure 4: TGA Data of magnesium carbonate samples heated at 10°C/min in Argon 
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Thermogravimetric Derivative of Magnesium Carbonate Samples
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Figure 5: DTGA Data of magnesium carbonate samples heated at 10°C/min in Argon 
 

Differential Thermal Analysis of Magnesium Carbonate
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Figure 6: DTA Data of magnesium carbonate samples heated at 10°C/min in Argon 
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Table 3: Magnesium Carbonate Thermal Analysis Summary 

Sample Peak 1 (°C) Peak 1 Wt 
Loss 

Peak 2 (°C) Peak 2 Wt 
Loss 

Total Weight 
Loss (%) 

A (HC) 246.7 19.8 439.3 40.7 60.5 
B (JLM) 607.6 56.3  56.3 
C (AIC) 248.2 18.8 448.6 36.9 55.7 
D (RH) 251.1 15.7 441.3 38.6 54.3 
E (Akro) 248.5 19.8 437.2 39.6 59.3 
F (ICL) 248.7 11.3 444.1 45.0 56.3 
Peak 1 (wt loss %) measured at Temperature of 300°C, except sample B (700°C) 
Peak 2 (wt loss %) measured at Temperature of 500°C 
Total weight loss is the combined weight loss for samples 
 
 
 
Physical Analysis 
 

The results of the Particle Size Analysis 
are included in Figure 7 and Table 4 below.  
Five of the samples had Gaussian distributions, 
while the JLM sample (MV = 26.1 μm) had a 

distribution that exhibited a tail-like feature near 
the smaller particle size.  The ICL (MV = 16.4 
μm) had the narrowest distribution range, while 
RH and HC had similar distribution profiles and 
the lowest mean volume size, MV =12.0 and 
12.5 μm, respectively. 

 
Figure 7: Particle Size Analysis of Magnesium Carbonate samples run in isopropanol 
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The surface area results are shown in 

Table 5.  There is a wide range of results for the 

samples varying from a low of 1.9-m2/g for JLM 
to a high of 24.0-m2/g for HC.  
 

Sample Description Surface Area 
(m2/g)

A HC 24.0
B JLM 1.9
C AIC 21.5
D RH 18.3
E Akro 22.3
F ICL 7.9

Table 5: Surface Area Analysis results

 
 

The Scanning Electron Microscopy 
(SEM) images are shown in Figures 8 through 
13, below.  Differences amongst the samples are 
apparent at both levels of magnification.  High 
levels of conglomeration are noticeable in all 
samples except ICL.  Three distinct shapes of 

magnesium carbonate appear in the images 
below: flake, chipped, and spherical.  The HC, 
RH appear to be flake material, while the JLM is 
chipped, and the AIC, Akro, and ICL are 
spherical. 

 
 

 
Figure 8: SEM images of Hummel Croton magnesium carbonate at 100x and 3000x 

 

 
Figure 9: SEM images of JLM Manufacturing magnesium carbonate at 100x and 2000x 

 

10th 50th 90th
HC 3.8 10.5 23.6 12.5
JLM 2.4 20.3 55.6 26.1
AIC 36.9 55.9 83.7 58.8
RH 4.0 9.7 22.0 12.0
Akro 5.3 14.3 30.9 17.1
ICL 7.5 14.8 26.3 16.4

Table 4: Particle Size Analyis Summary of 
Magnesium Carbonate Samples
Percentile (um) MV (um)Sample
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Figure 10: SEM images of AIC magnesium carbonate at 100x and 2200x 

 

 
Figure 11: SEM images of Rohm & Haas magnesium carbonate at 100x and 3000x 

 

 
Figure 12: SEM images of Akro Chemicals magnesium carbonate at 110x and 3300x 

 

 
Figure 13: SEM images of ICL magnesium carbonate at 150x and 3500x 
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Results 
 

The chemical, thermal, and physical 
analyses lead to interesting results regarding the 
magnesium carbonate samples.  It is clear that 
one sample, JLM Manufacturing, is clearly 
different from the other samples, when 
reviewing the chemical and thermal data. The 
lack of an endotherm near 247-248°C indicates 
there is no water present in the sample and it is 
identified as a form of anhydrous magnesium 
carbonate.  The XRD, FT-IR spectroscopy and 
furnace analyses support this conclusion as well 
4. 

 
The other five samples of magnesium 

carbonate appear to be similar in chemical and 
thermal properties.  The XRD, FT-IR, furnace 
analysis, and DTA data show the remaining 
magnesium carbonate have similar chemical and 
thermal properties.  The TGA and dTGA data 
show there are differing amounts of the various 
species.  Weight Loss varies from 11.3 to 19.8% 
for the first chemical species and from 36.9 to 
45.0% for the second chemical species. 

 
The first chemical species is believed to 

be water or hydroxide and the second species is 
believed to be the carbonate group.  The FT-IR 
data support this data with the appearance of the 
bands at 3400cm-1 and 3700cm-1 for water and 
hydroxyl, respectively, and 700-900 cm-1 and 
1400-1500 cm-1 for carbonate groups, which 
agrees with work by other groups 5.  The 
presence of both bound hydroxyl groups and the 
thermal profile suggests hydromagnesite, 
4MgCO3·3Mg(OH)2·4H2O, appears to be the 
closest form of magnesium carbonate 
represented by these five samples when viewing 
the thermal and chemical data. 

 
The physical analysis of the samples, 

namely particle size analysis, surface area 
analysis, and scanning electron microscopy is 
useful in determining which of these samples 
will perform adequately in a smoke mixture.  
The particle size analysis indicates the samples 
are grouped into three categories.  HC, RH, 
Akro, ICL make up the first category (12.0 to 

17.1 μm), JLM is in the second category 
(26.1 μm), AIC is in the final category 
(58.8 μm). 

 
The surface area measurements indicate 

the samples are split into three categories as 
well.  The first category is comprised of JLM 
(1.9 m2/g).  The second category is comprised of 
ICL (7.9 m2/g) and the final category is 
comprised of HC, RH, AIC, Akro (18.3-24.0 
m2/g).  It is interesting to note that ICL has a 
lower surface area than the other samples that 
are in the same particle size distribution category 
and AIC has higher surface area than the 
samples in its particle size distribution category. 

 
The SEM images show that two samples 

are very similar and appear to be granular, RH 
and HC.  Otherwise each sample appears to be 
different than the rest.  The JLM sample appears 
to be a purely chipped material, while the ICL 
sample appears to be purely spherical.  The other 
two samples AIC and Akro appear to be a 
combination of two of the other categories.  AIC 
appears to contain spherical particles that are 
compacted together, while Akro appears to be 
spherical with granular material as well. 

 
Conclusion 

 
Six samples of magnesium carbonate 

were received from different suppliers or 
distributors and analyzed with XRD, FT-IR, AA 
Spectroscopy, DTA-TGA, SEM, PSA, and 
surface area analysis.  One of the samples is 
identified as magnesite, while the other samples 
are identified as hydromagnesite.  Among the 
five samples of hydromagnesite, two of the 
samples appear to be very similar in terms of 
physical analysis performed while the other 
three samples are morphologically different.  
The differences among the samples are expected 
to affect the performance of the smoke mixture, 
which will be evaluated as a second part of this 
effort.   
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1 ABSTRACT 
 
Detonation velocity and pressure were measured for heterogeneous mixture consisted of a packed bed of 
aluminum particles of different size saturated with neat nitromethane. The results of detonation velocity 
measurements show that critical charge diameter depends strongly on aluminum particle size. The results 
of pressure measurements show the existence of the extended reaction zone behind leading shock wave, 
which is considered to be the results of significant interplay between detonations in nitromethane in 
interstitial pores and shock waves in metal particles. Pressure increase due to the reaction of aluminum 
particle was observed behind leading shock wave. It is presented that the reaction of aluminum particle 

smaller than 14μm takes place within microseconds in detonation products behind leading shock wave. 
Post detonation effects were observed using high speed digital camera. The results of photographic 
observation showed that the expansion of fireball depends strongly on particle size.   
 
 

2 INTRODUCTION 
 
Metal particles have been widely used to improve blasting and underwater performance both in military 
and industrial explosives. The addition of metal particles reduces detonation velocity due to heat and 
momentum transfer to metal particles. Contrary, the reaction of metal particles in detonation products and 
surrounding air enhances blast and underwater performance of explosive. Heterogeneous mixture 
consisting of a packed bed of solid particles saturated with a liquid explosive has been the subject of 
many studies to investigate the effects of the addition of solid particles on detonation properties and post 
detonation effects (1-11). 
Lee et al. (2,3) performed systematic studies of heterogeneous mixture consisting of a packed bed of 
spherical glass beads of different size saturated with chemically sensitized nitromethane (NM), and 
showed the effects of glass beads size on critical charge diameter of this mixture. They suggested the 
existence of two different type of detonation propagation mode depending on particle size. Haskins et al. 
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(4) measured detonation velocity of heterogeneous mixture consisting of a packed bed of aluminum (Al) 
particles saturated with NM, and showed that significant reaction of Al particles was not observed in the 
reaction zone of NM even with nanometric grade Al. 
Frost et al. (6,7) and Zhang et al. (8) performed the experimental studies of the enhancement of blast 
wave due to the ignition of metal particles dispersed in detonation products and surrounding air using 
heterogeneous mixture consisting of a packed bed of Al or magnesium particles saturated with chemically 
sensitized NM.    
Recently, the interaction of detonation wave in NM with a packed bed of spherical solid particles was 
investigated using two and three-dimensional mesoscale simulation by Milne (9) and Ripley et al.(10).  
Milne (9) suggested that complex wave interaction in the flow behind leading shock wave is characterized 
by two sonic points; the first is a standard CJ point and the second is a sonic point with respect to sound 
velocity of solid particles. He showed that detonation velocity of heterogeneous mixture consisting of 
solid particles and NM is dependent on the sound velocity of solid particle. Milne (9) and Ripley et al. 
(10) showed that a steady zone exists in the flow behind leading shock wave which is much longer than 
the reaction zone of NM, and that the width of this steady state zone scales linearly with particle size. In 
the previous study (5), we measured detonation velocity and pressure of heterogeneous mixture consisting 
of a packed bed of Al or copper particles saturated with NM. In this study, we performed the additional 
detonation velocity and pressure measurements of heterogeneous mixtures consisting of Al particles and 
NM. The effects of Al particle size on detonation velocity, critical charge diameter and detonation 
pressure of these heterogeneous mixture were presented. Post detonation effects of heterogeneous mixture 
were observed using high speed digital camera, and were shown to be strongly dependent on Al particle 
size. 
 
 

3 EXPERIMENTAL 
 
Al particles of 8 different size were used in this series of experiments. Properties of heterogeneous 
mixture consisting of a packed bed of Al particles saturated with neat NM (NM/Al) were presented in 
Table 1. 
Fig. 1 shows experimental arrangement for detonation velocity measurements. Detonation velocity 
measurements were performed for sample mixtures contained in PVC tubes of different inner diameter 13, 
16, 20, 31mm and 250mm in length. Detonation velocity was measured by 4 optical fiber probes placed at 
50mm interval. First probe was placed at 90mm from booster explosive to assure steady detonation 
propagation. 
Fig. 2 shows experimental set-up for detonation pressure measurements. Detonation pressure was 
measured using PVDF pressure gauge. Sample mixture was contained in steel tube (38mm inner diameter, 



-217- 

49mm outer diameter and 140mm length) or PVC tube (31mm inner diameter, 38mm outer diameter and 
150mm length), and placed on PMMA plate of 1mm thick. PVDF pressure gauge was consisted of PVDF 

film of 10 μm thick and 5mm square, which was sandwiched with polyimide films together with the 
electrode made of copper foil. PVDF pressure gauge was placed on PMMA block of 50mm thick covered 
and glued with PMMA plate of 1mm thick. The output of pressure gauge was recorded with a digital 
oscilloscope at sampling rate of 1ns. PVDF pressure gauge measured detonation pressure transmitted into 
PMMA plate and block. Detonation pressure was calculated using impedance match method. To confirm 
steady detonation propagation, detonation velocity was also measured by optical fiber probe in detonation 
pressure measurements. 
Photographic observation of post detonation effects was performed using high speed digital camera 
PHANTOM V 7.3. Sample heterogeneous mixture was contained in transparent PVC tube of inner 
diameter 31mm and 250mm in length. 
 
 

4 RESULTS AND DISCUSSION 
 
Variation of measured detonation velocity with reciprocal charge diameter is presented in Fig. 3 for 
NM/Al mixtures. Fig. 4 presents the relation between critical charge diameter and Al particle size. The 
addition of Al particles reduces detonation velocity due to momentum and heat transfer to Al particles as 
well as the important reduction of chemical energy in unit volume when Al particles are inert in reaction 
zone. Measured detonation velocity of all sample mixtures is lower than that of NM.  
For mixture Al-5 and Al-6, detonation velocity decreases linearly with the increase of reciprocal charge 
diameter, and critical diameter is estimated to be smaller than that of NM. In the case of mixture Al-3, 
Al-7 and Al-8, detonation failed at charge diameter 20mm. Detonation velocity of mixture Al-7 and Al-8 
is 500~1000m/s lower than that of mixture Al-3, Al-5 and Al-6. The critical charge diameter of NM/Al 
mixtures shows U-shape function of Al particle size.  
Fig. 5 shows measured pressure-time profile of detonation in NM confined in PVC and steel tube. In the 
case of NM detonation, pressure profile in the reaction zone behind leading shock wave was not resolved 
because of very short reaction zone length of NM. The reaction zone length of NM detonation was 

measured by Sheffield et al. (12) using VISAR, and was estimated to be about 300μm (~50ns). Neumann 
spike pressure, abrupt change of pressure gradient at CJ point and following pressure decay in Taylor 
wave were measured. In the case of NM confined in PVC tube, abrupt pressure decrease in Taylor wave 

due to side rarefaction waves was observed about 4μs behind leading shock wave. However, in the case 
of NM confined in steel tube, pressure decrease due to side rarefaction waves was not observed during 

about 7μs behind leading shock wave. 
Fig. 6 presents measured pressure-time profile of detonation in NM/Al mixtures containing Al particles 
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smaller than 30μm confined in steel tube. Detonation pressure was measured using PVDF pressure gauge 
for NM/Al mixtures as well as NM.  The measured pressure-time profile of NM/Al mixtures depends 
strongly on Al particle size. In the case of mixture Al-1, pressure increase due to Al reaction is observed 

within 1μs behind leading shock wave. Contrary in the case of mixture Al-2, the extended reaction zone 
and following pressure decay in Taylor wave are observed, and then abrupt pressure increase due to Al 

reaction is observed at about 2.5μs behind leading shock wave. For mixture Al-4, the length of the 
extended reaction zone is increased, and slight pressure increase due to Al reaction is observed at about 

4μs behind leading shock wave. For Al-5 mixture, the extended reaction zone and following pressure 
decay in Taylor wave are observed, and pressure increase due to Al reaction is not observed. 
Fig. 7 presents the results of photographic observation of post detonation effects of NM and NM/Al 
mixtures. In the case of NM detonation, size and brightness of fireball attained its maximum at about 
0.3ms after initiation. Size and brightness of fireball attained its maximum at about 23ms after initiation 
for mixture Al-1, and at about 33ms after initiation for mixture Al-5. Maximum size of fireball for 
mixture Al-5 was larger than that for mixture Al-1. In the case of mixture Al-6, size and brightness of 
fireball were smaller than those of NM.    
 
 

5 SUMMARY 
 
Detonation velocity of NM/Al mixtures was measured, and critical charge diameter of these mixtures was 
shown to be dependent on various factors such as particle size, density and shock impedance of metal 
particle. Detonation pressure of NM/Al mixtures were measured using PVDF pressure gauge. Measured 
pressure-time profile depends strongly on metal particle size. The observed extended reaction zone is 
considered to be the results of significant interplay between detonations in NM in interstitial pores and 
shock waves in metal particles. 
 Pressure increase due to Al reaction was observed behind leading shock wave for NM/Al mixtures 

containing particles smaller than 14μm. The reaction of Al particle smaller than 14μm takes place within 
microseconds behind leading shock wave. 
Post detonation effects were observed using high speed digital camera, and were shown to be strongly 
dependent on particle size. 
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Table 1 Properties of sample explosive mixtures. 
Sample 

Explosive 
Mixture 

Mean Particle 

Size of Al (μm) 

Mixture 
Density 
(g/cm3) 

Mass Fraction of Al 
Particle (%) 

Volume Fraction 
of Al Particle (%) 

Al-1 3 1.72 57 35 

Al-2 5 1.76 60 38 

Al-3 8 1.86 68 46 

Al-4 14 2.00 73 53 

Al-5 30 2.04 75 55 

Al-6 108 1.97 72 51 

Al-7 300 1.83 64 42 

Al-8 430 1.86 66 44 
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Fig.1 Experimental arrangements for detonation velocity measurements. 
 
 

 
 
         
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig.2 Experimental arrangements for detonation pressure measurements. 
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Fig.3 Relation between detonation velocity and reciprocal of charge diameter 

for NM/Al mixtures. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
            

 
Fig.4 Relation between critical charge diameter and particle diameter. 
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Fig.5 Pressure-time profiles of detonation in NM. 
 

 
Fig.6 Pressure-time profiles of detonation in NM/Al mixtures. 
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Fig.7 High speed photographs of post detonation effects of NM and NM/Al mixtures. 
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 ABSTRACT 
 
   Underwater testing of explosives for the determination of their energy content is the only test 
method by which one can measure the shock, gas heave and total energies values separately. The 
measurements are carried out by a tourmaline crystal based pressure sensor. The shock energy can be 
calculated from the shock peak area and the gas heave energy from the first bubble peak period tb. 
The bubble peak period means the time which passes from the shock peak front to the first bubble 
peak. The total energy value is the sum of the partial energies. 
 
   After the measurements have been carried out the raw data has to be corrected for several reasons. 
When the shock wave travels to the pressure gauge it compresses the water very hard. The water 
heats up and some of the energy will be lost. Secondly the infinite size of the pressure gauge causes a 
small systematic error which also has to be corrected and finally the measurements have to be cor-
rected because the shape of charge in case the shots are not symmetrical.   
 
   The shape correction factor Kf affects to the both shock and gas heave energy values and therefore 
also to the total energy value which is calculated as a sum of these two partial energies. Shape cor-
rection factor Kf is defined as Kf = ESpherical/EShape. The Kf factor for the cylindrical charges can be 
studied by exploding a set of cylindrical shots and by calculating the shape correction factor as a 
function of the shape of charges. The shape of cylindrical charges is defined as L = Length of the 
charge/Diameter of the charge. 
 
   The study is better to be carried out by the gas heave energy measurements because of two differ-
ent reasons; the weight of charge for the reliable energy measurements for gas heave energy determi-
nations is much smaller than for shock energy measurements and secondly the standard deviations 
for the gas heave energy measurements are around ten times smaller than for the shock energy meas-
urements. 
 
   By plotting the shape correction factor Kf = EGas Heave, Spherical/EGas Heave, Cylindrical as a function of shape 
of cylindrical charge (L), one can find a strong dependence between the shape correction factor Kf 
and the shape of charge (L). 0042,10065,00026,0 2 +−= LLK f , R = 0,999. The curve can be 
used to estimate the shape correction factor Kf for cylindrical charges whose dimensions are known. 
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1. INTRODUCTION 
 
   The energy content of explosives can be determined in a water filled pond by a set of measuring 
equipments. The instruments consist of measuring unit, cables, tourmaline crystal based pressure sensor 
suitable for the underwater measurements and a temperature measuring unit.   
 
   The tourmaline crystal based pressure gauge produces the necessary information for the calculations. 
The shock energy content of the explosives can be calculated by integrating the shock peak area and the 
gas heave energy by measuring the first bubble period of the explosion. The bubble period means the time 
which passes from the shock peak front to the first bubble peak. For the calculations one also has to meas-
ure the temperature of the water, velocity of the detonation, the total pressure, sum of air pressure and hy-
drostatic pressure. The other parameters, the density of water and the speed of sound in water at the ap-
plied temperature and at the depth of explosions, can be calculated by a Sea Water Equation of State sup-
plied by The Johns Hopkins University Applied Physics Laboratory from USA.  
 
   The calculated experimental energy values have to be corrected for three different reasons;  
 
   (1) Shock Loss Correction: When the shock wave travels from the explosion site to the pressure 
gauge, it compresses the water very hard. The water heats up and some of the energy will be lost. 
Therefore the experimental data have to be corrected. The value of the correction term is typically 
tens of per cents.  
 
   (2) Pressure Gauge Correction:  According to Bjarnholt the finite geometrical size of the pressure 
gauge causes a small systematic error, which also has to be corrected. The value of the correction 
term is around 0,5%. 
 
   (3) Shape Correction: The shape of charge also affects to the measured data and therefore has to be 
corrected. For spherical charges Kf=1 and the measured data do not have to be corrected, however 
for the cylindrical charges Kf exceeds 1. The value of the correction term varies from 0 to 6%. 
 
   The first two correction terms mentioned above affect only to the shock energy values where as the 
shape correction factor affects to both, the shock and the gas heave energy values.  
 
   The shape correction factor Kf can be calculated by dividing the energy content of a symmetrical 
charge by the energy content of a cylindrical charge. The masses of the charges should be about 
equal. 
 
   The shape correction factor can also be studied by exploding a set of cylindrical explosive charges. 
The shape of a cylindrical charge, L, can be defined by dividing the length of the charge by its di-
ameter. L = Length/Diameter. By plotting the calculated Kf values as a function of the shape L, one 
gets a curve which describes how the shape correction factor Kf changes with cylindrical shape of 
charge. The best results can be achieved by using the gas heave energy values for the calculations, 
because the standard deviations for these measurements are the smallest. Also the minimum weight 
for an explosive charge for the reliable energy measurements is smallest for the gas heave energy 
measurements. The correlation of the curve is R2 = 0,9998.  
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2. CALCULATIONS 
 
2.1 SHOCK ENERGY 

 
   The experimental shock energy value can be determined by integrating the shock peak area from 
the pressure-time curve and calculating the result according to equation (1). 
 
 
                  2. 
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R  = distance between centre of the pressure gauge and the charge (m) 
W = mass of charge (kg) 
ρw  = density of water at the depth of charge and at the applied temperature (kg/m3) 
Cw = speed of sound in water at the depth of charge and at the applied temperature (m/s) 
θ  = time constant, the time which passes when the maximum peak pressure Pm decays to value  

           Pm/e ≈ 0,37Pm 
P = pressure-time curve 
 
2.2 GAS HEAVE ENERGY 
 
   The experimental gas heave energy value can be calculated by the equation (2): 
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eb  = bubble energy (J) 
Cw   = speed of sound in water at the depth of charge and at the applied temperature of water (m/s) 
tb  = first bubble period, time which passes from the shock front to the first bubble peak 

(3) 6
5

2
1

1 /135,1 hw PK ρ=   

ρw  = density of water at the depth of charge and at the applied temperature (kg/m3) 
Ph = total pressure (the air pressure and the hydrostatic pressure) (Pa)  
 
(4)  C = b/a2    a & b = constants. The values of constants a & b can be solved by a pond calibration. 
 
2.2.1 POND CALIBRATION 
 
   The constants a and b can be solved, according to Bjarnholt, by a pond calibration. The bubble pe-
riods are dependent of the mass of the calibration charges according to equation (5); 
 

(5)  3
2

3
1

bWaWtb +=   where 1) a & b = constants 
 
W = weight of calibration charge (kg) 
tb = bubble period (s) 
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   The calibration can be carried out by exploding a set of explosive charges and by measuring the 
first bubble periods of the explosions. The constants a and b can be solved by the least square fit to 
the measured data (tb,W1/3). However, before the calculations, the bubble periods have to be normal-
ized against the changes in atmospheric pressure during the measurements. 

(6) 
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bbn P
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tt  where  1)  

 

tbn = normalised bubble period (s)  
tb  = measured bubble period (s)  
Ph = total pressure (air pressure + hydrostatic pressure) (Pa) 
 
Table 1. Weights and bubble periods of charges and total pressure during the measurements 

Mass Period Pressure Pressure Normalized Cube root 
m tb start during period tbn of mass 
kg s Pa Pa s (kg)^1/3 

10,893 0,393 181999 181999 0,393 2,217 
10,816 0,393 181999 182024 0,393 2,212 
7,720 0,350 181999 182424 0,351 1,976 
7,815 0,351 181999 182424 0,352 1,984 
6,213 0,327 181999 182029 0,327 1,838 
6,190 0,326 181999 182029 0,326 1,836 
3,069 0,260 181999 182019 0,260 1,453 
3,111 0,261 181999 182019 0,261 1,460 
3,061 0,259 181999 182434 0,260 1,452 
3,051 0,259 181999 182479 0,260 1,450 
0,925 0,174 181999 182484 0,175 0,974 
0,921 0,174 181999 182504 0,175 0,973 
0,926 0,174 181999 182504 0,175 0,975 
0,284 0,118 181999 182529 0,119 0,657 
0,289 0,119 181999 182529 0,119 0,661 
0,074 0,075 181999 182529 0,076 0,420 
0,074 0,075 181999 182529 0,075 0,420 
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NORMALIZED BUBBLE PERIOD AS A FUNCTION OF CUBE ROOT OF MASS OF CHARGE
tbn = a*W^(1/3) + b*W^(2/3)
a = 0.18109, b = -0.0016826
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Figure 1. Normalized bubble periods as a function of cube root of mass of calibration charges. 
The values of constants a & b are a = 0,18109 & b = -0.0016826 
 
2.3 CORRECTION TERMS 
 
   The calculated raw experimental data for shock energy es and gas heave energy eb has to be cor-
rected for three different reasons; 
 
   (1) Shock Loss Correction ( μ ):  When the shock wave travels from the explosion site to the pres-
sure gauge, it compresses the water very hard. The water heats up and some of the energy will be 
lost. Therefore the experimental data have to be corrected. The value of the correction term is tens of 
per cents. 
 
   (2) Pressure Gauge Correction (Ke):  According to Bjarnholt the finite geometrical size of the pres-
sure gauge causes a small systematic error, which also has to be corrected. The value of the correc-
tion term is around 0,5%. 
 
   (3) Shape Correction (Kf): The shape of charge also affects to the measured data and has to be cor-
rected. For spherical charges Kf=1 and the correction do not have to be carried out, however, for cy-
lindrical charges Kf exceeds 1. The value of the correction term varies from 0 to 6% depending on 
the shape of the cylindrical charge. 
 
   The first two correction terms affect only to the shock energy values where as the shape correction 
factor affects to both, the shock energy values as well as the gas heave energy values.  
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2.4 TOTAL ENERGY 
 
   The corrected total energy value ETotal can be calculated by equation (7); 
 
(7) ( )WeeKKWeKeKKEEE bsefbfsfeGasHeaveShockTotal // +=+=+= μμ  
 

ShockE   = corrected shock energy (J/kg) 

GasHeaveE  = corrected gas heave energy (J/kg) 
μ  = shock loss correction 

eK   = pressure gauge correction 

fK  = shape correction 

se  = raw shock energy (J/kg) calculated according to equation (1) 

be  = raw gas heave energy (J/kg) calculated according to equation (2) 
W  = mass of charge 
 
3.  DETERMINATION OF SHAPE CORRECTION FACTOR Kf 
 
   The shape correction factor Kf can be calculated by dividing the measured energy content of a sym-
metrical charge by the energy content of a cylindrical charge. The weights of the test charges must be 
well above their minimum mass for the reliable energy measurements. 
 
   The changes of the shape correction factor Kf can be studied by exploding a set of cylindrical shots 
and by plotting the shape correction factor Kf a function of the shape L of the cylindrical charges. 
Shape L is defined as the length of the shot divided by the diameter of the shot, L = 
Length/Diameter. By plotting the Kf values as a function of the shape L, one gets a curve which de-
scribes how the shape correction factor Kf changes with cylindrical shape of charges. The best results 
can be achieved by using the gas heave energy values for the calculations, because the standard de-
viations of the measurements are the smallest. Also the weights of charges needed for the reliable en-
ergy measurements are smallest for the gas heave energy determinations. 
 
4. TEST CHARGES 
 
   The test charges composed of cap sensitive aluminized emulsion explosive filled in PVC pipes. 
The inner diameter of the pipe was 11 cm and it was cut into the pieces of different length from 
11x11 cm (symmetrical) up to 11x66 cm. There were also two other set of test samples, 16x16 cm 
and 32x32 cm. 
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Table 2. Shape, size and mass of test charges. L = length of charge & D = diameter of charge 
Shape Size Weight Shape Size Weight Shape Size Weight 
L/D cm kg L/D cm kg L/D cm kg 

1 11x11 0,9250 4 44x11 4,0229 1 16x16 3,0690 
1 11x11 1,0280 4 44x11 4,0008 1 16x16 3,1110 
1 11x11 0,9260 4 44x11 4,0245 1 16x16 3,0610 
2 22x11 1,9497 5 55x11 5,0312 2 32x16 6,4200 
2 22x11 1,9341 5 55x11 5,0329 2 32x16 6,3720 
2 22x11 1,9345 5 55x11 5,0242 2 32x16 6,5410 
3 33x11 2,9858 6 66x11 6,0963       
3 33x11 2,9598 6 66x11 6,0901       
3 33x11 2,9888             

 
5. TEST ARRANGEMENTS 
 

2 m22 m6 m

8 m

10 m

18 m

1 m

3 m

35 m

14 m

14 m

15 m
15 m

16 m

16 m15,5 m
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14 m

14 m

15 m

OPEN PIT OF HILLOINEN
= Depth of water

5 m

Figure 2. Test arrangements 
 
All the measurements were carried out in old water filled open pit of Hilloinen which locates about 
50 km west from Turku on the coastline of Turku archipelago. The depth of water is marked on the 
circle of shooting site in Figure 2. The overall length of the measuring cable was 50 m and all the 
measurements were carried out by ICP 138 A tourmaline crystal based pressure sensor connected di-
rectly to CRONOS measuring unit which supplied the pressure gauge by 4 mA DC-current.  

 
The distance between the pressure gauge and the centre of shot was 5 m. The shooting depth was 8 m 
and the temperature of water at the shooting depth was measured by TESTO measuring unit. The air 
pressure information was supplied by the Finnish Institute of Meteorology by one hour-intervals 
from Turku airport and from Isokari lighthouse. Turku airport locates about 50 km east and Isokari 
lighthouse about 30 km west from the shooting site. The air pressure information was calculated as 
an average of these two stations.  
The density of the water and the speed of sound in water at the depth of 8 m and at the applied tem-
perature were calculated by the Sea Water Equation Calculator at the following web address: 
http://fermi.jhuapl.edu/denscalc.html 
The calculator is supplied by The Johns Hopkins University Applied Physics Laboratory from USA. 
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6. RESULTS 
 
Table 3. Test charges. Shock, gas heave and total energy values of the shots. 

Shape Size Weight E bubble E shock E total 
L/D cm kg MJ/kg MJ/kg MJ/kg 

1 11x11 0,925 1,827 1,021 2,848 
1 11x11 1,028 1,827 1,149 2,976 
1 11x11 0,926 1,822 1,028 2,850 

Ave   0,960 1,825 1,066 2,891 
s    0,003 0,072 0,073 
2 22x11 1,950 1,815 1,041 2,856 
2 22x11 1,934 1,819 1,094 2,913 
2 22x11 1,934 1,830 1,276 3,106 

Ave   1,939 1,821 1,137 2,958 
s    0,008 0,123 0,131 
3 33x11 2,986 1,818 1,352 3,170 
3 33x11 2,960 1,804 1,165 2,969 
3 33x11 2,989 1,811 1,112 2,923 

Ave   2,978 1,811 1,210 3,021 
s    0,007 0,126 0,131 
4 44x11 4,023 1,792 1,111 2,903 
4 44x11 4,001 1,792 1,363 3,155 
4 44x11 4,025 1,787 1,321 3,108 

Ave   4,016 1,790 1,265 3,055 
s    0,003 0,135 0,134 
5 55x11 5,031 1,774 1,349 3,123 
5 55x11 5,033 1,755 1,104 2,859 
5 55x11 5,024 1,753 1,122 2,875 

Ave   5,029 1,761 1,192 2,952 
s    0,012 0,137 0,148 
6 66x11 6,096 1,725 1,133 2,858 
6 66x11 6,090 1,723 1,281 3,004 

Ave   6,093 1,724 1,207 2,931 
            

 
From table 3 one can easily see that the standard deviations for shock energy measurements are 
about 10-25 times higher than for gas heave energy measurements. The shape correction factor af-
fects to the both, the shock energy value as well as the gas heave energy value. Therefore it is mean-
ingful to use the results of gas heave energy measurements on the calculations.  
 
The smallest charges by weight for these measurements were the symmetrical 11x11 cm shots, 
whose mass were around 1 kg. Table 3. The mass of these charges were well bellow the limit for re-
liable shock energy measurements. However, the shots were enough heavy for the reliable gas heave 
energy measurements. This can be easily seen from the figures 3 and 4 on next page. On those meas-
urements the distance between the pressure gauge and the shots were 5,5 m and the test has been car-
ried out.  
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SHOCK ENERGY VALUES OF THE SHOTS AS A FUNCTION OF THEIR MASS 
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Figure 3. Shock energy values as a function of mass of charges. The mass reaches the level for 
the reliable energy measurements around 7 kg. The distance between the pressure gauge and 
the shots has been 5,5 m. 
 

GAS HEAVE ENERGY VALUES OF THE CHARGES AS A FUNCTION OF THEIR MASS
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Figure 4. Gas heave energy values as a function of mass of charges. The mass reaches the level 
for the reliable energy measurements around 1 kg. The distance between the pressure gauge 
and the shots has been 5,5 m. 
 
Table 4, on next page, presents the energy calculations for symmetrical charges 11x11cm (around 1 
kg) and 16x16cm (around 3 kg). The gas heave energy values are identical (1,825 MJ/kg) in both 
cases as it should be according to figure 4. The shock energy values (1,066 MJ/kg) for the same 1 kg 
charges lays well bellow the shock energy values (1,273 MJ/kg) of 3 kg charges as it should be ac-
cording to figure 3. 
 
The shape factor Kf affects to both shock and gas heave energy values. The standard deviations are 
much smaller for the gas heave energy than for the shock energy measurements. Also, as it has be 
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seen, the weight of charges are big enough for the gas heave energy calculations but far bellow the 
masses needed for the shock energy measurements. Therefore, in this case, the calculations base 
upon the gas heave energy measurements for 11x11 cm, 22x11 cm, 33x11 cm, 44x11 cm, 55x11 cm 
and 66x11 cm charges. 
 
Table 4. Energy calculations for symmetrical charges 11x11cm, weight around 1 kg and 
16x16cm, weight around 3kg 

Shape Size Mass E bubble Size Mass E bubble 
L/D cm kg MJ/kg cm kg MJ/kg 

1 11x11 0,925 1,827 16x16 3,069 1,828 
1 11x11 1,028 1,827 16x16 3,111 1,817 
1 11x11 0,926 1,822 16x16 3,061 1,831 

Ave   0,960 1,825   3,080 1,825 
s    0,003    0,007 
2 22x11 1,950 1,815 32x16 6,420 1,814 
2 22x11 1,934 1,819 32x16 6,372 1,819 
2 22x11 1,934 1,830 32x16 6,541 1,795 

Ave   1,939 1,821   6,444 1,809 
s    0,008    0,013 

. 
Table 5.  Calculated Shock and Gas Heave Energy values for different shaped charges and 
their Shape Correction Factors. 

Size Shape Weight E Bubble Kf 
cm L/D kg MJ/kg Bubble 

11x11 1 0,925 1,827 0,9991 
11x11 1 1,028 1,827 0,9991 
11x11 1 0,926 1,822 1,0018 
Ave  1 0,960 1,825 1,0000 

 s   0,059 0,003   
22x11 2 1,950 1,815 1,0057 
22x11 2 1,934 1,819 1,0035 
22x11 2 1,934 1,830 0,9974 
 Ave 2 1,939 1,821 1,0022 

 s   0,009 0,008 0,0043 
33x11 3 2,986 1,818 1,0040 
33x11 3 2,960 1,804 1,0118 
33x11 3 2,989 1,811 1,0079 
 Ave 3 2,978 1,811 1,0079 

s    0,016 0,007 0,0039 
44x11 4 4,023 1,792 1,0186 
44x11 4 4,001 1,792 1,0186 
44x11 4 4,025 1,787 1,0214 
 Ave 4 4,016 1,790 1,0195 

s    0,013 0,003 0,0016 
55x11 5 5,031 1,774 1,0289 
55x11 5 5,033 1,755 1,0401 
55x11 5 5,024 1,753 1,0412 
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 Ave 5 5,029 1,761 1,0367 
 s   0,005 0,012 0,0068 

66x11 6 6,096 1,725 1,0581 
66x11 6 6,090 1,723 1,0594 
 Ave 6 6,093 1,724 1,0588 

 
   The basic energy value for the gas heave energy measurements for symmetrical (11x11 cm) 
charges was average 1,8253 MJ/kg, which was the result of three different independent measure-
ments. It has also been marked by relative value 1,000. The shape correction factors for gas heave 
energy measurements (Kf) were calculated by dividing the basic energy value for symmetrical 
charges (1,8253 MJ/Kg) by the actual gas heave energy value calculated for the different shaped cy-
lindrical charges. 
 
Figure 5. Calculated shape correction factors Kf as a function of shape of cylindrical charges, 
L. 
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Figure 6. Calculated average shape correction factor Kf as a function shape of cylindrical char-
ges. 
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   From the figures 5 & 6 it can be easily seen that there is a strong correlation between the shape cor-
rection factor Kf and the cylindrical shape of charge, L.  
 
For the single shots, Figure 5; 
 

0041,10064,00026,0)8( 2 +−= LLK f  where 
 

fK   = Shape Correction Factor  

L   = Shape of Cylindrical charge (Length/Diameter) 
R   = 0,9868 
 
For the average shots, Figure 6; 
 

0042,10065,00026,0)9( 2 +−= LLK f  where 
 

fK   = Shape Correction Factor  

L   = Shape of Cylindrical charge (Length/Diameter) 
R   = 0,9868 
 
   The curves for individual and average measurements are about the same but there is a quite big dif-
ference between the correlations of the curves. The correlation for the individual measurements was 
R=0,9868 and for the average results R=0,9999. 
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   According to equation (9) in case the shape of charge is L=1 (symmetrical charge = 
length/diameter), the shape correction factor is Kf=1,0003 instead of Kf=1,0000 which it should be 
for the symmetrical charges. However, in case the shape of charge is L=6, the shape correction factor 
is Kf=1,0588. According to Bjarnholt and Holmberg the shape of charge should not exceed L>6. 
 
7. CONCLUSIONS 
 
   The shape of charge affects to shock, gas heave and total energy measurements of the explosives. 
The effect of shape can be corrected by the shape correction factor Kf. If the charge is spherical or 
symmetrical, the value for shape correction factor is Kf = 1 and it does not affect to the measure-
ments.  
 
   For the cylindrical shaped charges, the shape correction factor Kf exceeds the value 1. However, 
the value for the correction factor Kf can be determined by just measuring the shape, L, of the cylin-
drical charge and by using the equation 0042,10065,00026,0)9( 2 +−= LLK f  
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ABSTRACT 
 
 

Despite their relative insensitivity to accidental initiation under normal operating conditions, AN-
based emulsions have been involved in a significant number of accidental explosions and history 
demonstrates that the most hazardous process for emulsions is related to pumping operations during their 
manufacture, transfer, and handling. While several quantitative tests have been developed to investigate 
thermal runaway hazards in these systems (Accelerating Rate and Adiabatic Dewar Calorimetry, for 
examples), very few tests have been put forward to quantify hazards originating from localized thermal 
ignitions in commercial emulsions. 

It is well known that AN-based emulsions locally ignited by a source of heat in closed vessels do 
not undergo sustained combustion when the pressure is lower than some threshold value. The latter is 
usually referred to as the Minimum Burning Pressure (MBP) of the formulation. When the pressure is 
above the MBP, these emulsions undergo normal combustion with a measurable burn rate. Within the 
commercial explosives industry, the concept of MBP is being used to estimate safe operating pressures 
for pumping and mixing equipment. Correspondingly, various testing protocols have been elaborated to 
measure these MBP values. 

The MBP of an emulsion is expected to depend critically on major ingredients and physical 
characteristics such as thermal conductivity, refinement, amount of AN crystallized, and temperature. In 
the present work, it has been found that many other factors such as the sample size and the characteristics 
of the ignition source can influence the validity of MBP measurements performed in closed pressure 
vessels. Consequently, in the various test protocols elaborated so far for such measurements, several of 
these factors have contributed to significant uncertainties in the MBP data collected from various sources. 
These factors will be discussed and the design of a measurement methodology incorporating the results of 
the analysis will be described. The MBP measurements obtained for five different AN-based emulsions in 
both 4 and 19-L high-pressure vessels will be presented. The effect of various ingredients and other 
factors on the measured MBP values will also be discussed. 

 
 

1. Introduction 
 

Despite their relative insensitivity to 
accidental initiation under normal operating 
conditions, water-based commercial explosives 
and precursors such as ammonium nitrate (AN)-
based emulsions have still been involved in a 
significant number of accidental explosions and 
history demonstrates that pumping them either 
for manufacture, transfer, or handling operations 
is the most hazardous process [1] for such 
emulsions. While several quantitative tests have 
been developed to investigate thermal runaway 
hazards, very few tests have been put forward to 

quantify hazards originating from localized 
thermal ignitions in commercial emulsions.  

It has been found that, following local 
ignition in water-based explosives, there is a 
minimum pressure required for combustion to 
propagate [2]. The latter is usually referred to as 
the ‘Minimum Burning Pressure’ (MBP). This 
phenomenon occurs because the initial stage of 
combustion is endothermic. Above the MBP, 
these emulsions undergo normal deflagration 
with a measurable burn rate. Within the 
commercial explosives industry, the concept of 
MBP is being used to estimate safe operating 
pressures for pumping and mixing equipment. 
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Generally, the MBP has been measured 
by inserting a small coil of resistive wire in the 
top portion of a sample contained in a crucible 
and held at elevated pressure in a closed vessel 
[3, 4]. Tests were repeated at increasing initial 
pressure until sustained combustion of the 
sample was observed. Often, in order to prevent 
excessive pressure build-up, the system was 
vented after the sample had started burning in 
order to control the pressure to a constant level. 
Although the idea appears relatively simple, a 
number of factors can affect the ignition and 
steady propagation of a burning front in 
emulsions. 

First of all, the ignition source must be 
capable of delivering enough energy into the 
explosive to reach stable combustion. There has 
been no detailed investigation to validate the coil 
geometry as a proper ignition configuration for 
emulsions. Moreover, it has already been 
observed that the measured MBP value varied 
very significantly with the depth at which the 
coil was imbedded into the sample [3]. 
Secondly, the size of the sample has also been 
identified as an important factor. Significant 
energy losses occur when the burning front 
reaches the crucible wall and this may affect the 
pressure at which complete combustion of the 
sample is observed [4]. Another factor that has 
been found to influence combustion of the 
sample is venting while combustion is taking 
place as pressure drops can affect the stability of 
the burning front [4]. However, since the 
burning rate is known to increase with pressure, 
fast pressurization after ignition has taken place 
may also affect propagation when no venting is 
permitted. Lastly, the interpretation of what 
constitutes a positive burn has also been rather 
arbitrary until now. Various criteria based on the 
degree of consumption of the sample (e.g., 
propagation away from wire, propagation up to 
the wall of the crucible or full consumption) 
have been used to designate a successful burn. 
All these factors have contributed to the 
uncertainty of the MBP data collected until now. 
More research was therefore required to provide 
accurate data for such an important safety 
criterion. 

The technique developed in the present 
work uses a relatively long and straight 
resistance wire imbedded along the axis of a 
cylinder containing the emulsion sample [5]. 

The advantages of this hot-wire configuration 
will be discussed.  Five emulsion formulations 
were selected as test cases based on the expected 
influence of their ingredients on their ignition 
and combustion characteristics. This paper 
discusses how their ignition properties were 
observed to vary as a function of ingredients and 
pressure. A MBP measurement methodology 
incorporating the results of the analysis will also 
be described. 
 
2. Experimental 
 
2.1 Sample preparation 
 
Emulsions were prepared in-house using a 
procedure described in detail elsewhere [5]. Five 
emulsion formulae (labelled A to E hereafter) 
were prepared. Their detailed properties are 
shown in Table 1. All formulae had similar oil 
phase constituents. Identical ratios of wax and 
surfactant mixtures were used and the same fuel 
oil product was used in each formula. This oil 
phase accounted for 4 to 5 mass % of the final 
product. Each batch (2 kg) was produced just 
before testing in order to obtain data as 
representative of plant conditions as possible.  
As shown in Table 1, all five formulae were 
somewhat similar in physical properties, with 
the exception of water content and, to a lesser 
degree, viscosity.  Water content was 
particularly difficult to control because mixing 
was performed in an open bowl and the amount 
of water lost during mixing varied according to 
the ambient relative humidity and the amount of 
time taken to complete the mixing procedure. 

In Formula A, the oxidizer solution 
consisted of mostly AN (Mallinckrodt, ACS 
Reagent Grade, 95%) with some sodium nitrate 
(SN, Mallinckrodt, Purified Granular, Food 
grade) and water (10.2%).  Formula B was 
similar to A except that the SN was replaced by 
sodium perchlorate (SP, EMD Chemicals, ACS 
grade, 98%) and the water content was slightly 
lower (9.7%). Formula C was the same as 
Formula A to which a small percentage of 
atomized aluminium was added. Again, Formula 
D was the same as A with SN replaced by urea 
(EMD Chemicals, Omni-Pur®, 99.5%). In this 
case, the final emulsion was found to contain 
less water (7.6%).   
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Table 1: Properties of the Emulsions Prepared at CERL 
 

Formula Water 
Content 
/mass % 

Density 
/g cm-3 

η1 
/kcPs 

Dmean
2 

/μm 
Dmedian

3 
/μm 

ke
4 

/W m-1 K-1 

A 
(AN/SN) 10.2 ± 0.2 1.39 ± 0.01 67 2.28 ± 1.1 2.01 0.40 ± 0.01 

B 
(AN/SP) 9.73 ± 0.04 1.39 ± 0.01 97 1.84 ± 0.8 1.59 0.39 ± 0.01 

C 
(AN/SN/Al) 8.9 ± 0.1 1.43 ± 0.03 69 2.06 ± 1.0 1.85 0.43 ± 0.03 

D 
(AN/Urea) 7.6 ± 0.1 1.34 ± 0.01 102 1.88 ± 0.7 1.83 0.39 ± 0.01 

E 
(all AN) 17.2 ± 0.3 1.30 ± 0.01 115 1.98 ± 0.8 1.87 0.40 ± 0.01 

1 Brookfield viscosity (spindle 7, spindle speed 20) at 70-80°C 
2 Mean droplet diameter and standard deviation 
3 Median droplet diameter 
4 Average thermal conductivity at room temperature and sample standard deviation 
 
 
Formula E was a high-water-content 

product. Its oxidizer solution consisted of only 
AN and water (17%). 

Density was measured using the density 
by bottle or filled vessel method [6].  Viscosity 
was evaluated using a Brookfield RVT 
viscometer on the hot product (70-80°C) 
(spindle 7, spindle speed 20, factor 2000). Water 
content was measured using Karl Fisher titration 
[7]. To characterize refinement, droplet size was 
measured using a LEICA DMLB light 
microscope coupled with a QImaging 
MicroPublisher 3.3 RTV digital camera 
mounted in the microscope’s optical path. The 
microscope and camera were interfaced to a PC 
equipped with Northern Eclipse Imaging V.7.0 
software, which was used to obtain size statistics 
on 1000 - 2000 droplets.  
 
2.2 Hot-wire Apparatus and Procedure 

 
The hot-wire apparatus used in the 

present work consisted of a PVC cylinder 
containing a  small quantity of explosive with a 
piece of nichrome wire (so-called ‘hot-wire’) 
embedded in the sample along the axis of the 
cylinder to provide ignition. The wire resistance 
was carefully calibrated as a function of 
temperature so that a measurement of the 

voltage history across the hot-wire, while a 
constant current is flowing through it, provides a 
temperature history of the ignition process. A 
detailed description of this system and of the 
hot-wire preparation and calibration procedure 
has already been provided elsewhere [5]. 

In this study, the emulsion samples were 
preheated in an oven to 60°C at which point the 
samples were loaded into the pressure vessel. 
The emulsion temperature at t = 0 was 50°C ± 
5°C as some cooling occurred during 
installation. The emulsions were ignited by hot-
wire using a current of 10.5A, which was found 
to be optimal in a previous study [5]. In order to 
avoid venting the system while the emulsion 
sample was burning, the effect of pressure build-
up during combustion was minimized by using a 
relatively large (19-L) pressure vessel. The 
effect of fast pressurization on the measured 
MBP values was further investigated by 
performing some experiments in a smaller 
pressure vessel (4-L) and by using two sample 
sizes: 19-mm and 13-mm diameter PVC 
cylinders of about 100-mm length, providing 
samples of approximately 60 and 20 g, 
respectively. 

The methodology used in the present 
work for finding the MBP is somewhat similar 
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to the well known up-and-down method [8] and 
can be summarized as follows:  

 
1.   Guess an initial test pressure as the 

expected MBP (based on formulation). 
2.   Pressurize the vessel and attempt igniting 

the sample at this initial pressure. 
3.   If the sample burns completely, the 

experiment is deemed to be a ‘go’.  
Reduce the pressure for the next 
experiment. 

4.   Otherwise, the experiment is deemed to be 
a ‘no-go’.  Increase the pressure for the 
next experiment. 

5.   Repeat Steps 2 – 4 while gradually 
decreasing the pressure increments (or 
decrements) until the MBP has been 
determined to the desired degree of 
precision. 

 
3. Results 
 
3.1 Thermal Ignition Behaviour 
 

Typical results obtained using the 
methodology described above are shown in Fig. 
1 for Emulsion A at an initial vessel pressure 
(Pi) of 4150 kPa. For all experiments, the current 
(10.5A in Fig. 1) was switched on at t = 0 and 
was left on until the hot-wire broke from melting 
(at tb = 5.34 s in Fig. 1). The hot-wire resistance 
history (Rhw) was calculated from the measured 
voltage across the hot-wire (Vhw) and the 
measured average current (Ihw), taking into 
account electrode and contact resistances. The 
former was then transformed into a temperature 
history (Thw) using calibration data for wire 
resistance as a function of temperature [5].  

From Fig. 1, it can be observed that, as 
soon as the current is turned on, the hot-wire 
temperature increases rapidly up to a point 
(about 200°C) where it starts increasing much 
more slowly and almost linearly. This is the 
typical behaviour expected for a heating wire 
imbedded in an inert medium [9]. At a 
somewhat higher temperature (about 300°C for 
the case shown in Fig. 1), there is a clear 
inflection upwards, indicating that some change 
was induced in the explosive. From that point 
on, the hot-wire temperature exhibits a 
succession of variations up to the point where it 

increases very sharply. Shortly after this point, 
the pressure in the vessel starts increasing (tp = 
5.37 s), indicating that combustion was initiated. 

The temperature at which first departure 
from an inert heating curve is observed (so-
called ‘transition temperature or To’ hereafter) 
can be estimated as the first point where the 
temperature derivative goes through a minimum 
and starts to increase again. This is seen to 
happen at approximately to = 2.33 s in Fig. 1. 

Using a heat balance model, this 
transition point (to) could be interpreted as the 
point where gasification of the sample starts and 
the sudden increase in hot-wire temperature 
would correspond to a discontinuity in the 
thermal conductivity of the medium surrounding 
the hot-wire [10]. 

The ignition point would traditionally be 
defined as the earliest point in time at which the 
burning front would continue to propagate if the 
ignition source was suddenly removed. In the 
present work, the time at which the pressure 
increased significantly above the initial pressure 
for the first time (tp) was taken as being 
representative of ignition.  

In order to verify this relation, a series 
of ignition tests with timed current pulses were 
performed in a 4-L vessel on a high water 
content emulsion (Formula E). Modifications 
were made to the data acquisition software to 
incorporate a trigger to control the duration of 
the current pulse supplied to the emulsion and to 
vent the vessel automatically when the pressure 
reached 1400 kPa gauge above the initial test 
pressure. Preliminary tests were conducted using 
the modified program and the MBP hot-wire 
apparatus to establish reproducibility of the relay 
controls and supplied current.  An ignition 
current of 10.5 A was supplied in all tests.   

Once the experimental setup was 
verified, the emulsion was prepared and tested 
fresh to determine the MBP. This was necessary 
to ensure that the emulsion would be tested with 
defined current durations at an initial pressure 
above its MBP. The MBP of Emulsion E was 
found to be 6000 kPa. The testing with timed 
current pulses was therefore conducted at an 
initial pressure of approximately 8175 kPa. 
Also, to streamline the testing, induction time to 
ignition data was needed to optimize the 
triggering in the data acquisition software. 
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     Fig. 1 Typical hot-wire current, pressure, and hot-wire temperature histories for Formula A 

 

 
Fig. 2 Results from measurements using 
timed current pulse duration 

During testing, any increase in pressure 
was taken as an indication of ignition. Eleven 
timed current pulse tests were performed with 
durations varying from 4.4 to 5.8 s. As seen in 

Fig. 2, the minimum time duration of the current 
source required to induce stable combustion 
(5.16 ± 0.10 s, Figure 2, bottom) was found to 
be equal to the time period for the first sign of 
pressure increase (tp = 5.14 ± 0.31 s, Fig. 2, top), 
within experimental uncertainty. This confirmed 
that tp is representative of the ignition time. 

The time to the transition point (to =2.86 
± 0.19 s, Fig. 2, top) using this methodology was 
also consistent with earlier work [5]. 

In order to verify whether the MBP is 
affected by pressure build-up after ignition, the 
MBP of Formula B was evaluated using two 
different sample sizes. Both 19-mm and 13-mm 
diameter PVC cylinders were used. Each 
cylinder was 100-mm in length and held 
approximately 60 and 20 g of emulsion, 
respectively. Testing was conducted exclusively 
in a 19-L pressure vessel without venting and 
with an ignition current of 10.5A. 

In Fig. 3, open symbols indicate a “no-
go” and closed symbols indicate a “go” or full  
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Fig. 3 Results of MBP determinations for 
Formula B (Open symbols: ‘no-go’ events; 
closed symbols: ‘go’ events) 
 
combustion of the sample. Figure 3 illustrates 
that the increase in vessel pressure and resulting 
rate of pressurization from combustion does not 
significantly affect the measured MBP. There is 
good agreement in the MBP between the 20 g 
and 60 g samples when ignited in the 19-L 
pressure vessel. 

The effect of over-pressurization on the 
determination of MBP values was also evaluated 
by performing combustion experiments on 
Formula A in both a 19-L and 4-L pressure 
vessel using the same methodology. As with all 
other 19-L vessel tests, the vessel was not vented 
after ignition while the 4-L vessel was vented to 
atmosphere after an increase of approximately 
1400 kPa gauge pressure. Ignition current for 
both series of tests was 10.5A. Experiments 
were performed using 19-mm diameter cells 
containing about 60 g of emulsion.  

The results are shown in Fig. 4 where 
the (dP/dt)max for the 4-L experiments has been 
normalized by the ratio of the vessels’ volume 
for comparison. The MBP for Formula A was 
2860 ± 70 kPa and both vessels used provided 
consistent results.  

These preliminary results indicate that 
the vessel size and increased pressurization with 
combustion does not seem to significantly affect 
the measured MBP value. More research is 
currently being conducted on a series of 
emulsion matrices in the 4-L vessel without 
venting to further evaluate any notable effects on 
the MBP.  

For all emulsions investigated, the net 
energy flux (enet) delivered into the emulsion 
was calculated up to the transition point (to) and 

up to the ignition point (tp). In order to calculate 
the net energy available for ignition, the amount 
of electrical energy being stored in the wire must 
be subtracted from the amount of energy being 
supplied to the wire.   

Knowing the transition point (to) and 
ignition point (tp) as derived from the time 
derivative of the hot-wire temperature (Thw) 
curve and the pressure (P) curve, respectively, 
one can calculate the total energy supplied to the 
hot-wire up to the transition point or ignition 
point:  
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where Δt is the data acquisition time base (0.01 s 
per sample for all experiments). 

 
Fig. 4 Results of MBP determinations for 
Formula A (Open symbols: ‘no-go’ events; 
closed symbols: ‘go’ events) 

 
The amount of energy stored in the wire 

up to the transition (to) and ignition (tp) can be 
calculated [2] from:   

 
)( ,

2
, ipohwhwhwhw

Stored
po TTcLrE −= ρπ       (2) 

 
In Equation 2, rhw is the hot-wire radius 

(0.255 mm), Lhw  is the measured hot-wire 
length, ρhw is the density of the NiCr alloy (8250 
kg m-3), chw is the heat capacity of the NiCr alloy 
at 20°C (447 J kg-1 K-1), To,p is the temperature at 
the transition point (to) or ignition point (tp), 
respectively and Ti is the temperature at t = 0 
when the current was activated (50 ± 5°C). 
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In order to obtain ignition energies that 
could be compared to that delivered by ignition 
sources having different geometries, an ignition 
energy flux must be calculated. The ignition 
energy flux (enet) for the hot-wire can be 
calculated by dividing the difference between 
the energy supplied to the hot-wire and the 
energy stored in the hot-wire by the exposed 
surface of the hot-wire: 
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The resulting calculated energy fluxes 

for Emulsion A are illustrated in Fig. 5. As the 
initial pressure increases, the net energy needed 
to get to the transition point (to) increases. This 
trend corresponds to a similar trend in the 
transition temperature [10] and was evident for 
all five emulsions studied in the present work. 

 
Fig. 5 Calculated net energy flux deposited 
into the emulsion A (Open symbols: ‘no-go’ 
events; closed symbols: ‘go’ events) 

 
As seen in Fig. 5 for Emulsion A, the 

net energy flux required to induce an ignition 
(ep) generally decreases with initial pressure. 
Overall, the net energy flux to achieve ignition 
for the five emulsions investigated was very 
similar except for Emulsion D, which exhibited 
a significantly lower ep (Table 2). Emulsion D 
contained urea and the ignition and combustion 
properties in this case were observed to be quite 
different from those of the other four emulsions 
investigated.  
 

Table 2   Calculated ranges of net energy flux 
to the transition (eo) and to the ignition (ep) 
point 

 
3.2 MBP Determinations 
 
Twelve to fifteen MBP tests were performed on 
each emulsion in the 19-L vessel. The results of 
all tests are summarized in Fig. 6. As shown in 
the figure, the samples exhibited a wide range of 
MBP values, from 580 to 6510 kPa. 

Since all of the emulsions were 
variations on the formulation of Emulsion A (see 
Table 1), the MBP of Emulsion A can be used as 
the basis of comparison for examining the effect 
of formulation changes on the MBP. 

The MBP of Emulsion A, 2860 kPa, 
occurred towards the middle of the range of 
MBP values measured (Fig. 6).  The results for  
Emulsion C indicate that the addition of a few 
percent of aluminium and a 1% decrease in the 
water content reduce the MBP by more than 
40%, to a value of 1660 kPa.  The substitution of 
SP for SN and a 0.5% reduction in the water 
content in Emulsion B reduced the MBP by 
80%, to 580 kPa.  By increasing the water 
content to 17.2% and eliminating the addition of 
SN in Emulsion E, the MBP more than doubled 
(6000 kPa). Finally, adding urea and reducing 
the water content by 2.6% in Emulsion D, again, 
more than doubled the MBP.  Given that 
reducing the water content generally reduces the 
MBP, this last result indicates that the presence 
of urea increases the MBP significantly.  It 
should also be noted that Emulsion D exhibited 
an unusual behaviour: below 6510 kPa, many 
experiments exhibited partial consumption of the 
sample (between 25 - 60%).   

Emulsion eo  (J cm-2) ep (J cm-2) 
A 51-79 140-210 
B 31-43 140-240 
C 62-84 180-350 
D 51-82 85-155 
E 66-101 150-265 
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Fig. 6 Summary of MBP determinations for the five selected emulsions 

 
It is presently believed that partial consumption 
of the sample indicates failure of the burning 
front to propagate, and therefore this behaviour 
should be interpreted as a ‘no go’.   

Emulsion D was the only formulation to 
exhibit this behaviour and the only formulation 
that contained urea. Since many of the ignition 
experiments on Emulsion D resulted in only 
partial combustion and, given that net energies 
(eo,p)  to the transition point and the ignition 
point were lower for this formulation, further 
investigations into the thermal behaviour of urea 
was conducted by Differential Scanning 
Calorimetry (DSC). A sample of urea, identical 
in grade and purity to that used in the 
manufacture of Emulsion D was sealed in a 
glass micro-ampoule (10-15µL internal volume) 
which was then wrapped in a silver foil to 
improve thermal contact with the DSC platform. 
A sample mass of 0.286 mg and a heating rate of   

 

5°C min-1 from ambient to 500°C were used.  
The first endothermic peak was observed at 
133°C with the melting of the urea. A second 
peak corresponding to endothermic thermal 
decomposition was observed above 400°C with 
an enthalpy change (ΔH) of 383.5 J g -1 (Fig. 7). 
As illustrated in Fig. 8, the ignition temperatures 
for Emulsion D were found to be of the same 
order as the decomposition temperature 
observed above for urea. This may account for 
the observance of partial combustion below the 
MBP. Localized ignitions along the hot-wire 
may result in combustion fronts which can be 
readily destabilized by heat losses to the 
endothermic thermal decomposition of the urea.   

 
4. Discussion 
 

In the present work, the emulsion 
samples were ignited using a straight resistive 
wire imbedded along the axis of a cylinder 
containing the emulsion sample.  
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Earlier work conducted on MBP utilized 
a small resistance hot-wire coil which was 
embedded into the top portion of the sample 
contained in a crucible [3, 5]. Using the coil 
geometry, MBP values reported are higher than 
those of the present work.  The MBP for a 
straight ammonium nitrate/fuel oil emulsion 
containing 16% water pre-heated to 70°C was 
reported to be 15210 kPa [3]. This is 
approximately 60% higher than the MBP of a 
similar formula (Emulsion E) product 
manufactured for the present research.  

 
Fig. 7 DSC thermal curve for urea in closed 
system 
 

The positioning of the coil and the 
diameter of sample affect heat losses from the 
wire during the ignition process, and must be 
optimized [3].  One other factor that may explain 
the discrepancy between the results of Ref. [3] 
and the present work is that the coil must survive 
long enough to induce a stable burning front in 
the emulsion. A wire that is coiled too tightly 
could result in a higher proportion of energy 
being used to heat the adjacent loops of the hot-
wire rather than transferring it to the emulsion. 
Also, it is hard to ensure that emulsion is 
uniformly contained within the coil and in 
contact with the wire.  This sample geometry 
could result in the wire melting before it is able 
to induce a stable burning front in (i.e., properly 
ignite) the emulsion.  Thus one could confuse 
failure to ignite the emulsion with failure of the 
burning front to propagate. 

With the coil geometry, arbitrary criteria 
have been used to define what constitutes a ‘go’. 
Descriptions related to the amount of sample 

consumed (e.g., propagation away from wire, 
propagation up to the wall of the crucible or full 
consumption) have been used to designate a 
successful burn, contributing to the uncertainty 
of the MBP data collected until now. By 
imbedding a long and straight resistance wire 
along the axis of a cylinder containing the 
emulsion sample, the burning front is 
propagating in an effectively infinite mass until 
the combustion front reaches the outer wall of 
the sample. As a result, a relatively small mass 
can be used without wall heat loss effects on the 
combustion and, using propagation to the wall 
(i.e., full sample consumption) is a more logical 
criterion for discriminating between ‘go’ and 
‘no-go’ events.  

 
Fig. 8  Summary of transition temperatures 
(To) and Ignition temperatures (Tp) for 
Emulsion D 
 
5. Conclusions 
 

Investigation into the ignition point by 
timed current pulse tests on a simple water-
based emulsion now allows us to quantify the 
ignition point using the experimental pressure 
traces.  

Also, MBP values for emulsions where 
both sample size and pressure vessel size were 
varied showed good correlation. The various 
levels of pressurization and rate of 
pressurization occurring after ignition has taken 
place did not significantly affect the measured 
MBP values of the emulsion matrices tested.  

 The emulsions studied in the present 
work exhibited a wide range of MBP values, 
from 580 to 6510 kPa.   Since all of the 
emulsions studied were variations on the 
formulation of Emulsion A, it can therefore be 
concluded that ingredients have a very 
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significant impact on their MBP. Consequently, 
the effect of the various ingredients being used 
to manufacture emulsions in the explosives 
industry should be studied if the MBP is to be 
used as a basis of safety for the corresponding 
pumping operations. 

In the present work, it was found that a 
relatively high energy flux is required to induce 
a stable combustion front in AN-based 
emulsions. Nonetheless, some ignition 
mechanisms such as the compression of large air 
voids containing flammable atmospheres have 
been shown to be able to provide sufficient 
energy to ignite such emulsions [11].  Therefore, 
knowledge of the MBP of emulsions and 
ensuring that corresponding pumping operations 
are conducted at pressures below the MBP are 
important to ensure that accidental ignitions of 
emulsions cannot propagate to full explosions. 
 
© Copyright Her Majesty the Queen in Right 
of Canada, as represented by the Minister of 
Natural Resources, Canada (2008). 
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ABSTRACT 
 
Adding different chemicals (Ba, benzene, silicon rubber) modifying the physical and chemical 

properties of nanoaluminum powders, synthesized by the plasma electro-condensation process. Recently, 
to characterize these powders, X-ray diffraction, TEM, BET analyses, and simultaneous TG/DSC 
analyses were performed. The most suitable selected nanoaluminum was Ba-doped powder, because of its 
high oxidation rate in air under heating, its high conversion degree in the temperature range 20-11000C, 
its considerable burning rate enhancement for the samples with ammonium perchlorate and essential 
decreasing of agglomeration phenomenon as compared to micro-Al. However, X-ray diffraction analysis 
did not reveal the presence of Ba in Ba-doped nano-Al, and the chemical states of Ba in nanopowder are 
still not elucidated. X-ray photoelectron spectra of Ba 3d and Al 2p in Ba-doped nano-Al were measured. 
Results show that the surface layer of particles is composed of Ba2+ ions bonded to BaO and Al3+ ions 
boded to Al2O3. Ion sputtering allowed measuring of X-ray photoelectron spectra at the different depth of 
the particles. The chemical states of Al and Ba within powder were analyzed as functions of the distance 
from the surface. The core of the particles contains more metal Al and metal Ba.  
 
1. INTRODUCTION 

 
Nanoaluminum powder, due to 

increasing of the burning rate, decreasing the 
agglomeration, and enhancing the specific 
impulse of solid rocket propellants, has become 
a leading candidate to be used as an appropriate 
substitution/addition to micron-sized aluminum 
in high-energy systems. Characterization of the 
particle diameters, size distributions, oxide layer 
thicknesses, morphology, thermal behavior, and 
combustion parameters is important in 
predicting performance for these specific 
applications. Recently, the plasma electro-
condensation process was elaborated [1,2], and 
nanoaluminum powder, synthesized by this 
technique was fabricated and investigated. To 
prevent the self ignition of this highly-reactive 
powder, different chemicals to stabilize the 
metal powder were applied (Ba, benzene, silicon 

rubber). Our previous investigations [3] 
provided the first comparison between the 
thermal behavior and combustion of different 
types of plasma-synthesized nano-aluminum and 
conventional micron-sized aluminum particles. 
Ba-doped nano-aluminum was found to have an 
average particle size of 43 nm, and an ideally 
spherical particle shape. Experiments show that 
the thermal behavior and combustion parameters 
of nano-aluminum are strongly dependent on the 
compounds being used during the particle 
fabrication process. Additionally, the 
considerable changes in the chemical activity of 
Ba-doped nano-aluminum were found during the 
powder storage, resulting in the oxide layer 
degradation. Out of the studied series, the most 
suitable selected aluminum is Ba-doped powder, 
which is aged for 4 months, because of its high 
oxidation rate in air under heating, its high 
conversion degree in the temperature range 20-
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11000C, and its considerable burning rate 
enhancement for the samples with ammonium 
perchlorate. Moreover, the process of Ba-doped 
nano-aluminum could be catalyzed by platinum 
metal: at temperature of 5400C a dramatic one- 
step oxidation of 60% of the active metal was 
found. Results obtained indicate for nano-sized 
aluminum modified by barium considerably 
larger steady burning rate with the essentially 
decreasing of agglomeration phenomenon as 
compared to micro-Al. However, the structure of 
these Ba-doped nanoaluminum particles and the 
Ba chemical states and distribution within 
nanoparticles are still unclear. X-ray 
diffractometry did not show any crystalline 
phase in nano-Al except metal aluminum. In this 
paper, the objective is to study the chemical 
states and distribution of Ba and Al within Ba-
doped aluminum nanoparticles by X-ray 
photoelectron spectroscopy (XPS). 
 
2. EXPERIMENTAL SECTION 
2.1. Materials and Samples 

 
During the plasma-synthesis process, the 

argon gas flow delivers the precursor micron-
sized Al powder doped with 1.5 at% of barium, 
which is equivalent to 7.5 mass%Ba, to an 
argon-filled reactor, where aluminum powder 
evaporates in a high-temperature plasma zone 
[1, 2]. Subsequent condensation of metal vapor 
represents a fabrication of the nano-sized 
aluminum doped with Ba. Particle size 
distribution and TEM images were presented in 
detail [3]. 

Sample for XPS analysis was prepared by 
cold-pressing of nano-powder into the In-foil of 
thickness of 400 microns. The field of analysis, 
as shown in Fig. 1, is a circle of 1.1 mm in 
diameter. 

 
2.2. Experimental techniques 

 
X-ray diffraction patterns were obtained 

at room temperature using a Rigaku 
“Geigerflex” X-ray diffractometer, employing 
CuKα radiation. Samples were finely ground; the 
diffraction angle of 2θ was scanned at a rate of  

 

 
 
 

Figure 1. Sample for XPS analysis: field of 
analysis is darker than the rest of the 

nanoaluminum powder, which is cold-pressed 
into In-foil. 

 
 
20min-1. The average particle size was 
calculated by using the Sherrer’s equation. 

High resolution scanning electron 
microscopy (HRSEM) analysis (JEOL JSM 
7401F, Japan) and atomic-force microscopy 
(NTEGRA Prima Basic, NT-MDT, Russia) were 
used for characterization of the particle 
morphology. For AFM analysis the semi-contact 
mode was applied with an etched silicon 
cantilever having a tip radius of 10 nm and 22o 
apex angle. Data were taken in ambient air with 
a force constant of 5,5 N/m. 

X-ray photoelectron spectroscopy (XPS) 
measurements were performed using a Perkin 
Elmer PHI 5500 ESCA system equipped with a 
hemispherical analyzer with base pressure 8x10-

10 Torr in the vacuum chamber. The Al-Kα 
radiation (photon energy 1486,6 eV) was the 
excitation source with power of 300 W and 
voltage of 14 kV. The high-resolution spectra 
were measured at a pass energy of 11,75 eV 
with 0,1 eV/step. Doublet Ba 3d was measured 
at a pass energy of 29,35 eV with 0,125 eV/step. 
Every peak was fitted to Gaussian-Lorenzian 
shaped peaks using a non-linear-least-squares 
fitting program.  

The sputter was carried out using an Ar+ 

ion gun (with accelerating voltage of 2 keV) at a 
raster area 2x2 mm2. The average sputtering rate 
is approximately 20 Ǻ min-1.  

In-foil 

Powder  
Al/Ba 

Field of  
analysis  
∅1.1 mm 
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3. RESULTS AND DISCUSSION 
3.1. Chemical Composition, Particle Size 
and Morphology 

 
X-ray analysis reveals that sample 

contains the only one crystalline phase – 
aluminum metal, no indications of any 
crystalline were found. The active Al content is 
70% [3], therefore, 30% of powder was 
supposed to be amorphous material. The average 
sizes of Al nanoparticles, determined from XRD 
line broadening, were 45 nm (111), and 41 nm 
(200). Particle size distribution calculated from 
TEM images is plotted in Fig. 2. 

The nano-sized Al particles were 
visualized by HR SEM (Fig. 3) and AFM (Fig. 
4). Both confirmed our previous results that the 
particles are ideally spherical with a Gauss 
particle-size distribution revealing an average 
particle diameter of 43 nm [3]. Assuming that 
particles within a particular size fraction are 
coated by a passivating oxide layer of the 
equivalent thickness (ΔR0), the ΔR0 value was 
found to be around 3 nm. 
 

 
 
 

 

 
 
 
 
 
 
 
 

 
 
                                   
 
 
 

 
 
Figure 3. HR SEM image of nano-aluminum 

powder doped with Ba 
 

 
 

Figure 2. Nano-aluminum powder doped 
with Ba: particle size distribution obtained 

by TEM  [3].

Figure 4. 3d-presentation of AFM- image of nano-aluminum powder doped with Ba. 
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3.2. X-ray Photoelectron Spectroscopy 
 

Composition distribution of the sample was defined on the base of the survey XPS 
spectra, which were measured on unsputtered surface, and at the different depth sputtered for 
t=10, 20, 30, 45, and 55 minutes. Figure 5 shows XPS survey spectra on unsputtered surface 
(Fig. 5a) and at the depth, corresponding 45 minutes of sputtering (90 nm). Survey spectra reveal 
that the sample is composed of several phases, including aluminum, barium, and oxygen phases. 
The maximum sputtering time was selected as 55 minutes (110 nm) to analyze the most of the 
particles, considering the particle-size distribution (Fig. 2).  

 

 
 

Figure 5. Survey XPS spectra of nano-Al doped with Ba: a) unsputtered surface; b) after 
sputtering, t=45 min. 
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Figure 6. HR XPS spectra of Al 2p: а) –unsputtered surface; b) – after sputtering, t=10 min, 

c) t= 45 min. Curve I represents experimental data, II – synthesized spectrum (closest to 
experiments approximation), III – metal aluminum peak, IV – peak of Al3+ ions bonded to Al2O3.  
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High-resolution (HR) spectra of Al 2p 
(Fig. 6) indicate that both aluminum metal and 
Al3+ ions peaks are found on the unsputtered 
surface (t=0), and at the different distances from 
the sample surface (t=10…55 min). The metal 
aluminum peak 72,9 ± 0,1 eV corresponds to the 
literature reference value [4], whereas Al3+ ions 
peak changes from 75,7 eV at the surface (Fig. 
6a) to 76,3 eV after 45 min of sputtering, 
exceeding the literature reference value [4], as a 
consequence of the differential charging. This 
phenomenon is well-known for heterophase 
system with insulator, i.e., the binding energy of 
insulator is shifted to the high energies.  

Based on the HR XPS spectra (Fig. 6), 
the atomic ratio Al0/Al3+ at different distances 
from the sample surface could be calculated 
(Table 1). 

Geometrical analysis of the experimental 
scheme – nanoparticles powder, which is cold-
pressed into indium-foil (Fig. 7) - reveal that the 
atomic ratio Al0/Al3+ should became 
independent on the sputtering time at the certain 
distance from the sample surface (H0). Every 
particle consists of the oxide layer of about 2-4 
nm [3, 5-7]. The H0 value supposed to 
correspond qualitatively to the average particle 
radius: indeed, the average particle radius, 
according [3] is 22 nm, whereas H0 value is 
close to 20 nm, as shown in Table 1.  

 

Table 1. Atomic ratio  Al0/Al3+ at different distances from the sample surface. 
Data accuracy ±5%. 

 
Sputtering 
time, min 

Distance from  
the sample surface, 

nm 

Al0/Al3+ 

0 0 13/87 

10 20 38/62 

20 40 39/61 

30 60 43/57 

45 90 46/54 

55 110 45/55 

 

         
 
                                      
 

 
 
 
 
 
 
 

 
 

Figure 7. Schematic representation of XPS-sample: nanopowder particles are cold-pressed 
into In-foil and simplified scheme of the Al particle covered with the Al2O3 oxide layer.  
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Figures 8-10 shows XPS spectra of Ba 
3d. The total Ba content not exceeds 1% of the 
total aluminum content within the sample. 
Differential charging was compensated by peak 
Al 2p (Fig. 6a).  

Corrected XPS spectra for Ba 3d5/2 are 
found at 780,2 ± 0,2 eV, which could be 
ascribed to BaO.  Figure 8 reveals that even after 
20 minutes of sputtering, one peak of 
synthesized spectrum is not sufficient for 
appropriate approximation of the experimental 
data, and the additional peak should be 
introduced into approximation. Figure 9 presents 
2-peaks synthesized spectrum after 45 minutes 
of sputtering, where the new peak at 779,0 ± 0,2 
eV is appeared. Doublet Ba3d is shown in 
Figure 10, as a result of two-peak 
approximation: the peak of Ba2+ ions bonded to 
BaO, and the metal barium peak. The binding 
energy difference between peaks in doublet is 
15,3 ± 0,2 eV.  

Based on the HR XPS spectra, the 
atomic ratio Ba0/Ba2+ at different distances from 
the sample surface could be calculated (Table 2). 

Thus, the composition distribution on 
unsputtered surface and in the core is 
summarized in Table 3 and Figure 8. The metal 
barium concentration on the unsputtered surface 
seems to be zero at sputtering depth below 20 
nm, changes from 0,02% to 0,11% for the 
distance from the surface increasing from 20 to 
110 nm. The metal aluminum shows the 
concentration increase from 4% on the 
unsputtered surface to 23% on the depth of 110 
nm. Aluminum oxide and barium oxide seems to 
be independent on the sputtering depth, 
indicating (i) the statistically equal concentration 
of oxide shell of the Al-core nanoparticles and 
(ii) statistically equal content of BaO in the 
Al2O3 oxide shell (below 1%).  

 
Table 2. Atomic ratio Ba0/Ba2+ at distances from the sample surface. 

Data accuracy ±5%. 
 

Sputtering 
time, min 

Distance  
from the 
sample  

surface, nm 

Ba0 / Ba2+ 

0 0 0/100 
10 20 0/100 
20 40 6/94 
30 60 10/90 
45 90 13/87 
55 110 27/73 
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Figure 8. HR XPS spectra of Ba 3d5/2: a) – unsputtered surface; b) – after sputtering, t=10 

min, c) t= 20 min. Curve I represents experimental data, II – synthesized spectrum (closest to 
experiments approximation). 
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Figure 9. HR XPS spectra of Ba 3d5/2: a) – after sputtering, t=45 min, b) t= 55 min. Curve I 

represents experimental data, II – synthesized spectrum (closest to experiments approximation), III 
– peak of Ba2+ ions bonded to BaO, IV –metal barium peak. 

 

 
Figure 10. HR XPS spectra of Ba 3d at t= 55 min. Curve I represents experimental data, II – 

synthesized spectrum (closest to experiments approximation), 2 – peak of Ba2+ ions bonded to BaO, 
1 –metal barium peak. 
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Table 3. Composition distributions of the surface and the core of nanoaluminum sample 
 (atomic concentrations)  

 
Sputtering 
time, min 

Distance from 
the sample 
surface, nm 

O Al0 Al3+ Al(total) Ba0 Ba2+ Ba(total) 

0 0 68,1 4,1 27,5 31,6 0,00 0,36 0,36 
10 20 55,6 16,7 27,3 44,0 0,00 0,40 0,40 

20 40 51,8 18,6 29,2 47,8 0,02 0,38 0,40 

30 60 49,1 21,1 28,0 49,1 0,04 0,36 0,40 

45 90 49 23,3 27,3 50,6 0,05 0,35 0,40 

55 110 49,2 22,7 27,8 50,5 0,11 0,29 0,40 

 

 
 

Figure 11. XPS composition distribution as a function of sputtering time (distance from the 
sample surface): atomic concentrations of oxygen (O), metal aluminum Al(0), aluminum ions 

Al(3+), metal barium Ba(0), and barium ions Ba(2+). 

0 

20 

40 

60 

80 

0 20 40 60 80 100 120

Distance from the sample surface, nm

O
, A

l(0
), 

A
l(3

+)
, a

t %

0,00

0,10

0,20

0,30

0,40

0,50

B
a(

0)
, B

a(
2+

), 
at

%

Al(0) Al(3+)

O Ba(0)
Ba(2+)



-73- 

4. SUMMARY 
 
The Ba-doped nanoaluminum powder shows 
exclusively suitable thermal behavior in 
oxidation reaction, a considerable burning rate 
enhancement and appropriate agglomeration 
process suppression in combustion process being 
incorporated into solid propellants. SEM, TEM 
and AFM investigations reveal these 
nanoparticles to have a spherical shape with the 
average particle size of 43 nm. XPS spectra of 
Ba 3d and Al 2p in Ba-doped nano-Al were 
measured. Results show that the outer surface of 
particles is composed of Ba2+ ions bonded to 
BaO and Al3+ ions boded to Al2O3. Ion 
sputtering allowed measuring of X-ray 
photoelectron spectra at the different depth of 
the particles. Thus, no metal barium were 
detected at sputtering depth less than 20 nm, but 
Ba0 atomic concentration arises from 0,02% to 
0,11% with the sputtering depth increasing from 
20 to 110 nm. The metal aluminum shows the 
concentration increase from 4% on the surface to 
23% on the depth of 110 nm. Aluminum oxide 
and barium oxide seems to be independent on 
the sputtering depth, whereas the core of the 
particles contains more metal Al and metal Ba, 
than the oxide shell.   
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ABSTRACT 
 
Vapor-deposited microenergetic films of PETN (pentaerythritol tetranitrate) provide a novel system for 
investigating the mesoscale response of energetic materials.  PETN films were produced by physical 
vapor deposition and characterized by scanning electron microscopy (SEM), x-ray diffraction (XRD), 
focused ion beam (FIB) nanotomography, surface profilometry, and precision mass measurements.  
Prompt detonation of the films was initiated with a robust ignition source.  A framing camera was used to 
determine the detonation velocity and to obtain information on the structure and progress of the reactive 
wave.  Future work will involve quantitative microstructural metrics, femtosecond laser engineered 
porosity, and coupling the characterization data with a mesoscale shock-physics model. This effort will 
lead to a new understanding of the relationship between microstructure and energetic material 
performance. 
 
 
Introduction 
 

Pentaerythritol tetranitrate (PETN) has a 
high vapor pressure at moderate temperatures 
and favorable detonation properties such as a 
small critical diameter1, which make it a great 
candidate for thermal vapor deposition and 
small-scale detonation experiments.2,3 Vapor 
deposited films of PETN can be engineered into 
novel configurations and exhibit unique 
characteristics that set this material apart from 
other polycrystalline secondary explosives.  The 
premise behind microenergetics is to 
controllably deposit energetic materials (EM) in 
a fashion that is compatible with 
microelectronics processes.  For this goal to be 
realized, material characterization will play a 
critical role.  In this paper, we present X-ray 
diffraction (XRD), scanning electron 
microscopy (SEM), focused ion-beam (FIB) 
nanotomography, precision density 
measurements, and high-speed photography 
characterization of vapor-deposited PETN films. 
 

 Traditional material metrics for EM 
include bulk density, surface area, and particle 
size.  These measurements have been repeatedly 
correlated to EM performance.  However, 
because these data are statistical averages it is 
difficult to tie these numbers to local mesoscale 
phenomena that lead to initiation of detonation.  
These bulk measurements are popular because 
they are available and relatively easy to apply to 
large samples. Pore and surface morphology are 
perhaps richer metrics, which are intrinsically 
better suited for correlation to mesoscale 
phenomena.  It is well known that surfaces and 
pores play an important role in the formation of 
hot spots and the initiation of detonation.4 
Moreover, the small length scales and masses 
associated with microenergetic samples make 
the bulk averaged metrics either prohibitively 
difficult to perform or fundamentally not 
applicable. 
 
 In this spirit, we have focused on 
characterizing interfaces, surfaces, and pore-
morphology, which is currently being correlated 
with EM performance.  An understanding of this 
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relationship between structure and properties 
will enable the tailoring of EM performance via 
the engineering of porosity and sample 
configuration. 
 
Experimental Details 
 

PETN was deposited onto fused-silica 
substrates, or into microchannels by physical 
vapor deposition using a custom multi-source 
deposition system.  PETN powder was spread on 
a thermal planar source and resistively heated to 
120 °C.  The PETN then sublimes and is 
subsequently deposited onto the cooled substrate 
(25 °C), which is mounted on a planetary fixture 
that is rotated at 3 rpm.  The nominal source-to-
substrate distance was set at 4 mm.  Repeated 
four hour long depositions were required for 
thicker films ranging from 100 – 500 μm.   

 
Masks were sometimes used to confine 

the deposition to a specific region.  Shadowing 
caused by the mask sidewalls or by the sidewalls 
of microchannels can lead to a bread-loafing 
effect that will be discussed later in this paper. 
Typically a lift-off technique, where tape is used 
to pick up and remove PETN from unwanted 
regions, was implemented between successive 
depositions. Polishing with a fine-grit (0.3 μm) 
paper was also used to remove PETN from the 
top surface around microchannels. 
 
 A commercially available Ti:sapphire 
laser was used to cross-section PETN channels 
(Hurricane Laser, from Spectra-Physics). The 
laser produces pulses approximately 100 fs in 
duration at a central wavelength of 800 nm. The 
pulses are delivered from the laser at a repetition 
rate of 1 kHz, with a maximum energy per pulse 
of 0.8 mJ. Depending on the desired feature 
dimensions, the laser is either focused with a 10 
cm, plano convex lens for large features (> 50 
μm), or a 5X microscope for small features (< 
50 μm). The laser pulse energy was controlled 
with neutral density filters, with typical pulse 
energies for machining ranging from 0.02-0.15 
mJ. All machining of energetic materials was 
performed under low vacuum conditions (~ 2 
Torr). Within the vacuum chamber, a 3-axis 
automated translation stage (Aerotech) was used 

to control the position of the sample with respect 
to the stationary laser beam. Furthermore, a laser 
shutter (Uniblitz) was used to control the laser 
exposure in the temporal dimension. 
 

Film morphologies were examined by 
scanning electron microscopy (SEM) in a ZEISS 
SUPRA 35VP.  In some cases it was preferable 
to image the films without a conductive (Au/Pd) 
coating.  As such, some imaging was performed 
in variable pressure mode, or alternatively at low 
accelerating voltages, 0.2-1.5 kV, which reduced 
or eliminated charging effects.  However, PETN 
is very susceptible to electron-beam induced 
degradation and in order to image at high 
magnification it was sometimes necessary to 
coat the samples with a thin Au/Pd layer.  Such 
coating was performed in an Edwards S150B 
Sputter Coater in 45 second increments, again to 
prevent thermal degradation of the PETN. 
  

X-ray diffraction, collected in theta-two-
theta mode, was performed on two PETN films 
that were deposited on fused-silica substrates.  
Data pertaining to the crystal structure of the 
material was collected and will be discussed in 
the following section. 
 

The interior microstructures and pore 
morphologies were examined using focused ion-
beam (FIB) nanotomography.5,6  This work was 
performed in an FEI Helois Nanolab dual-beam 
FIB.  The ion-beam in this system can be used 
for a variety of purposes including ion-milling, 
precise ion-assisted deposition, and imaging.  
The electron column is fixed at 52o from the ion-
beam and is used for simultaneous imaging.   

 
Nanotomography of PETN within a 

silicon microchannel was performed by milling 
a rectangular void (ca. 50 µm wide x 100 µm 
long x  >50 µm deep) in the surface with a 30 
kV Ga+ ion-beam, then using that ion-beam to 
shave off very thin slices (serial sectioning) from 
the sidewall of the void. Between each slicing 
operation, an electron micrograph of the 
sidewall was captured.  The thickness of each 
slice was 50 nm.  Because the pores and grains 
of the PETN film were generally much larger 
than 50 nm, this slice thickness was fine enough 
to provide adequate resolution in the data. The 
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size of each voxel is determined by the slice 
spacing (in the z direction) and by the pixel size 
of the images (x and y directions).  For the data 
presented here, each voxel is 33.5 × 33.5 × 50.0 
nm.  

 
Concatenating the serial images created 

a three-dimensional data set, which was then 
processed using the software package Amira.7  
Image/data processing includes operations such 
as digital filtering (median, in this case) and/or 
alignment to remove artifacts from the transient 
drift of the sample stage or imaging optics. The 
useful information is the grayscale value of each 
voxel, which can be used to segment the data, or 
assign a material designation to each voxel. In 
our case, we are interested in the pore 
morphology.  The pores show up as dark regions 
in the image and are defined in the data by 
setting a threshold value.   Processing the data in 
a quantitative manner is not trivial and is yet an 
area under development. A nice description of 
the image processing steps and associated 
pitfalls is published in the literature.8  Our 
current methods contain some subjectivity, but 
we are intently moving toward objective means 
of data processing.   

 
In the case of PETN there are some 

material specific issues that complicate the data 
acquisition and analysis.  As mentioned 
previously, PETN is vulnerable to degradation 
by the electron beam and imaging must be 
performed at a low accelerating voltage, which 
can make it very difficult to obtain high-
resolution images.  Moreover, during FIB serial 
sectioning, a new imaging surface is created by 
each slice.  Since PETN is non-conductive, this 
surface is very susceptible to charging that can 
distort the image and create brightness/contrast 
issues that make it nearly impossible to 
meaningfully segment the data using a threshold 
value.  The charging issues can be somewhat 
mitigated by using a detector, or detector voltage 
setting, that selects an increased percentage of 
back-scattered electrons.  
 

Vapor-deposited films were initiated 
using a 1-mm pellet of a CL-20-based explosive 
(CL-20 is 2,4,6,8,10,12-hexanitro-2,4,6,8,10,12-
hexaazaisowurtzitane).  The input pressure of 

this explosive was calculated with the 
thermochemical equilibrium code CHEETAH 
4.0 to be 33 GPa.9 This resulted in reliable 
detonation in all films despite the initiation 
source being directed into the shortest dimension 
(500 µm) of the film, rather than the longest 
dimension (10 mm).  The reaction progress in 
the films was monitored using a Hadland 
Imacon 200 framing camera operating at 
6,666,667 frames-per-second (1/150 ns) with an 
exposure time of 5 ns.  The leading edge of the 
reaction front was used to determine the position 
of the detonation wave and a linear regression of 
the x-t plot was used to define the detonation 
velocity. 

 
 Density measurements were conducted 
on substrates dedicated for this purpose.  
Substrates were chosen such that the mass of the 
deposited film was large compared to the 
substrate weight.  These consisted of 10×10-mm 
fused silica squares that were 200-µm thick.  
Two films were deposited similarly to other 
films with a deposition source temperature of 
120 °C and a substrate temperature of 25 °C.  
Careful mass measurements were conducted on 
an analytical balance with microgram resolution 
before and after the depositions; allowing PETN 
mass determination by the difference.  Careful 
volume measurements were conducted using a 
Dektak 8 surface profilometer.  This contact 
profilometer was used with a 2.5-µm radius 
stylus, 1-mg of force, sub-micron resolution in 
the plane of the deposited film substrate, and 
nanometer resolution in the direction of film 
growth.  Several profiles of each of the two 
samples were measured to evaluate 
measurement consistency. 
 
 
Discussion and Results 
 

Theta-two-theta x-ray diffraction (XRD) 
data for 20- and 40-μm thick PETN films are 
shown in Figure 1.  The lattice parameters, a = 
3.4 and c = 6.7 Å, match reported values for 
PETN, but the relative intensities of the marked 
peaks are not consistent with those in the 
database for polycrystalline material.10  The 
(220) peak is much larger than expected, which 
could indicate out of plane texture in the [110] 
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direction. More sophisticated XRD experiments 
will be required to quantify the amount of 
crystallographic orientation.  Texture, if it truly 
exists, could be technologically significant due 
to the large anisotropy in the shock sensitivity of 
PETN.11 
 

 
Figure 1. X-ray diffraction, theta-two-theta, 
data for two PETN films deposited on fused-
silica substrates. 
 
 The microstructural evolution of vapor-
deposited PETN films is evident in the electron 
micrographs shown as Figures 2-6.  During the 
initial stages of growth, the film nucleates as 
small islands, which eventually coalesce to 
completely cover the substrate.  The in-plane 
diameter of the islands shown in Figure 2 ranges 
from 2-10 μm.  While the height of these islands 
can’t be determined from the micrograph, they 
are assumed to be several microns tall. 
 

 
Figure 2. Electron micrograph of a nominally 
2-μm film of PETN deposited on fused-silica. 
 
 Once the islands coalesce (Figure 3), the 
nucleated grains continue to grow vertically and 

become quite faceted as shown in Figure 4.  
Figure 4 also gives a visual indication that there 
might be a predominant crystallographic 
orientation. 
 

 
Figure 3. Electron micrograph of a nominally 
6-μm thick film of PETN deposited on fused 
silica. 
 

 
Figure 4. Electron micrograph of a nominally 
47 μm thick film of PETN deposited on fused-
silica. 

 
Figure 5 is a micrograph from a film 

that delaminated from the substrate during 
handling.  Portions of the film were carefully 
transferred to an SEM stub and arranged in 
various orientations (on edge, right-side up, and 
up-side down). The left side of Figure 5 is a 
fracture surface (cross-section) of the film.  
While a detailed understanding of the 
microstructure is obscured by the fracture, the 
film appears dense, and consists of columnar 
grains.  The right half of the figure shows the 
underside of the film, which was formerly 
located at the interface with the substrate.  It is 
somewhat surprising that the film cleanly 
separated from the substrate, an indication of 
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weak adhesion between the two.  The initial 
microstructure consisting of 10-μm islands with 
smaller islands filling the interstitial space is 
clearly revealed.  

 

 
Figure 5. Electron micrograph of a 
delaminated PETN film.  The left side of the 
image is a cross-section of the film.  The right 
side of the image is the underside of the film. 
 
 Figure 6 shows a film that is nominally 
100-μm thick.  The morphology remains a fairly 
obvious extrapolation from the thinner films.   
 

 
Figure 6. Nominally, a 100-μm thick film of 
PETN deposited on fused-silica. 
 

 The previous 5 micrographs were all 
taken from films deposited on large fused-silica 
substrates.  The next micrographs are 
characterizations of PETN films deposited into 
the bottom of silicon microchannels.  These 
microchannels are fabricated by laser machining 
a 1 mm × 8 mm rectangle through a 500-μm 
thick silicon [001] wafer that is subsequently 
bonded to a borosilicate substrate.  One of these 
channels was cut in half with a femtosecond 
laser and is shown in Figure 7.  

  

 
Figure 7. SEM and optical image of a silicon 
microchannel filled with vapor-deposited 
PETN.  The channel has been cut in half with 
a femtosecond laser. 

 
 
When these channels are filled 

completely with PETN, the surface morphology 
becomes extremely rough, deviating drastically 
from the film morphologies shown in the 
previous micrographs.  To understand the 
progression away from relatively flat 
morphologies (as a function of film thickness) 
we performed and characterized the following 
depositions. 
 
 Four microchannels were loaded into the 
deposition chamber and subjected to a series of 
successive four-hour depositions.  After each 
four-hour deposition, material was removed 
from the surfaces outside the channel by the tape 
lift-off method described in a previous section.  
Additionally, after depositions one, three, and 
six, a channel was removed and not included in 
the remaining of ten depositions.  The 
morphology inside the channels was then 
examined by electron microscopy. 
 
 The morphology of the first of these 
channels, which was subjected to only a single 
deposition, is shown in Figure 8.   The two sides 
of the image, (A) and (B), were taken from 
different locations within the channel.  The 
region labeled (A) is located within several 
microns of the channel sidewall, while (B) is an 
image taken in the center of the channel.  Due to 
shadowing, from the 500-μm side-wall, the 
growth rate of the film near to the side-wall is 
expected to be lower than that in the middle of 
the channel—an effect that should become more 
extreme as the thickness increases.  The 
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individual grains, which look mounded in the 
thinner region, are more flat and faceted in the 
center of the channel. These morphologies in 
Figure 8 are very similar to (somewhere in 
between) those in Figures 2 and 3. 
 

 
Figure 8. Surface morphology of the first 
channel removed (1 four-hour deposition).  
Two regions are shown, (A) near the side-wall 
and (B) from the middle of the channel. The 
scale is identical for both (A) and (B). 
 
 The second channel removed from the 
experiment was subjected to three depositions.  
Its morphology is shown in Figure 9.  Again, 
two regions are shown in the figure, (A) which 
is representative of the majority of the surface 
and (B) an isolated region with a unique three-
dimensional morphology. The morphology in 
(A) appears similar to the 100 μm thick film 
(Figure 6) discussed previously.  However, a 
precise measure of the film thickness in the 
channel has yet to be performed. 
 

 
Figure 9. Surface morphology of the second 
channel removed (3 four-hour depositions). 
Two regions are shown. (A) is representative 
of the overall surface, while (B) shows one of 
few regions exhibiting a different 
morphology. The scale is identical for both 
(A) and (B). 

 
 The third channel removed from the 
experiment was subjected to six four-hour 
depositions.  In the micrographs shown as 
Figure 10, it is evident that the morphology has 
become much more rough, with sharp angled 
facets.  (A) is representative of most of the 
surface, and the inset (B) shows a large leaning 
pillar-like growth that extends from the surface.  
While it is difficult to be quantitative with 
regard to the out of plane dimension, the fact 
that the top of this structure is out of focus, 
while the rest of the surface is in focus indicates 
a substantial height of maybe > 50 μm.  This is 
an estimate that depends on the working distance 
and aperture, but gives a qualitative (order of 
magnitude) feel for the height of the feature. 
 

 
Figure 10. The third channel removed from 
the experiment (six four-hour depositions).  
(A) is representative of the whole of the 
surface, while the inset (B) shows a large 
growth extending out of the surface of the 
film. 
 
The fourth channel removed from the 
experiment, which was subjected to ten four-
hour depositions, is shown in Figure 11.  It is 
much easier to estimate the thickness of this 
film, since the surface of the film is nearly flush 
with the top of the 500 μm deep channel.  
However, the surface has become mounded like 
a bread-loaf, with ~ 50-100 μm depressions near 
each side-wall.  The morphology is very three-
dimensional and is characterized by square 
pyramidal spiral structures and nested angular 
facets. 
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Figure 11. The fourth and final channel of the 
experiment, removed after ten four-hour 
depositions. The region shown in the image is 
near the center of the channel. 
 
 As PETN is deposited into the bottom of 
the channel, growth from the side-walls also 
occurs, extending laterally into the channel.  As 
this continues, the width of the channel 
decreases. The channel width was measured in 
the SEM, subtracted from the starting width, and 
halved to obtain the thickness of side-wall 
growth. Channels 1, 2, 3 and 4 measured 965, 
914, 839, and 739 μm wide respectively.  The 
thickness of PETN grown from each side-wall 
was determined to be 17.5, 43.0, 80.5, and 130.5 
μm.  These samples were subjected to 1, 3, 6, 
and 10 depositions. Normalizing the amount of 
side-wall deposition with the number of growth 
runs results in a consistent value averaging 15 
μm/deposition (3.75 μm/hour).  This lateral 
growth rate is much lower than the vertical 
growth rate, which can be estimated at ~ 50 
μm/deposition (12.5 μm/hour). 
 
 For our intents, it would be ideal to 
create controlled and repeatable morphologies, 
microstructures, and densities.  As such, the 
morphologies shown in Figures 10 and 11 are 
not very desirable despite being visually 
interesting.  Future work will attempt to 
suppress the progression of three-dimensional 
morphologies, retaining the more planar-like 
morphologies shown in Figures 8 and 9. 
 

Our next experiment, also aimed at 
studying the effect of sample geometry on 
morphology, involved a single four-hour 
deposition into an alumina wedge.  An optical 
image of the wedge is shown as an inset to 

Figure 12.  The base of the wedge is 1 mm, the 
length is 10 mm, and the depth is 254-μm.  The 
wedge was fabricated by a similar method as the 
rectangular microchannels, by laser machining 
the shape completely through a wafer and 
bonding it with adhesive to a sapphire substrate. 
 

 
Figure 12. Electron micrograph of PETN 
deposited into an alumina wedge.  The inset is 
an optical micrograph of the wedge, with the 
dashed-square indicating the region being 
imaged. 
 

The entire width of the channel can be 
seen in Figure 12.  The general region is 
indicated by the dashed-square on the inset.  One 
can see that slightly rougher regions run parallel 
to the side-walls.  However, the surface is 
reasonably flat compared to three-dimensional 
morphologies of Figures 10 and 11, and 
resembles the morphologies of the 100 μm thick 
film shown in Figure 6 and the microchannel 
shown in Figure 9.  It is reasonable to assume 
similar thickness for these three samples. 

 
 This experiment examines the 
shadowing effect, as the aspect ratio 
(depth/width) continuously increases with 
distance from the base.  Figure 13 shows the 
morphology from three regions, (A) 1.5 mm 
from the base, (B) 5.5 mm from the base, and 
(C) 7.5 mm from the base of the wedge.  The 
film appears to become progressively smoother 
as the aspect ratio increases. Here we only have 
data regarding the observed morphology, but 
without precisely knowing the thickness of the 
film, one cannot determine if it is the aspect 
ratio (shadowing) that influences the 
morphology or if changes in morphology are 
indications of variations in film thickness.  More 
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experiments are required, however it seems 
likely that high aspect ratios reduce the growth 
rate and slower growing (thinner) regions of the 
film maintain a smoother appearance.  
 

 
Figure 13. Three regions of a PETN film 
deposited into a wedge shaped channel. (A) 
1.5 mm from the base exhibits the roughest 
morphology. (B) 5.5 mm from the base has an 
intermediate morphology. (C) 7.5 mm from 
the base.  The scale is identical for all regions. 
 

While there is plenty to learn from 
looking at the surface of energetic films, more 
relevant data are buried in the interior 
microstructure—specifically, information about 
the density and porosity.  Using focused ion-
beam (FIB) nanotomography, the internal 
microstructure of a PETN film was imaged. This 
film is a 130-μm thick PETN deposition into a 
rectangular silicon microchannel.  The obtained 
data is a set of serial cross-sections, one of 
which is shown in Figure 14.  It is clear from 
this cross-section that the material is extremely 
dense and the large isolated pores run along 
grain boundaries in the columnar microstructure. 
 

 
Figure 14. One cross-sectional slice from a set 
of 200 tomographic sections obtained with a 
dual-beam ion/electron microscope.  Dark 
regions indicate pores in the grey solid 
matrix.  The bounding box of the data (32.7 × 
20.3 × 9.8 μm) is shown in orange. 
 
 The set of images was concatenated into 
one three-dimensional matrix of voxels.  The 
pores, which show up as dark voxels can then be 
segmented and rendered in three-dimensions as 
shown in Figures 15 and 16.  The inverse of the 
image in Figure 15 would be a surface 
enveloping all of the energetic material.  Such a 
surface can be meshed and imported directly 
into a shock physics simulation. This process 
has been demonstrated and results are 
forthcoming.  It is expected that simulations 
using real data as microstructural input will be 
more predictive and provide a new 
understanding of the meso-scale processes 
governing initiation of detonation. 
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Figure 15. Three-dimensional morphology 
and distribution of pores in a vapor-deposited 
PETN film.  The bounding box has 
dimensions 32.7 × 20.3 × 9.8 μm. 
 

 
Figure 16. The three-dimensional 
morphology of a large pore.  The pore is 
shown from several orientations to clearly 
show its shape. 
 
 Beyond enabling predictive modeling, 
very useful information can be extracted from 
the data. The density, taken from the data in 
Figure 15, is 99.85% of theoretical maximum 
density (TMD) and the surface area surrounding 
the pores is 90 μm2.  As discussed in the 
experimental details section, there are some 
difficulties associated with obtaining 
quantitative numbers.  The reported values and 

the images shown here should be viewed as 
tentative, pending optimization of the 
procedures and quantification of the uncertainty.  
We expect that the current threshold slightly 
underestimated the size of the pores, which 
would results in an over-estimate of the density.  
However, this error is probably much smaller 
than one percentage magnitude. 
 
 Additional bulk density measurements 
were carried out for two PETN films, SCT282 
(280 μm thick) and SCT282 (480 μm thick).  
The measured densities are lower than the 
theoretical maximum density of 1.778 g/cc.12  
The thicker film had a greater surface roughness, 
consistent with the morphology discussion 
above. This thicker film also had a lower density 
presumably due to a larger fraction of the film 
being made up from coarser grains, which 
evolved during the late stages of deposition.  
Surface profiles of the two films are shown in 
Figure 17. 
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Figure 17. Surface profiles of two vapor-
deposited PETN films.  Surface roughness 
can be seen to increase with increasing film 
thickness.  Each film is roughly 5×5 mm and 
either 280 or 480 μm thick. 
 

Each subsequent profile measurement 
caused a decrease in the apparent volume, 
presumably due to sample damage during 
handling and scanning.  This resulted in an 
increase in the apparent density.  For this reason, 
we conclude that it is important that the first 
profile volume measurement is conducted 
carefully and also that it is not necessary to 
perform a number of volume measurements for 
statistical purposes.  The two films had densities 
of 1.634 g/cc (91.92% TMD) and 1.690 g/cc 
(95.05% TMD).  A summary of the mass, 
volume, and density measurements for these two 
films is shown in Table 1. 
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Table 1. Summary of mass, volume, and 
density determinations for two vapor-
deposited PETN films. 

Dep. 
Number 

 
Profile 

ID 

PETN 
mass Volume Density % 

TMD 

 mg mm3 g/cc % 
SCT282 

27 9.887 5.850 1.690 95.05 

SCT281 
28 9.887 5.829 1.696 95.40 

SCT282 
29 11.539 7.060 1.634 91.92 

SCT282 
31 11.539 7.024 1.643 92.40 

SCT282 
32 11.539 6.998 1.649 92.74 

SCT282 
33 11.539 6.964 1.657 93.20 

  
 Four detonation experiments were 
conducted on two types of PETN films.  The 
only difference between the films was whether 
the substrate holder was maintained at a 
temperature of 25 °C or 50 °C during the 
deposition.  Representative framing camera 
images from an experiment are shown in Figure 
17.  In all of the experiments, similar behavior 
was observed, with a steady detonation wave 
forming only a short distance (typically 1 mm) 
after the initiation pellet location.  In all 
experiments the detonation wave changed 
shape/curvature during the progression down the 
channel.  This was likely due to a combination 
of heterogeneous density across the channel as 

well as considerable losses to the sides of the 
channel. 
 

A summary of the velocity 
measurements for the four experiments is shown 
in Table 2.  There is no prominent trend in 
velocity with deposition substrate temperature, 
except perhaps a higher detonation velocity at 
higher deposition substrate temperatures.  This 
would indicate a higher density film resulting at 
the higher deposition substrate temperature. 

     
Table 2.   Summary of the four detonation 
experiments on vapor-deposited PETN. 

Shot # 
Deposition 
Substrate 
Temperature 

Detonation 
Velocity 

Error 
(2*σ) 

 °C mm/µs mm/µs 
014 25 7.53 0.42 
015 50 7.81 0.22 
018 25 6.88 0.25 
019 50 7.53 0.44 

 
Summary and Conclusions 
 

We have presented data regarding the 
morphology and microstructure of vapor-
deposited PETN films.  These data indicate that 
vapor-deposited PETN is pure polycrystalline 
material without impurity phases.  There is some 
indication of texture, but we don’t have 
conclusive data at this time.   

 
Electron micrographs of the surface 

show a clear progression from nucleation of 
islands, coalescence, growth of columnar grains, 
and roughening of the surface with increasing 

Figure 18. Detonation in a vapor-deposited PETN film. 



-191- 

thickness in the range of 400-500 μm.  The 
thicker, rough films, exhibit a pyramidal spiral 
morphology that is visually stunning.  
Horizontal growth, from the side of vertical 
channel walls proceeds at a slower growth rate 
than growth normal to the film plane.  This 
lateral growth rate appears to be fairly constant 
with repeated depositions (up to 40 hours of 
deposition time).  Channel aspect ratio has some 
affect on the film growth that is manifest as a 
change in morphology, but whether or not that 
effect is actually a variation in the film thickness 
(growth rate) has not been determined at this 
time. 

 
Three-dimensional nanotomography of 

vapor-deposited PETN reveals the morphology 
and distribution of pores in the material.  These 
pores are closed, large, spatially separated, and 
reside along grain boundaries in the columnar 
microstructure.  Density and surface area can be 
extracted from the three-dimensional data and 
may prove more relevant than bulk values that 
are spatially averaged.  The actually 
microstructure can be meshed and imported into 
the mesoscale shock physics code CTH.13  

 
Four microchannels of PETN were 

detonated.  A high-speed framing camera was 
used to capture images of the detonation front 
and to calculate detonation velocities. 

 
Much of this work is proof of concept as 

we prepare to use the techniques and data 
presented here to fabricate well characterized 
microenergetic PETN films, with and without 
engineered porosity, and correlate detonation 
data with meso-scale shock physics modeling 
toward a greater understanding of initiation of 
detonation.  
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ABSTRACT 
 

Perchlorate oxidizers are used in many pyrotechnic and rocket propellant compositions.  These oxidizers 
have leached into groundwater at numerous sites.  It has been shown that when perchlorates are present in 
drinking water, they can inhibit the uptake of iodine by the thyroid, leading to potentially serious health 
problems, particularly for fetuses and the newborn.  Accordingly, under Strategic Environmental 
Research and Development Program funding, we reformulated at laboratory scale the pyrotechnic 
compositions used in a number of red, green, and yellow signal flares as well as other pyrotechnic flares.  
Our strategy was to switch to nitrate or other oxidizers.  The Environmental Security Technology 
Certification Program has funded a follow-on effort to demonstrate and validate a product improvement 
of the flare composition in a widely used red pyrotechnic flare (Red-Control).  The perchlorate-free 
replacement composition is the result of a judicious choice of magnesium fuel particle size distribution, 
fuel to oxidizer ratio, and weight percentage of binder.  This has allowed us to tailor its burn rate in 
comparison to the Red-Control flare composition. Optimized weight percentages of a more 
environmentally acceptable epoxy binder have also been used in this composition.  Results to date 
indicate that this composition will not only meet the luminous intensity, dominant wavelength and color 
purity performance specification of the Red-Control flare, but will substantially exceed the intensity, 
depending upon burn rate.  Both the environmental and performance characteristics of the flare are 
improved in a single product improvement effort.  The results also illustrate batch to batch 
reproducibility, and show how smoother and more repeatable intensity versus time profiles were obtained 
through optimization of the mixing and pressing processes.  Test data documenting these performance 
improvements, as well as the results of on-going thermal analysis tests, and ignition sensitivity tests for 
impact, friction and electrostatic stimuli will be presented.  The remaining tasks needed to complete this 
product improvement will also be summarized.   
 
 
BACKGROUND 
 

Most colored pyrotechnic flare 
compositions contain perchlorate oxidizers.  
Residual perchlorates from these devices may be 
absorbed into groundwater and require 
remediation.  Ground water contamination by 
perchlorates has been found to be a serious 
problem in many areas around the world.  The 
perchlorates are known to inhibit iodine uptake 
by the thyroid gland, thus lowering the level of 
thyroid hormone in the body.1  This can lead to 

permanent neurological damage, particularly in 
fetuses and the newborn.  Accordingly, 
perchlorate oxidizers currently used in various 
pyrotechnic flare compositions are being 
substituted with nitrates or other less energetic 
oxidizers.  Because these oxidizers are less 
reactive than those that contain chlorine, high-
energy or high specific surface area fuels are 
being used to make-up for the loss in energy. 
 

In the past, the vast majority of red, 
green and yellow pyrotechnic flares have used 
perchlorate  ingredients to produce their desired 
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colors.  This has contributed to an increase in the 
total concentration of perchlorate residues at 
various military and industrial sites, and to their 
generally higher than desired concentration in 
drinking water supplies.  Clearly, any methods 
that can be used to eliminate the perchlorates 
without degrading flare performance would be a 
noteworthy advancement. 
 

Earlier investigations have already 
studied perchlorate-free red flare compositions.  
Richard Cornia and Russell Reed produced 
"flickering" red and green flares from 
compositions consisting of magnesium and/or 
aluminum fuels, a chlorinated aromatic 
compound, strontium or barium nitrates, and a 
fluorinated binder.2  Webster and Tanner 
formulated an orange – red flare that contained 
only magnesium fuel, calcium nitrate oxidizer 
and an epoxy binder.3  More recently, we have 
studied similar red flare compositions that 
contained magnesium, strontium nitrate, calcium 
nitrate, and epoxy binder.  Like the Webster 
compositions, they contained no chlorine 
containing ingredients.  They have been 
described at both the 31st and 33rd International 
Pyrotechnic Seminars.4,.5  Unfortunately, when 
they were scaled from laboratory scale to 
concept scale, they were unable to consistently 
achieve the minimum average luminous 
intensity level of candelas given in the flare 
performance specification.  This was probably 
due to the exceedingly hygroscopic nature of the 
calcium nitrate ingredient.  The ambient 
moisture absorbed by the flares prior to 
performance testing seemed to be causing the 
magnesium fuel to undergo sufficient 
degradative aging to decrease the luminous 
intensity output below the specified value.  
Accordingly, new perchlorate-free red flare 
compositions that did not contain the 
hygroscopic calcium nitrate were sought in an 
attempt to improve performance. 
 
 
EXPERIMENTAL 
 

Perchlorate-free compositions consisting 
of varying size distributions of magnesium fuel, 
nitrate oxidizers, a chlorine donor, and binder 
were initially pressed into laboratory scale 

pellets in order to fine tune the burn rates and 
luminous intensity output.  This family of 
compositions was referred to as RSF-4 
compositions.  Successful compositions were 
then scaled to the above mentioned concept 
scale red candles.  Besides containing the 
perchlorate-free pyrotechnic composition, the 
flare candle contains a bottom layer of about 3 to 
5 grams of an inert fireclay composition, and a 
top layer of 2 to 3 grams of ignition 
composition, on top of which an ignition slurry 
was painted in order to aid in ignition transfer.  
To enhance the safety of the pellet pressing 
operation, the candle was pressed in the upside 
down orientation so that the moving upper ram 
only came in direct contact with the inert 
fireclay composition layer.  The pressed candles 
were then subjected to performance testing in 
the Crane Photometric Tunnel.  The candles 
were tested in an upside down orientation with a 
12 – 14 mph airflow in order to aid in smoke 
removal.  Digital photographs of a Red Control 
and a perchlorate-free flare being tested in the 
Photometric Tunnel are shown in Figure 1.  
 

During these tests, the luminous 
intensities were measured with a candlepower 
meter.  A Hunter Tri-Stimulus colorimeter was 
used to obtain X, Y and Z color coordinates 
from which the dominant wavelength and the 
color purity were obtained using the well-known 
Chromaticity Diagram.  Each of the three 
colorimeters in this device is filtered so that it 
records the emission intensity of the flare versus 
time in one of three spectral regions in the 
visible spectrum.  The X-bar, Y-bar and Z-bar 
coordinates are obtained when the ratios of the 
integrated intensity from each colorimeter is 
divided by the total intensity from all three 
colorimeters.  The X-bar and Y-bar coordinates 
are then located on the Chromaticity Diagram 
and a straight line is drawn through that point 
and the "white light" point.  The dominant 
wavelength is found at the point this line 
intersects with the nearest axis of the 
Chromaticity Diagram.  The color purity is 
calculated as the percentage corresponding to 
the fraction that is formed by dividing the 
distance between the white light point and the 
measured X,Y point by the distance between the 
white light point and the intersection of the line 
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with the axis of the Chromaticity Diagram.  In 
order for our perchlorate-free composition to 
move on to the next scale, it had to pass certain 
performance specifications for the luminous 
intensity, dominant wavelength, color purity and 
burn time.  

 
Several parameters were systematically 

varied during the course of this performance 
testing in order to optimize the burn time near 
the center of the permitted range while 
continuing to optimize the luminous intensity 
and the color characteristics.  These included 
fuel particle size, fuel to oxidizer ratio (F/O) and 
weight percentage of binder.  They also included 
variables to our process to improve the burn 
profile. 
 

During each performance test series, 
several perchlorate-containing Red Control flare 
candles were tested for comparison purposes.  
Their presence validated the test equipment and 
data analysis procedures and made it easy to 

verify whether or not the new compositions had 
matched or exceeded the performance 
specification of the control flare. 
 
RESULTS 
 
Flare Performance Tests 

 
As mentioned in the experimental 

section, Figure 1 shows digital photographs 
obtained during performance testing of both a 
Red Control flare and perchlorate-free red flare.  
It is obvious that the perchlorate-free flare 
performs at least as well as the control flare in 
terms of general red appearance and luminous 
intensity.  Table 1 contains a summary of the 
averaged luminous intensities, burn times, 
dominant wavelengths, and color purities 
obtained during each of the five performance 
test series conducted during the course of this 
investigation. 
 

 

  
Perchlorate-Free Red Flare Red Control Flare 

 
Figure 1. Digital Photographs of Flare Plumes Produced by A Red Control Flare and 

Perchlorate-Free Red Flare 
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Table 1. Averaged Performance Test Results and Standard Deviations of Red Control Flare and 
Perchlorate-Free Concept Scale Red Flare Compositions. 

 
Flare 

Designation 
#Averaged Dominant 

Wavelength, nm 
Color Purity Luminous 

Intensity, cd 
Burn 

Time, sec 
Red Flare 
Control 

48 617 94% 4913 ± 745 17.45±0.64 

Low Binder 21 608 92% 11207 ± 502 16.07±0.47 
Medium Binder 38 617 95% 9991 ± 854 17.38±0.50 
Medium Binder, 

Finer Mg 
21 607  92% 11664 ± 518 14.89±0.35 

High Binder, 
Low F/O1 

19 614 95% 6410 ± 1749 22.13±1.01 

High Binder, 
Low F/O2 

8 613 96% 5413 ± 227 22.55±0.40 

High Binder, 
Low F/O3 

11 624 96% 5570 ± 851 22.54±0.84 

High Binder, 
Moderate F/O4 

20 614 95% 8064 ± 2933 20.07±1.27 

High Binder, 
Moderate F/O5 

20 620 96% 6513 ± 1600 19.64±0.86 

High Binder, 
Moderate F/O6 

10 627 95% 6863 ± 2402 20.62±1.00 

High Binder, 
Moderate F/O7 

10 624 95% 7031 ± 1805 20.95±1.08 

High Binder, 
Moderate F/O8 

10 627 95% 7032 ± 1847 20.50±0.64 

High Binder, 
Moderate F/O9 

10 624 95% 5895 ± 411 21.59±0.57 

High Binder, 
Moderate F/O10 

12 643 96% 5903 ± 535 18.05±0.40 

High Binder, 
High F/O11 

17 615 94% 8097 ± 2598 18.44±0.58 

High Binder, 
High F/O12 

10 623 95% 7367 ± 1404 18.79±0.70 

High Binder, 
High F/O13 

11 640 96% 7905 ± 922 19.05±0.59 

High Binder, 
UltraHighF/O14 

19 618 93% 8773 ± 2963 17.43±0.70 

   
  Low Binder, First Test Series 
  Medium Binder, Second Test Series 
  Medium Binder-Finer Fuel, First Test Series 
1 L-Pellet Series, Fourth Test Series 
2N-1 through N-10 Pellet Series adjusted pressing process, Fifth Test Series 
3 N-11 through N-21 Pellet Series adjusted pressing process, Fifth Test Series 
4 K-Pellet Series, Fourth Test Series 
5 H-Pellet Series, Third Test Series 
6 O-1 through O-10 Pellet Series adjusted pressing process, Fifth Test Series 
7 O-11 through O-20 Pellet Series adjusted pressing process, Fifth Test Series 
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8 P-Pellet Series adjusted pressing process in lieu of that used for the O-Pellet Series, Fifth Test Series 
9 S-1 through S-10 Pellet Series with final enhanced process and pressing results, Fifth Test Series 
10 S-11 through S-22 Pellet Series in which the composition for the S-1 through S-10 Series was held 

overnight before pressing.  However, Less of the flare composition was used instead of the usual 
amount thus proportionately decreasing the burn time. Determination of pot life. Fifth Test Series 

11 J-Pellet Series, Third Test Series   
12 R-1 through R-10 Pellet Series adjusted pressing process, Fifth Test Series  
13 R-11 through R-21 Pellet Series adjusted pressing process, Fifth Test Series 
14 I-Pellet Series, Third Test Series  
****************** 

An examination of Table 1 reveals a 
number of useful observations that can be used 
to identify the most desirable embodiments of 
the perchlorate-free red flare. 
 

It is apparent from the trends exhibited 
in Table 1 that the burn time of the flare candle 
can readily be tailored over a fairly wide range 
encompassing a 16.07 to 22.55 second span.  In 
general, it is observed that the burn time can be 
lengthened by lowering the fuel to oxidizer ratio, 
by increasing the particle size distribution of the 
magnesium fuel, and by increasing the weight 
percentage of the curable binder system.  From 
the data presented in Table 1, we have selected 
the bolded composition with the best 
combination of fuel/oxidizer ratio and % binder 
that meets our needs as the optimum 
composition to recommend for prototype scale.  
However, the other compositions shown in 
Table 1 may also be useful in other red flare 
devices.  Taken as a whole, Table 1 also 
provides useful information on factors such as 
batch to batch repeatability of the various 
embodiments of the perchlorate-free red flare, as 
well as on formulation tolerances applicable to 
the preferred embodiment.  That is, the table 
illustrates the effects on flare performance of 
deviating from the ingredient weight percentages 
of the preferred embodiment in either the 
positive or negative direction. 
 

Table 1 also provides information on the 
reproducibility of performance parameters such 
as luminous intensity from one candle to the 
next in a given batch.  It is seen that both the 
Red Control flare composition, as well as the 
perchlorate-free compositions with both the low 
and the moderate % by weight of binder 
produced luminous intensities with generally 

moderate standard deviations.  However, the 
initially studied perchlorate-free compositions 
with the high % by weight of binder definitely 
exhibited significantly larger standard deviations 
of the luminous intensities.  Contributing to 
these high standard deviations were a fairly 
significant number of flare candles that 
exhibited irregular luminous intensity versus 
time burn profiles.  Some would burn at 
significantly higher intensity for a 
proportionately shorter burn time.  Others would 
start out at high intensity but then abruptly drop 
off to a relatively low intensity sometime during 
the course of the burn.  However, a close 
examination of the two test series with the S-
Pellets reveals that the standard deviations of the 
luminous intensities are once again in the low to 
moderate range.  Table 2 provides the individual 
flare candle performance measurements for 
these 22 candles and illustrates their general 
similarity and reproducibility.  These flares 
tended to give much smoother burn profiles 
(similar to the Red Control flares) than the other 
flares with the high % binder loading.  This 
improved performance resulted from various 
beneficial changes in the manufacturing process.  
These  involved  numerous trial and error 
attempts to determine a mixing and pressing 
process that gave the same consistency for the 
burn profile as it did for the other performance 
parameters. 
 

The performance test results shown in 
Tables 1 and 2 constituted the first step in 
accomplishing a perchlorate-free product 
improvement of the Red Control flare 
composition.  They have demonstrated that an 
optimized perchlorate-free composition can 
indeed substantially outperform the 
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Table 2. Flare to Flare Performance Data for the S-Series Pellets with Moderate 
F/O Ratio and High % Binder and Enhanced Manufacturing Processes 

 

Flare  
Designation 

Average 
CP 

Average 
X-bar 

Average 
Y-bar 

Dominant 
Wavelength, 

nm 
 % Color 

Purity 

Burn 
Time, 

seconds  
S-1, Test 54 6176.36 0.681 0.302 623 95% 20.62
S-2, Test 55 5610.21 0.683 0.301 624 95% 21.47
S-3, Test 56 6383.43 0.683 0.301 624 95% 21.20
S-4, Test 57 5345.80 0.682 0.302 623 95% 21.34
S-5, Test 58 5480.65 0.683 0.300 625 95% 21.56
S-6, Test 59 5720.09 0.684 0.300 625 95% 22.13
S-7, Test 60 6317.68 0.682 0.302 623 95% 22.62
S-8, Test 61 6118.78 0.683 0.301 624 95% 21.23
S-9, Test 62 6338.27 0.682 0.302 623 95% 21.73
S-10, Test 63 5458.47 0.683 0.301 624 95% 22.05
Average1 5894.97 0.683 0.301 624 95% 21.59
STD. Deviation 410.76 0.001 0.001 0.789 0.000 0.566
S-11, Test 99 5930.92 0.706 0.279 642 96% 18.20
S-12, Test 100 5377.02 0.708 0.278 644 96% 18.17
S-13, Test 101 5434.60 0.709 0.277 643 96% 18.48
S-14, Test 111 5183.32 0.708 0.278 643 96% 18.47
S-15, Test 112 5607.44 0.708 0.278 643 96% 17.74
S-16, Test 113 5891.23 0.706 0.279 642 96% 17.83
S-17, Test 114 6553.85 0.707 0.279 642 96% 18.08
S-18, Test 115 5877.68 0.709 0.278 643 96% 17.61
S-19, Test 116 6788.25 0.707 0.279 642 96% 17.59
S-20, Test 117 6629.64 0.705 0.280 641 96% 18.08
S-21, Test 118 5405.66 0.708 0.278 643 96% 18.77
S-22, Test 119 6154.86 0.707 0.279 642 96% 17.53
Average 2 5902.87 0.707 0.278 643 96% 18.05
STD. Deviation 535.04 0.001 0.001 0.798 0.000 0.397

1 Pellets S-1 through S-10 contained 23 grams of the Perchlorate-free composition 
2 Pellets S-11 through S-22 contained only 20.5 grams of the Perchlorate-free composition that had been 

aged overnight prior to press consolidation. This accounts for their shorter burn times. 
 
 
perchlorate-containing Red Control composition 
in terms of general red appearance, burn time, 
luminous intensity, dominant wavelength and 
color purity.  They illustrate a “Win-Win” 
situation in which it was possible to produce an 
improved flare that has both environmental and 
performance advantages. The remaining steps 
that will be required before the Navy’s Weapon 
Systems Explosive Safety Review Board 
(WSESRB) will be able to approve this product 
improvement for use by its ships and aircraft in 

general involve documenting its safety 
throughout its life cycle. 
 
Formulation qualification testing constitutes an 
important part of the approval process and is 
currently in progress.  In general the results 
appear to be promising. 
 
Formulation Qualification Tests 
 

Table 3 presents the results of the 
ignition sensitivity tests we have performed on  
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Table 3.  Concept Scale Mixes, RSF-4 with Varying Weight Percentages of Epoxy Binder 

Sensitivity 
Level  

Impact height 
(cm) 

50% fire 
energy 
(Joule)

Friction 
(Foot-
pound) 

Electrostatic 
(Joule)

   Dangerous <10 <1.96 <30 <0.01

  High <32 <6.272 <100 <1.0

  Moderate <100 <19.6 <500 <10.0

  Low <159 <31.164 <1000 <25.0

  Very Low  >1000 >25.0
<50% fires at 159 
cm/31.164 Joule

The following table represents the energy levels required to classify a 
material with respect to its sensitivity to various forms of external energy 

input.

CLASSIFICATION CRITERIA

 
1 This composition contained a Moderate F/O ratio and a Low % of binder 
2This composition contained a Moderate F/O ratio and a Moderate % of binder 
3 This composition contained a High F/O ratio and a High % of binder 
4 This composition contained a Moderate F/O ratio and a High % of binder 
5  This composition also contained a Moderate F/O ratio and a High % of binder 
6  This sample of the red flare control composition was obtained from a prototype scale batch  
 
the concept scale RSF-4 red flare compositions 
to date.  The Red Control flare has again been 
included for comparison purposes.  Also 
included are the RDX internal standards that 
were run on each day of ignition sensitivity 
testing.  All of the impact sensitivities of the red 

flares are observed to have either low or very 
low sensitivity. 

 
At concept scale the lowest friction 

sensitivities of the RSF-4, Low and Moderate % 
binder compositions were high (33.24, and 55.87 
ft-lb respectively) and the average friction 

Electrostatic Sensitivity
Maximum No Fire

Height (cm) Energy (J) Average Lowest Energy (Joules)
RDX Standard 59.80 11.72 1146.77 890.20 0.125

RSF-4, Low Binder 1 172.98 33.90 402.21 33.24 0.151
 RDX Standard 42.21 8.27 1239.71 95.70 0.125

RSF-4, Mod Binder 2 167.35 32.80 242.96 55.87 0.151
 RDX Standard 57.98 11.37 1137.09 890.20 0.200

RSF-4, High Binder3 167.00 32.73 1049.68 179.63 0.180
RDX Standard 35.83 7.02 1150.78 997.11 0.125

RSF-4, High Binder4 172.98 33.9 1274.94 181.05 0.200
RSF-4, High Binder5 172.98 33.9 780.27 74.49 0.180
Red Control Flare6 112.03 21.96 1277.66 29.67 0.180

Sample
Impact Sensitivity Friction Sensitivity

50% fire Energy (ft-lb)
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sensitivities were moderate (402.21, and 242.96 
ft-lb respectively).  It should be noted, however, 
that on the second day of testing when the RSF-
4, Moderate % binder composition was 
analyzed, even one of the ten RDX Standard 
samples fired and produced a lowest friction 
sensitivity reading in the high sensitivity region 
(95.70 ft-lb).  The actual ignition of an RDX 
sample such as this with a reading in the high 
sensitivity region has historically been a 
relatively rare occurrence.  During this project, it 
was observed only one other time in March 
2005.  Fortunately, the lowest friction sensitivity 
of a sample of RSF-4, High % binder 
composition with a High F/O ratio improved to 
moderate (179.63 ft-lb) and its average friction 
sensitivity improved to very low (1049.68 ft-lb).  
We also took samples from two batches of 
composition that also had a High % by weight of 
binder but a Moderate F/O ratio.  The first 
sample was very similar to the above described 
sample with a High % of binder and a High F/O 
ratio.  The second sample of the same 
composition had a low (780.27 ft-lb) average 
friction sensitivity and a high (74.49 ft-lb) 
lowest friction sensitivity.  It is also noted that a 
prototype scale sample of a Red Control flare 
composition in a March 2008 test produced an 
even lower lowest friction sensitivity reading of 
29.67 ft-lb, which is actually in the dangerously 
sensitive region and worse than any of the 
readings produced by our developmental 
perchlorate-free red flare composition samples. 
 

The electrostatic sensitivities of the 
concept scale RSF-4 samples with Low, 
Moderate, and High % by weight of binder were 
all in the high sensitivity range (0.151 Joule for 
both the Low and Moderate % binder samples, 
and from 0.180 to 0.200 Joule for the High % 
binder samples).  The electrostatic sensitivities 
of the RDX standards similarly ranged from 
0.125 to 0.200 Joule within the high sensitivity 
region.  The electrostatic sensitivity of the Red 
Control composition was also similar at 0.180 
Joule.  We are currently in the process of scaling 
up from the concept scale batch size to prototype 
scale batch size from which as many as 140 red 
flares may be press consolidated.  However, our 
local safety board mandates that the ignition 
sensitivities be re-measured at prototype scale to 

verify that the sensitivities do not increase with 
scale-up. 
 

Simultaneous Thermogravimetric 
Analysis (TGA) / Differential Scanning 
Calorimetry (DSC)  was also performed on the 
perchlorate-free red flare compositions with 
Low, Moderate and High % binder loadings in 
order to determine ignition temperatures and 
general ignition behavior.  Sample sizes were in 
the 4 - 10 mg range.  Nitrogen was used as the 
carrier gas at a flow rate of 200 ml/min.  Figure 
2 shows the thermogram obtained from the 
Moderate % binder sample.  Similar 
thermograms were obtained from the Low and 
High binder samples.  They all exhibited an 
endothermic peak just above 250 °C that is 
attributable to the chlorine donor 
depolymerization and accounted for a weight 
loss of approximately 9%.  The exotherm 
attributable to the principal pyrotechnic 
combustion reaction occurred in the 475 °C 
region and accounted for a slightly higher 10 – 
11 % weight loss.  The efficient red-emitting 
species such as SrCl and SrOH are presumably 
formed during this exothermic reaction. 
 

Developmental compositions such as 
these must also be subjected to accelerated aging 
for three, six and twelve month periods.  A pair 
of sealed samples of each composition is 
prepared.  The first is aged at 70 °C for a 
minimum of 85 days to simulate a five year 
period, while the second is stored under ambient 
conditions as a control.  Then the simultaneous 
thermal analysis is repeated.  When this was 
done for the samples with Low and Moderate % 
binder, no significant differences were detected 
on the “aged” thermograms.  Ignition 
temperature and general ignition characteristics 
were very similar.  Moreover, there were no 
detectable endothermic peaks in the 350 – 400 
°C region that could be attributed to the presence 
of the magnesium hydroxide degradative aging 
product.  However, at least several percent of the 
magnesium would have had to have been 
degraded in order to produce a readily detectable 
magnesium hydroxide peak.  This would 
certainly have been sufficient to have caused 
ignition difficulties, lengthened burn times, and 
decreased luminous intensity output. 
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Figure 2.  Simultaneous TGA/DSC Thermogram Produced by the Composition with High  
F/O Ratio and Moderate % by Weight of Epoxy Binder 

 
 
Accelerated aging of the High % Binder 

sample is still underway, and all three 
compositions will need to undergo the six and 
twelve month aging protocols. 
 

Additional thermal analysis runs are 
being performed in order to verify compatibility 
of the chosen perchlorate-free red flare 
compositions with other pyrotechnic 
compositions and with other materials they will 
come in contact with.  The critical parameter is 
the ignition temperature.  The composition(s) 
and materials are considered incompatible if 
there is a significant lowering of the ignition 
temperature when the materials are in contact 
with one another.  Also, vacuum thermal 
stability tests to measure the volume of gas 
evolved by the sample when held at 100 °C for 
48 hours under vacuum are being performed. 
 

When an existing composition is 
replaced with a new composition, the toxicity of 
both the reactants and the combustion products 

of the new composition must be considered and 
compared with those of the existing 
composition.  This has been done with the help 
of the NASA/Lewis Chemical Equilibrium 
computer program to simulate the combustion of 
both the Red Control flare composition and the 
perchlorate-free composition with Moderate F/O 
ratio and High % binder.  The toxicities of the 
predicted reactants and products were then 
screened6 and compared. Since the reactants are 
reasonably similar, except for the elimination of 
the potassium perchlorate, the products were 
also quite similar.  Weight percentages of the 
most toxic products such as carbon monoxide 
and hydrogen cyanide were roughly comparable 
to slightly lower in the perchlorate-free 
composition, as were the moderately toxic 
magnesium salts and oxides.  Due to the higher 
weight percentages of the strontium nitrate 
ingredient in the perchlorate-free composition, 
the weight percentages of the strontium 
containing products were correspondingly 
higher than with the Red Control composition.  
However, they are classified only as low to 
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moderately toxic.  The principal benefit is the 
removal of potassium perchlorate from the list of 
toxic product residues. 
 
Future Final Type Qualification / Technical 
Evaluation Tests 
 

Final Type Qualification/Technical 
Evaluation tests of the full up perchlorate-free 
red flare that will have to be successfully passed 
include: 14 and 28 day temperature and 
humidity (T & H), X-Ray, leakage, 
transportation vibration, both the 1.5 and 12 
meter drops, jolt, jumble,  slow cook-off, fast 
cook-off and bullet impact.  Many of these tests 
mandate that the device be function tested after 
being subjected to some of these severe 
conditions.  Others call for them to be X-rayed 
after the exposure in order to determine if 
damage has been done.  The devices must also 
receive their hazard classification required for 
shipping purposes and this involves single 
package test, stack test, external fire test, 
thermal stability test, as well as the results 
obtained in the 12 meter drop test.  In addition, 
other tests may be required for many devices 
such as ESD (Electrostatic Discharge), Hazards 
of Electro-magnetic Radiation to Ordnance, Off-
gassing, and Shipboard Shock. 
 

The WSESRB will require all of the 
above listed test results for the perchlorate-free 
red flare product improvement device (unless 
they can be done by analogy to similar devices).  
Also required is the preparation of several 
reports that serve to document the system safety 
plan of the device throughout its entire life 
cycle, from research and development all the 
way to demilitarization and disposal. 
 
POSSIBLE COMMERCIAL 
APPLICATIONS 
 

Due to the superior performance and 
excellent color characteristics as well as its 
wide burn rate tailorability, the perchlorate-free 
red flare composition has a wide range of 
potential commercial applications.  This could 
range from the fast burning red star charges used 
in the 200 million pounds per year commercial 

firework industry, all the way to the 20 to 40 
million relatively slow burning roadside distress 
flares used by U. S. motorists each year.  These 
devices, on average, have 10 grams of 
perchlorate per flare. Both of these types of 
devices have been blamed for perchlorate 
discharges and for concentrations in drinking 
water that are above either the EPA (24.5 PPB) 
or the individual states (as low as 2 PPB in 
Massachusetts, 6 PPB in California) perchlorate 
action levels.  In fact, Sea World in San Diego, 
California has been directed to frequently test 
for perchlorate and other contaminants in its 
lagoon on account of their very frequent 
firework displays. 
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ABSTRACT 
 

Whereas, a primary initiating explosive is suitable for ignition of small arms propellant, it does not appear 
to be necessary. The percussion cap formulations of the 1910 – 50’s have more in common with chemical 
ignition mixtures than primary initiating explosives. Ignition mixtures appeared to have been under-
explored as an alternative methodology in the search for an “environmentally friendly primer”.  A US 
patent search reveals several ignition mixtures from the 1900 – 1960s assigned for use in percussion caps. 
This review suggests red phosphorus as a promising fuel. This report compares the results of three 
feasibility studies; United States Army’s Ordnance Department at Frankford Arsenal Laboratory (1943 -
1949), ATK Lake City Technology Development Department (2003 - 2006) and the United States 
Army’s Armament Research and Development Engineering Command (2007) under contract DAAA09-
99-D-0016/0012 Mod 7 July 2006. 

. 
The P4rimerTM formulation is a “mineral nutrient” containing “green”, “non-toxic”, “heavy metal free” 
ignition formulation for a percussion cap. P4rimerTM formulation provides cartridge and weapon 
performance advantages from its similarities and differences to standard lead styphnate formulations like 
FA 956 or FA 70. The basic properties of the ignition and cartridge function were reproduced from the 
Frankfort Arsenal Report in 1946 to the ARDEC Feasibility Study in 2006/7. 

                                                 
* Data contained herein is within accordance of 22 CFR Part 125.4 (b) (6) Exemption for Technical Data for 0.50 Caliber and 

Under Ammunition and 22 CFR Part 125.4 (b) (13) Exemption for Technical Data in the Public Domain. 
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SMALL ARMS HISTORICAL BACKGROUND 
 
Small Arms ammunition primer designs have not undergone major changes in 50+ years since the 
introduction of lead styphnate based formulations as a non-corrosive primer by the US ARMY Ordnance 
Department in 1949. The basic design of percussion cap device has not changed in 140+ years since the 
introduction of the Boxer Primer. Several “percussion cap” compositions have been used over the last 140 
years, some ignition mixtures, some primary initiating explosives.  
 
Illustration 1) Components of Boxer Primer  
used with permission from firearmsid.com and Jeffery Scott Doyle; Kentucky State Police, Jefferson Regional 
Forensic Lab, Louisville, KY 

 
 
Whereas, a primary initiating explosive is suitable for ignition of small arms propellant, it does not appear 
to be necessary. The percussion cap formulations of the 1910 – 50’s have more in common with chemical 
ignition mixtures than primary initiating explosives.   Ignition mixtures appeared to have been under-
explored as an alternative methodology in the search for an “environmentally friendly primer”.  A US 
patent search suggests several ignition mixtures from the 1900 – 1960s assigned for usage in percussion 
caps. This review revealed the use of red phosphorous. 
 
The requirements for a US Military requirement for an “environmentally friendly primer” are not 
formally defined however the general guidelines used for this investigation are  
 

1) Defined in the Evaluation Report, Office of the Inspector General, Department of Defense; 
“Army National Guard and U.S. Army Reserve Command Small Arms Indoor Firing Ranges” 
Report Number 98-170 date 30 June 1998” stating “Indoor Ranges must comply with lead 
exposure requirements from 29 CFR 1910.1025. The maximum exposure is 50 Milligram per 
cubic meter for any 8-hour period. Action Level is 30 milligram per cubic meter for any 8-hour 
period”.  

2) The requirements of Section 5 of the Federal Trade Commission Act; Federal Trade Commission 
Guides for the Use of Environmental Marketing Claims, Part 260 as applied to the terms; 
“green”, “heavy metal free” and “non-toxic”.  

3) Percussion Cap performance paragraphs of Military Specification MIL-P-46610E (MU) 1 
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Phosphorus-based percussion caps for small arms ignition have a previous history of use in the United 
States (US). Phosphorus based primers were so promising, US Army Maj. Gen.  Julian Hatcher states in 
his book:  “Hatcher’s Handbook” 2; 
 
““Meanwhile Frankford Arsenal’s search for a perfect non-corrosive primer for other service ammunition 
had been progressing, and they came up with a non-corrosive primer mixture consisting of barium nitrate 
and red phosphorous, and started its manufacture. 
  
While this was in many ways an excellent primer, it had two disadvantages.  The red phosphorous 
suitable for use in this primer had to be of such extraordinary purity that it turned out to be a problem to 
obtain it of the right quality and in sufficient quantity; and moreover if the phosphorous came in contact 
with the metal parts, and undesirable reaction occurred, so that the metal components had to be 
protected against such contact with the phosphorous. 
  
This primer mixture was used for a time (about 1949) with success; but it was finally decided to adopt a 
lead styphnate primer mixture for all service small arms primers, and such a non-corrosive small arms 
primer based on lead styphnate was standardized be Ordnance Committee action in August 1949.” 
 
Red phosphorus priming was developed at the US Army’s Frankford Arsenal (Pennsylvania) and was 
documented in Ordnance Library Frankford Arsenal Report “Report number R-265 Caliber .30 Red 
Phosphorus Primers Research Item number 204.0” 3 and US Patent #2,194,480 4. Olin Corporation 
improved the formulation with US Patent #2,970,900 4 in the 1960’s. The ATK Lake City P4rimerTM 
original data was presented at International Pyrotechnic Society (IPS) Seminar 34 5 at Beaune, France. 
 
RED PHOSPHOROUS IMPROVEMENTS ARE KEY TO ALLOWING USE TODAY  
 
As explained by Hatcher; a primary reason red phosphorous was not adopted as a primer mixture was the 
red phosphorous impurities caused corrosion and a short shelf life for the primer. Frankford Arsenal 
Laboratory’s attempts to stabilize and reduce the “white” phosphorus content are detailed in Ordnance 
Library Frankford Arsenal Report “Report number R-206; The stabilization of Commercial Red 
Phosphorus Research Item number 202.14” 6.   
 
Phosphorous stability in moist atmospheres and its purity were dramatically improved in the 1990’s as 
described by Andrew Radcliffe’s “ Review of the Six Generations of Red Phosphorus 1950 -1999 and 
beyond”7, 8, 9, 10 presented at IPS Seminar 27. A key endorsement of the Clariant’s improvements was the 
findings of the International Key Technical Assessment (KTA) 4-27 (2003) by Collins Et al concerning 
pyrotechnic devices with red phosphorus presented at IPS Seminar 31 11. 
 
Fundamentally, Clariant’s red phosphorus of today has 10X less contaminates than those used by 
Frankford Arsenal, is stabilized with metal oxides and encapsulated to reduce oxidation and acid 
production (corrosive properties)12, 13. These improvements address the primary reasons red phosphorus 
was not adapted in 1949 by the US Army Ordnance Department as the standard non-corrosive primer for 
the US Army. ATK has attempted to take the development from 1940’s and apply them to today’s 
cartridge standards 14. 
 
The basic physical properties of the red phosphorus have not changed even with the additives as described 
in Table 1. Both the stabilizers and encapsulation agents slow the phosphene gas and phosphoric acid 
production caused by moist air reducing the corrosiveness of the phosphorus without changing its 
reactivity in pyrotechnic mixtures. 
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Table 1) Encapsulated Red Phosphorus Physical Data 
Formula: Polymeric (P4)n 
CAS no.: 7723-14-0 
Molecular weight: 123.9n 
Density: 2.34 g/cm3 
Melting point: Sublimes at 416°C 
Stabilizing salts Aluminum and Magnesium compounds <0.5%  
Encapsulating  Epoxy and resins generally <5% 
 
The primer formulation comparisons are provided in Table 2.  The evolution towards an “environmentally 
friendly” primer was the addition of potassium nitrate. ATK’s P4rimerTM contains all the nutrient minerals 
necessary for agricultural fertilizer, nitrogen (N) from the potassium nitrate and PETN, phosphorous (P) 
from the red phosphorus and potassium (K) from the potassium nitrate. P4rimerTM’s NPK numbers are 9-
25-28! 
 
Table 2) Primer Formulation Chemical Comparison 
 
Frankford Arsenal’s 
Formula  (FA) 675 

Olin Patent #2,970,900 ATK’s P4rimerTM 

Red Phosphorus  
(pre Mil P 211) 
 

Red Phosphorus 
Mil P 211 

Encapsulated Stabilized  
Red Phosphorous  
(Clariant HB 801) 

Barium Nitrate Barium Nitrate Potassium Nitrate  
Binder PETN PETN 
 Aluminum Aluminum 
 Binder Binder 
 
The environmental tolerance and even benefits of the use of P4rimerTM are best illustrated by the bio-
cycles for the major chemical components of the formulation; nitrogen, phosphorus, potassium and 
carbon as presented in illustrations 2 through 5. The combustion products of ATK’s P4rimerTM are 
agricultural fertilizer precursor chemicals. They are high tolerated and extensively recycled through the 
bio sphere. 
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Illustration 2) Nitrogen (N) Cycle 
 

 
 
The P4rimerTM combustion product (N) accumulates in the air as nitrogen gas. 
 
Illustration 3) Phosphorus (P) Cycle 
 

 
 
The P4rimerTM combustion products (P206, P02) accumulate in the soil and water as phosphate 
compounds. 
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Illustration 4) Potassium (K) Cycle  
 

 
 
The P4rimerTM combustion products (K2CO3, KOH, K, K2) accumulates as exchangeable potassium and 
potassium mineral compounds 
 
Illustration 5) Carbon (C) Cycle 
 

Atmospheric 
Carbon

Oceanic Carbon 
as dissolved 

Carbon Compound

Lithosphere 
Carbon as 
Limestone 

Dolomite Coal 
Natural Gas Oil

Fossil Fuel 
Emmisions

Biosphere Carbon 
aa BioMass 

 
 
The P4rimerTM combustion product (K2CO3) accumulates in the soil as limestone and dolomite 
compounds. 
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METAL PARTS CONFIRGURATION HAVE EVOLVED 
 
The original Frankford Arsenal P4 primer metal configuration was typical for the time period. The use of 
bipod anvils, rounded cups were evolving into the tripod anvil and flat cups used today. The most 
interesting difference was the use of an annealed cup (a softer more pliable cup) for Frankford Arsenal P4 
primer. Table 3 is a configuration comparison. Figure 1) shows the 1944 configuration for the Frankford 
Arsenal Primer 15. Figure 2) shows the Military #41 Configuration 16 used today with lead styphnate. 
 
Table 3) CONFIGURATION COMPARISON 
 

Frankford Arsenal’s 
P4 Primer using 

Formula (FA) 675 
(FAR 726) 

ATK’s Federal® 195 
using P4rimerTM 

composition 

US Army’s #41 Primer 
Configuration using 

P4rimerTM Composition 
(2007) 

Annealed (softened) Round 
Bottom Cup 
 

Annealed (softened) Flat 
Bottom Cup 

Un-annealed (hard) Flat 
Bottom Cup 

FA 675 Pellet P4rimerTM Pellet  P4rimerTM Pellet 
Thick Low Height Bipod Anvil Thin Low Height Tripod 

Anvil 
Thin Low Height Tripod 
Anvil 

 
Figure 1) Frankford Arsenal Caliber .30 P4 Primer Drawing FB 19568 
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Figure 2) Military #41 Primer Drawing 10534279 
 

 
 
FUNCTION IN PERCUSSION CAP  
 
A basic demonstration of thermodynamic functional capability consists of Differential Scanning 
Calorimety (DSC). This capability was not available in the 1940’s. However, the Case Sensitivity Impact 
Test and the copper crusher peak pressure were available for cartridge function properties testing.  
 
The DSC plot for ATK P4rimerTM is presented in figure 3. DSC did not exist for Frankford Arsenal and 
Olin at the time of there patents, therefore no original comparison data is presented. There are no 
standards for DSC for primers 
 
The DSC can provide insight into the ignition properties of the primer. Understanding both the 
temperature and heat flow to ignite the propellant bed is the goal. There are no standards for ignition 
properties.  
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Figure 3) DSC for P4rimerTM Primer, 0.66 mg 
Seiko Al Capsule, 30ºC to 360ºC @ 20ºC/minute, N2, 50 ml/min, Baseline Subtracted 
 

 
 
The first exothermal reaction (-484 J/g) is perceived as the oxidation of the phosphorus, the second larger 
exothermal reaction (-953 J/g) is believed to be the oxidation of the first phosphate (PO2). The first onset 
temperature is 198oC for the P4rimerTM formulation, which is just above the onset temperature of double-
based propellant at 195oC. The P4rimerTM formulation appears to have sufficient heart energy and 
temperature differential to ignite the propellant. 
 
P4rimerTM is apparently ideally thermodynamically suited for the ignition of propellant. The reaction 
temperature is very close to the ignition temperature of propellant and the multiple exotherms of the 
phosphorus oxidation keep putting heat into the system to drive towards ignition. 
 
MECHANICAL ENERGY TRANSFER AND IGNITION IN PRIMED CASES 
 
The Primed Case Impact Sensitivity is the cartridge-weapon functionality interface. The primer must 
function after firing pin impact to ignite the propellant to cycle the weapon. The standards and test 
procedures for the current # 41 (small military rifle) primer are found in Military Specification MIL-P-
46610E (MU) 1. The P4rimerTM primers using Federal #195 components were tested at ATK Lake City’s 
Facility using the certified impact sensitivity machines and procedures. The standards and test procedures 
for the FA P4 primer were  
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TABLE 4) Primed Case Impact Comparisons 
 Frankford Arsenal’s 

P4 primer 
configuration using 
Formula (FA) 675 

(FAR 600) 17 

ATK’s  
Federal® 195 

Configuration using 
P4rimerTM 

Composition (2004)5 

US Army’s #41 Primer 
Configuration using 

P4rimerTM Composition 
(2007) 

All Fire Height 10 10 18.9 
H-bar 6.4 6.7 13.8 
Std Dev 0.88 1.20 1.86 
No Fire Height 3 3 8.6 
 
 
P4rimerTM in certain configurations appears to achieve minimum impact energy sensitivity requirements 
when inserted into a case. However, it appears P4rimerTM is very sensitive to metal parts differences.  
 
CARTRIDGE SYSTEMS TESTING SHOWS SIMILAR RESULTS 
 
The peak pressure (PP) at the chamber mouth can be used as measurement of weapon functionality. 
Military Specification Mil-C-63989 is the standard for peak pressure in the chamber mouth. Changes into 
PP should be carefully investigated, since weapon responses like muzzle velocity, gas port pressure and 
weapon cycle time can change, if PP is radically changed.  
 
The time to peak pressure (TPP) can be used as measurement of weapon functionality. There are not any 
standards for TPP. Changes into TTP should be carefully investigated, since weapon responses like 
muzzle velocity, gas port pressure and weapon cycle time can change, if TPP is radically changed.  
 
The ATK Testing (2006) Peak Pressure (PP) was lower by approximately 2500 PSI when using 
P4rimerTM. The TTP for P4rimerTM is slower by approximately 64 microseconds when compared to FA 
956. The projectile velocity meets the specification requirement for the military specification at this lower 
pressure. 
 
The ARDEC Testing (2007) Peak Pressure (PP) was lower by approximately 3600 PSI when using 
P4rimerTM. The TTP for P4rimerTM is slower by approximately 100 microseconds when compared to FA 
956. The projectile velocity meets the specification requirement for the military specification at this lower 
pressure. 



 

-475- 

TABLE 5) Cartridge Level Systems Comparisons 
 Frankford 

Arsenal’s 
P4 Primer  

using 
Formula  
FA 675 17, 

18 

Frankford 
Arsenal’s 

.30-06 
Primer  
using 

Formulation 
Western 

(WN) 768 17, 

18 

Frankford 
Arsenal’s 

.30-06 
Primer  
using 

Formula   
FA 70 17, 18 

ATK’s  
 Federal® 
195  using 
P4rimerTM 

Composition 
(2004) 5 

US Army’s 
#41 Primer  

using 
P4rimerTM 

Composition 
(2007) 

US Army’s 
#41 Primer  
using FA 

956  (2007) 

Peak 
Pressure 
at 70°F 

-3.0% 0 0 -4.6% -11.2% 0 

TTP at 
70°F NA NA NA +7.7% 0 0 

PP at 
+120°F -2.0% 0 0 -4.4% 0 0 

PP at 
-65°F -4.1% +2.0% 0 -5.2% 0 0 

Velocity 
at 70°F -1.3% -2.3% 0 0 0 0 

Velocity 
Std Dev 
at 70°F 

+2.0% +1.9% 0 +2.1% +2.0% 0 

Action 
Time at 
70°F 

0 -14% 0 +10% +27% 0 

Misfires 
per 1000 9.7 0 0 2.3 6.5 0 
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Figure 4) Time to peak pressure in a 5.56mm cartridge 

P4rimerTM changes the TTP, exhibiting 1) a longer time ignition and 2) longer time to full ignition 
development.  The change in TTP did not effect the weapon functional cycle. 
 
PRELIMINARY FUNCTIONAL TESTING 
 
Preliminary functional testing for the P4rimerTM consists of Electronic Pressure, Velocity and Action Time 
Testing (EPVAT) at different cartridge temperatures.  P4rimerTM primed cartridges conditioned at –65oF, 
70oF and 125oF for four hours were fired, electronically recording the chamber pressure, muzzle velocity, 
and action time. 
 
The P4rimerTM primer consistently produced a lower pressure for equivalent velocity across all 
temperatures. The time to peak pressure was slightly slower, but was without effect on action time of the 
weapon. The P4rimerTM performed superior to other “green” primers previously test at ATK Lake City in 
2003. The –65oF pressures were not greater than the 70oF pressures. This effect was also recorded during 
the Frankford Arsenal Trials in 1943 - 1946. However, the effects were not seen during the 2007 ARDEC 
trials.

1) Mechanical Ignition Delay 

Ignition development 
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Figure 5) Velocity vs Temperature @ 27 grains 

Temperature vs Muzzle Velocity for 27 grain charge weight
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Figure 6) Pressure vs. Temperature @ 27 grains 
 

Temperature vs Chamber Pressure for  approx. 27 grain charge weight 
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TABLE 6) Summary Statistics for ATK’s 2006 P4rimerTM EPVAT at Temperature Comparisons  
 
RP vs LS @ -
65°F T Test F Test Statement 
Pressure 1.9E-04 0.03 RP Peak Pressure is –2462 PSI with less statistical variance 
Velocity 0.08 5.0E-01 RP Velocity is equal with greater statistical variance 

Peak P Time 1.4E-03 0.00 
RP time to P Pressure +127microseconds with greater statistical
variance 

Action Time 0.38 0.41 RP Action time is equal with equal statistical variance  
 
RP vs LS @ 70°F T Test F Test Statement 
Pressure 1.7E-10 0.62 RP Peak Pressure is –2610 PSI with equal statistical variance 
Velocity 0.43 1.8E-17 RP Velocity is equal with greater statistical variance 
Peak P Time 5.0E-09 0.01 RP time to P Pressure +64 microsecond greater statistical variance 
Action Time 0.18 0.34 RP Action time is equal with equal statistical variance 
 
RP vs LS @ 
125°F T Test F Test Statement 
Pressure 1.4E-09 0.40 RP Peak Pressure is –2865 PSI with equal statistical variance 
Velocity 0.00 7.5E-01 RP Velocity is +29 FPS with less statistical variance 

Peak P Time 6.5E-03 0.00 
RP time to P Pressure +32 microseconds with greater statistical
variance 

Action Time 0.41 0.54 RP Action time is equal with equal statistical variance 
 
MISFIRES 
 
P4rimerTM in certain configurations appears to achieve minimum impact energy sensitivity requirements 
when inserted into a case.  However, it appears P4rimerTM is very sensitive to metal parts differences. As 
described in Table    
 
 
SUMMARY 
 
The P4rimerTM formulation is a “mineral nutrient: containing “green”, “non-toxic”, “heavy metal free” 
ignition formulation for a percussion cap. P4rimerTM formulation provides cartridge and weapon 
performance advantages from its similarities and differences to standard lead styphnate formulations like 
FA 956 or FA 70. The basic properties of the ignition and cartridge function were reproduced from the 
Frankfort Arsenal Report in 1946 to the ARDEC Feasibility Study in 2007  
 
The cartridge similarities are 1) Cased impact sensitivity, 2) Muzzle Velocity, 3) Weapon Action time and 
4) temperature effects on chamber pressure.  
 
The cartridge differences are 1) ignition mechanism as reflected by the TTP, 2) lower chamber pressures 
and 3) less brisance 
 
The P4rimerTM formulation is a safer, less expensive, viable, robust candidate for a “green” substitute for 
FA 956 in military cartridges. 
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ABSTRACT 
 

Nanothermite powders were prepared by ultrasonic mixing of 80-nanometer aluminum powders 
with a variety of metal iodates and metal oxides.  Combustion of the materials was characterized by high 
speed video imaging, emission spectroscopy, and analysis of solid products by scanning electron 
microscopy and energy dispersive x-ray analysis.  Many of the materials are classified as primary 
explosives due to their rapid combustion, and high sensitivity to initiation by spark, friction, and impact.  
An interesting feature of the materials is the production of gaseous products that rapidly convert to 
condensed phases upon cooling.  In the case of silver iodate and aluminum, the major products are 
nanoparticulate silver iodide (boiling point 1779K) and aluminum oxide.  For bismuth oxide and 
aluminum, the bismuth vapor product (boiling point 1837K) may condense as bismuth metal and/or react 
with oxygen from air to re-form bismuth oxide (boiling point 2163K).  Additional oxidizers studied are 
bismuth iodate, copper iodate, zinc iodate, molybdenum oxide, and iodine oxide, with particle sizes 
varying from 50 nanometers to 5 micrometers.  The iodate compounds were prepared by aqueous 
precipitation methods.  The aluminum and silver iodate mixture appears to be particularly well suited for 
application in electric primer compositions for medium caliber gun ammunition. 

 
 

INTRODUCTION 
 

Molecular C-H-N-O explosive materials are typically designed to maximize the amount and rate 
of production of light-weight gases, giving high detonation velocities and pressures that lead to high 
velocity case fragments.  New composite inorganic explosives, such as aluminum/bismuth oxide and 
aluminum/silver iodate, have very different material properties.  Table I lists some key features of these 
two classes of explosive materials. 

 
Table I.  Properties of explosive compositions based on theoretical detonation reactions.a 

Composition density, 
g/cc 

Enthalpy, 
kJ/cc 

Enthalpy, 
kJ/g 

mole gas/cc 
(hot) 

gas molecular 
weight 

2 Al + AgIO3  Al2O3 + AgI 4.74 22.0 4.65 0.028 (Ag + I) 117 
2 Al + Bi2O3  Al2O3 + 2 Bi 7.19 15.2 2.12 0.034 (Bi) 189 
2 Al + MoO3  Al2O3 + Mo 3.91 18.4 4.70 0.009b 102b 
HMX 1.90 11.7 6.18 0.064   27 
TNT 1.65 8.9 5.40 0.042   29 
Pb(N3)2  Pb + 3 N2 4.80 7.4 1.55 0.066   73 

aThe mole gas/cc for the inorganic compositions is based on adiabatic reaction (i.e., complete reaction with no 
energy loss), whereas the enthalpy of reaction is based on enthalpies at room temperature (i.e., heat of detonation, 
with water vapor and CO2 products).  The observed heat of detonation for TNT is lower, in the range of 6.6-7.0 

kJ/cc due to formation of CO product.   bValue taken from “Theoretical Energy Release of Thermites, Intermetallics, 
and Combustible Metals”, S. H. Fischer and M. C. Grubelich, Proc. 24th Intl. Pyrotechnics Seminar, 1998. 
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From Table I, the inorganic 
compositions have comparatively higher 
densities and reaction enthalpies, while 
producing less gas at high temperature, with the 
gases condensing to solid products on cooling 
(boiling points are 1837K for Bi, 1779K for AgI, 
2435K for Ag, and 457K for I2 (which 
dissociates to atomic I above 1470K)).  Primary 
explosives such as lead azide and lead styphnate 
have properties of both the inorganic and 
organic explosives.  They have higher densities, 
high detonation velocities, and they produce 
both condensable and non-condensable gases.  
While reaction kinetics are much slower for the 
inorganic composites compared to detonating 
energetic organic compounds, we have found 
these materials in nanoparticulate form to be 
useful for gun primer applications.  The 
materials should also provide controlled blast 
characteristics.  Silver-containing composites 
could be useful in anti-microbial applications, 
including biological agent defeat, due to the high 
activity of nanoparticulate silver.1  Reaction 
propagation rates can be varied over wide ranges 
by changing particle sizes.2,3  Nanoscale 
thermite mixtures are typically referred to as 
MIC (metastable intermolecular (or interstitial) 
composite) materials.4  A critical issue limiting 
development of the inorganic explosives is 
uncertainty in the rate of gas condensation, 
which will greatly influence blast performance, 
and is beyond the scope of current modeling 
efforts.  Also, little is known about the behavior 
of consolidated samples.  Preliminary accounts 
of portions of this work have been submitted.5 
 

EXPERIMENTAL 
 

Aluminum powder (80 nm, metallic 
aluminum content approximately 72%) was 
obtained from NanoTechnologies, MoO3 was 
obtained from Climax Engineered Materials, and 
Bi2O3 was obtained from Sigma-Aldrich.   The 
iodate compounds were prepared by 
precipitation using known procedures modified 
to promote the production of nano-sized 
particles.  Silver iodate was prepared by adding, 
at about 1 milliliter (mL) per second (sec), a 
solution of 6.02 g AgNO3 in 25 mL water to a 
solution of 7.86 g NaIO3 in 170 mL water with 
stirring.  The precipitate was filtered and washed 

with water, ethanol, and ether, then dried in an 
oven for about 22 hours (h) at about 326K to 
give a 97.4% yield.  Copper iodate and zinc 
iodate were prepared by a similar aqueous 
precipitation process.  Bismuth triiodate was 
prepared by rapidly adding a bismuth nitrate 
solution in 5% HNO3 (vs. concentrated) to an 
HIO3 solution.  The precipitate was filtered and 
washed with water, ethanol, and ether, then 
dried for about 6 h at about 400K to dehydrate 
the product.  Commercial I2O5 was reduced in 
size to 1690 nm by ball milling.  Particle sizes 
for the oxidizers were determined by surface 
area analysis, and are listed in Table II below. 

Safety precautions and warning:  
Energetic nanocomposites in general should be 
handled with extreme care.  These materials are 
often as sensitive as common primary 
explosives, such as lead azide and lead 
styphnate.  Suitable safeguards include, but are 
not limited to, safety glasses, lab coat, proper 
grounding of personnel and equipment, antistatic 
or conductive containers, grounding wrist straps, 
conductive gloves, and hearing protection.   

Preparation of Al/AgIO3 
nanocomposite.  A mixture containing 0.212 g 
of aluminum powder and 0.788 g of AgIO3 
powder in 30 mL of hexane was treated with a 
400-Watt Branson Sonifier using 75% 
amplitude, 0.5 sec pulse and 0.5 sec delay for 2 
minutes (min) of total pulse time.  The product 
was filtered through filter paper and the resulting 
cake broken up into a fine powder using a 
grounded metal spatula.  The product was 
transferred into a conductive polyethylene vial 
and dried under vacuum for 1 h.  The Al/Bi2O3 
and Al/MoO3 nanocomposites were prepared in 
the same manner.  Scanning electron microscope 
SEM) images for two of the nanocomposites are 
shown in Figure 1. 

Preparation of Al/Bi(IO3)3 
nanocomposite.  A slurry of 0.217 g of Bi(IO3)3 
in 20 mL of hexane was pre-treated with a 100 
Watt GE Ultrasonic Processor at 100% 
amplitude, 0.5 sec pulse on, 0.5 sec pulse delay 
for 3 min.  0.071 g of aluminum powder was 
added to the slurry.  The resultant slurry was 
sonicated and the product mixture isolated as 
described above. 

Preparation of Al/Cu(IO3)2·H2O 
nanocomposite.  A solid mixture of 0.297 g of 



-161- 

aluminum powder and 0.728 g of Cu(IO3)2·H2O 
powder was dry mixed for 1 min by shaking in a 
100 mL polyethylene bottle.  The mixture was 
transferred into a 30 mL polyethylene cup, 25 
mL of hexane was added, and the resultant 
slurry was sonicated and the product mixture 
isolated as described above. 

Table II lists data on the particle size of 
the oxidizer and the sensitivity to electrostatic 
discharge (ESD) and friction for the 
compositions.  Some of the compositions are 
extremely sensitive to initiation by both ESD 
and friction. 

 

  
Figure 1.  SEM images of Al/AgIO3 (left) and Al/Bi2O3 (right) nanocomposites. 

 

Table II.  Oxidizer particle size and sensitivity data for compositions containing 80-nm Al. 
Composite Oxidizer particle 

sizea, nm 
ESD 

sensitivityb, mJ 
Friction sensitivityc, 

N 
2 Al + AgIO3 235 0.90 Fired at 0.05 N 
6 Al + Bi(IO3)3 62 0.121 Fired at 0.2 N 
4.7 Al + Cu(IO3)2•H2O 800 2.5 - 
0.7 Al + I2O5 1690 - - 
2 Al + Bi2O3 320 <0.004 Fired at 0.05 N 
2 Al + MoO3 50 0.04 Fired at 0.05 N 
Pb(N3)2  7d  

aAn averaged oxidizer particle size was calculated from the specific surface area, which was determined by the BET 
(Brunauer, Emmett, Teller) method.  bMaterials that initiate at 250 millijoules or higher are considered to be 

insensitive to ESD.   cFriction sensitivity tests were conducted using a small BAM (Bundesanstalt fur 
Materialprufungen) tester.  dWikipedia (http://en.wikipedia.org/wiki/Lead_azide). 

 
High-speed digital video imaging was 

conducted with a Photron Ultima APX camera 
(at 100,000 frames per second (fps), 128 X 32 
pixels). 

Scanning electron microscopy (SEM) 
and energy dispersive x-ray spectroscopy (EDS) 

analysis were conducted on a Zeiss model EVO-
50 instrument.  Brunauer, Emmett, and Teller6 
(BET) surface area measurement was conducted 
by nitrogen adsorption using a Quantachrome 
Autosorb-1 Automated Gas Sorption System. 
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RESULTS AND DISCUSSION 
 

The reactivity of nanocomposite 
powders of 80-nm Al with inorganic oxidizers 
was studied by spark-igniting 7-30 mg samples 
placed on inverted aluminum pans, and visually 
observing the reaction and its effect on the 
aluminum pan.  Rapid reaction of the 
nanocomposites causes a dent or hole to form on 
the aluminum pan.  Silver iodate was the most 
effective oxidizer, with 9 mg of nanocomposite 
sufficient to form a hole in the pan (see Figure 
2).  The depth of the dent can be used in 
comparing and optimizing the reactivity of 
nanocomposites, providing for rapid evaluation 
of laboratory samples.  In Figure 3, the dent 
depth per gram of sample is determined for 
different ratios of fuel and oxidizer, in order to 
find the optimum stoichiometry.  In these 
experiments, the optimum stoichiometry varies 
with the oxidizer, and is generally higher than 
the theoretical value of 2.  The Al/MoO3 
composite gave the lowest pan deflection by 
weight, consistent with its low gas production 
listed in Table I (due to the high boiling point of 
Mo product).  The pan deflection was 594 mm/g 
for the Al/Bi(IO3)3 composite, slightly higher 
than the value for Al/Bi2O3 (517 mm/g).  The 
pan deflection was 465 mm/g for the Al/I2O5 
composite and 1088 mm/g for Cu(N3)2, while no 
dent was observed for the Al/Cu(IO3)2•H2O and 
Al/Zn(IO3)2•nH2O materials. 

The pan test experiments were studied 
by video imaging at 100,000 fps to gain 
information about the ignition time, burning 
time, and time for hole formation.  Two front-
surface mirrors provided an image with views of 
both the top and bottom of the aluminum pan 
supported by a transparent disk (see Figure 4).  
Figure 5 shows high-speed video images of the 
reactions of four nanocomposite materials, along 
with images of the spark from a header used to 
initiate the samples.  In images 7-30 of the spark 
(top row in Figure 5), the light emission is 
mainly due to combustion of copper ablated 
from the header.  The species CuO and Cu2 were 
identified by emission spectroscopy, as shown in 
Figure 6.  For the first three nanocomposites in 
Figure 5, a hole formed in the pan, as evidenced 
by a bright region in the lower half of the 
images.  Photographs of the pans in these tests 
are shown in Figure 7.  Table III lists the time 
interval between first light from the spark and 
first light from the sample, along with the times 
for hole formation and peak brightness of the 
fireball.  Ignition occurs fastest for the sample 
with Bi2O3, with hole formation following in 
about 10 microseconds.  The AgIO3 sample is 
the second-fastest to react, with hole formation 
following in about 20 microseconds.  Expansion 
of the fireball occurs more slowly for the 
Bi(IO3)3 and MoO3 samples, with hole formation 
following initial reaction by 130 microseconds 
for Bi(IO3)3. 

  

  
Figure 2.  Aluminum weighing pans showing 

holes formed during reaction of a 9-mg 
sample of Al/AgIO3 nanocomposite (left) and 

a 9.7-mg sample of Pb(N3)2 (right).  The 
sample was placed on top of the inverted pan.  

The pan thickness is 0.11 mm and the 
diameter is 44 mm (across the top surface as 

shown). 

 

 
Figure 3.  Pan dent depth per gram sample 

plotted against the molar ratio of Al to 
oxidizer (the stoichiometric ratio is 2). 
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Figure 4.  Photograph of pan test setup for imaging at 100,000 fps, showing the view in a mirror 

placed above the pan and a transparent support.  The top surface of the pan appears in the top half 
of the figure, while the bottom surface of the pan appears below, as reflected in a second mirror 

placed below the pan.  The red box outlines the area imaged by the high-speed camera, including 
the center of the pan where the sample is placed (at the top of the image), and a full vertical slice of 

the bottom of the pan.  The top of the imaged area also includes the end of the header (0.45 cm 
diameter, placed above the pan) used to initiate the samples. 

 
Spark from Header 

 
Al/Bi2O3, 18.6 mg 

 
Al/AgIO3, 18.6 mg 

 
Al/Bi(IO3)3, 28.2 mg 

 
Al/MoO3, 18.6 mg 

 
Figure 5.  Images showing spark initiation of nanocomposite powders.  The top row of images is 

from a ~2000 volt discharge from a header (visible at the top of the second image) in the absence of 
a reactive material sample.  The images were recorded every 10 microseconds. 
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Figure 6.  Emission spectrum from the spark 
along with peak assignments for transitions 

associated with gas-phase CuO and Cu2. 

 

Table III.  Summary of imaging results at 
100,000 fps. 

Composite, 
mass, mg 

Ignition 
time, 

µs 

Time 
to 

hole, 
µs 

Time to 
peak 

brightness, 
µs 

Al/Bi2O3 18.6 40 50 ~80 
Al/Bi2O3 28.0 40 50 60 
AlAgIO3 18.6 100 120 ~140 
Al/AgIO3 13.4 240 260 270 
Al/Bi(IO3)3 28.2 130 260 ~280 
Al/MoO3 18.6 100 - ~700 
 
 

The aluminum pans all show residues 
that reflect the high boiling point of the expected 
products.  The black residue for the Bi2O3 
sample (see Figure 7) is attributed to 
condensation of bismuth vapor (boiling point 
1837K).  If not rapidly quenched by a cool 
surface, the hot bismuth product readily re-
oxidizes back to Bi2O3 in air, forming a light 
yellow powder similar to the original reagent.  
Figure 8 shows an experiment designed to show 
the spatial extent of the Bi product and its re- 
oxidation.  Black Bi metal deposited out to about 
one inch on the wires, where the deposit 
changed to a yellowish white fine powder.  The  

Al/Bi2O3, 18.6 mg 

  
Al/AgIO3, 18.6 mg 

  
Al/Bi(IO3)3, 28.2 mg 

  
Al/MoO3, 18.6 mg 

  
Figure 7.  Photographs of the top (left) and 
bottom (right) of Al pans used to support the  
nanocomposite samples in the video imaging 
experiments.  For Al/MoO3.,some pieces of 
solid residue moved during handling from 
their original position at the center of the 
pan. 
 
fireball reached two inches high, indicating that 
the air oxidation of bismuth occurs in the 
fireball.  For Al/MoO3, a loose black solid 
residue formed (see Figure 7), as the initial Mo 
product is not vaporized due to its high boiling 
point (4912K). 

Products from the reaction of Al and 
AgIO3 were collected on copper plates for 
analysis by scanning electron microscopy (SEM) 
and energy dispersive x-ray spectroscopy (EDS).  
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A 20-mg sample was placed at the center of one 
copper plate, and a second plate was placed 10 
mm above the first plate.  Residue collected on 
the top plate at a point directly above the sample 
consists mainly of micron-scale globular 
structures, as shown in Figure 9.  The 
approximate atomic composition from EDS 
analysis of the region shown in Figure 12 is 37 
at.% O, 40% Al, 4% Ag, 3% I, and 15% Cu 
(from the copper plate).  This material is highly 
enriched in Al compared to the starting material, 
which contains 2.5 Al atoms per Ag atom.  
Residue from a region 13 mm away from the 
center of the top plate is shown in Figure 10.  
This residue is a mixture of spherical micron-
sized particles and ~100-nanometer particles.  
The approximate atomic composition in this 
region is 18 at.% O, 13% Al, 8% Ag, 7% I, and 
54% Cu.  Spot EDS analysis indicates that the 
micron-sized particles are mainly aluminum 
oxide, while the nanoparticles are mainly AgI.  
The center region is probably the hottest region 
during the reaction, and the globular structure 
suggests deposition of molten aluminum oxide 
(m.p. 2327K).  This region could be depleted of 
Ag and I by transport of AgI vapor (b.p. 1779K) 
to cooler regions. 

 

 
Figure 8.  Photograph showing residues after 

spark initiation of 24 mg of Al/Bi2O3.  The 
two wires crossed at 90 degrees were placed 
above the sample to collect residues from the 
reaction.  The third wire placed at an angle 
carried the spark from a tesla coil used to 

ignite the sample. 
 

 
Figure 9.  Scanning electron micrograph of 
residue from initiation of Al/AgIO3.  This 

residue deposited on a copper plate 10 mm 
above the center of the sample.   

 
Figure 10.  Scanning electron micrograph of 

residue from initiation of Al/AgIO3.  This 
residue deposited on a copper plate at a point 

13 mm away from the center of the plate.   
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Continuum emission spectra were initially obtained for samples of Al/MoO3, Al/AgIO3, and Al/Bi2O3, 
and contained no band structure or line features from 350 to 650 nm.  When the samples were initiated 
with a higher voltage spark (~2000 volts), line and band features were observed, shown in Figures 11-13.  
These spectral features are consistent with transitions between discrete energy levels, such as for gas 
phase reactions of metal and metal oxide.  Current efforts are directed toward identification of the 
emitting species. 
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Figure 11.  Sequential emission spectra of Al/MoO3 initiated with a ~2000-volt discharge 

through a spark header. 
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Figure 12.  Sequential emission spectra of Al/AgIO3 initiated with a ~2000-volt discharge 

through a spark header. 
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Emission Spectra of 18.6 mg AlBi2O3

#1

0

20

40

60

80

100

120

140

160

180

200

385 405 425 445 465 485 505 525 545 565 585 605

Photon Energy (nm)

In
te

ns
ity

 

Emission Spectra AlBi2O3

0
10
20
30
40
50
60
70
80
90

100

385 405 425 445 465 485 505 525 545 565 585 605

Photon Energy (nm)

In
te

ns
ity

 
Figure 13.  Sequential emission spectra of Al/Bi2O3 initiated with a ~2000-volt discharge 

through a spark header. 
An electric primer composition containing 80-nm aluminum and 235-nm AgIO3 was tested for 

performance in 20-mm all-up rounds, and compared to the standard M52A3B1 composition containing 
lead styphnate, and a lead-free composition containing 80-nm Al and MoO3.  The results in Table V show 
that these primers all meet the 4 ms action time requirement, and that the silver iodate composition 
exhibits excellent low temperature performance.  The action time is the time interval from the application 
of the electrical firing pulse to the cartridge's projectile clearing the muzzle of the gun barrel.  Primers 
made with silver iodate with loadings of 20 to 40 weight percent all gave good all-up round action times 
of less than 3.2 ms. 

 
Table V.  Primer compositions and action times for all-up round tests. 

Composition Action time at 
ambient, ms 

Action time 
at -65°F, ms 

29.4% Al + 42.1% MoO3 + 25% gas generant + 1.4% Kel-F + 2% C 3.19 ± 0.13 3.54 ± 0.15 
15% Al + 56% AgIO3 + 25% gas generant + 2% Kel-F + 2% C 2.98 ± 0.15 3.01 ± 0.02 
M52A3B1 2.75 3.01 
 
 

The silver iodate has several desirable 
properties that can make it superior to other 
oxidizers, such as MoO3,7 Bi2O3, and I2O5

8.  
Silver iodate is almost insoluble in water and 
does not form hydrates.  Molybdenum trioxide 
and I2O5 are not compatible with water loading 
processes (I2O5 reacts readily with water, 
forming iodic acid, which may necessitate 
addition of an acid-neutralizing stabilizer8).  
Silver iodate mixtures with nanoscale aluminum 
are less sensitive to ESD (see Table II), and 
provide higher energy densities (see Table I) 
than the corresponding mixtures with MoO3 and 
Bi2O3.  Silver iodate nanopowder could be easily 
produced on a large scale by a simple 
precipitation process. 

 

SUMMARY AND CONCLUSIONS 
 

A simple small-scale dent (pan) test was 
developed and found useful as a rapid laboratory 
material evaluation method for gas-producing 
MIC materials.  High speed video imaging of 
this pan test indicated that Al/Bi2O3 reacted 
faster than Al/AgIO3, Al/Bi(IO3)3, and Al/MoO3.  
Silver iodate is a highly effective oxidizer in 
electric primer compositions for medium caliber 
gun ammunition.  This was demonstrated by 
lower action times for silver iodate 
compositions, compared to 
aluminum/molybdenum oxide materials.  Air re-
oxidation of metal products readily occurs for 
small-scale thermite reactions. 

 



-168- 

ACKNOWLEDGMENTS 
 

We thank Tom Lyle for assistance with 
high-speed imaging, and Dan Kline for 
assistance with SEM/EDS analysis.  Funding for 
this work was provided by the Defense Threat 
Reduction Agency Basic Research Program, the 
Environmental Security Technology 
Certification Program, and the Naval Air 
Warfare Center. 

 
REFERENCES 

 
1. Morones, J. R., Elechiguerra, J. L., Camacho, 

A., Holt, K., Kouri, J. B., Ramirez, J. T. and 
Yacaman, M. J., Nanotechnology 16 (10), 
2346 (2005). 

2. Bockmon, B. S., Pantoya, M. L., Son, S. F., 
Asay, B. W. and Mang, J. T., Combustion 
Velocities and Propagation Mechanisms of 
Metastable Interstitial Composites, J. Appl. 
Phys. 98, 064903-1 to 064903-7 (2005). 

3. Pantoya, M. L. and Granier, J. J., Combustion 
Behavior of Highly Energetic Thermites:  
Nano versus Micron Composites, Propellants, 
Explosives, Pyrotechnics 30 (1), 53-62 
(2005). 

4. Danen, W. C. and Martin, J. A., Energetic 
Composites, U. S. Patent 5,266,132, 
November 30, 1993. 

5. (a) Johnson,C. E., Higa, K. T., Albro, W. R., 
Thompson, D., and Schilling, T. J., 
Combustion of Nano Aluminum with Metal 
Iodates and Metal Oxides, JANNAF May 
2008 Meeting, Boston, MA, (b) Albro, W. R., 
Lyle, T. M., Atwood, A. I., Johnson, C. E., 
Higa, K. T. and Rattanapote, M. K., 
Ensemble Combustion Studies of Metal 
Fuels, JANNAF May 2008 Meeting, Boston, 
MA. 

6. Brunauer, S., Emmett, P. H., and Teller, E., J. 
Am. Chem. Soc. 60, 309 (1938). 

7. Dixon, G. P., Martin, J. A. and Thompson, 
D., Lead-Free Percussion Primer Mixes 
Based on Metastable Interstitial Composite 
(MIC) Technology, U. S. Patent 5,717,159, 
February 10, 1998. 

8. Rose, J. E., Elstrodt, D. and Puszynski, J. A., 
Lead-Free Pyrotechnic Composition, U. S. 
Patent 6,663,731, December 16, 2003. 

 



-523- 

SAFETY IN EXPLOSIVE AND PYROTECHNIC MANUFACTURE 
 

 

Dr. N.V. Srinivasa Rao 

Premier Explosives Ltd., Secunderabad, A.P. 

 
ABSTRACT 

 
Explosives and pyrotechnics are of immense value in many peaceful pursuits in mining, 

quarrying, making fireworks, signal lights and rackets and many other peace time activities.  The 
country’s progress can be related to the production and use of explosives and pyrotechnics. 
 

The contributing factors for production in any industry are man; material and machine.  Safety is 
interlinking with all the factors.  Production at the cost of safety should be of serious concern to any 
management and workmen.  As the explosives are very sensitive; a lot more care is to be taken during 
manufacturing; handling and usage.  Any deviation from standard practice will create havoc.  The author 
of this paper has selected ten important factors which are very essential for safety of manufacturing; 
handling and usage of explosives / pyrotechnics and discussed in detail in this communication. 
 
INTRODUCTION 
 

 An explosive material is a material or a mixture of materials which following activation liberates 
gases and heat due to fast exothermal chemical reaction. 

 
 Explosive substances include all chemicals; Pyrotechnics and matches.  These substances are 

very reactive and require no oxygen from the atmosphere for the reaction to take place. 
 

 As the sensitivity of these materials is very high; any abuse of materials will create accidents 
which are not desirable.  

 
 An accident is an unplanned, uncontrolled and undesirable event.  It is a sudden mishap which 

interrupts an activity or function. 
 

 In fact chances of accidents in explosive manufacturing are less when compared to other chemical 
manufacturing industries as it is well known that explosives are very dangerous and all 
precautions will be taken during manufacturing.   

 

 Where as in chemical manufacturing, the working personnel may consider their activities safe 
because of their ignorance and may not take all the required safety precautions. 

 

 This unknown chemistry of chemicals may create accidents due to lack of knowledge to working 
person. 

 
 Keeping in view the reactivity and hazardous nature of explosives, to prevent accidents; during 

manufacture, use and store a lot more attention is to be paid for safety of the persons; material; 
machine and environment. 
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 The contributing factors for production; are Man Material method and Machines.  Safety is 
interlinked with all the factors. 

 

 Production achieved at the cost of safety should be of serious concern to any management and 
workmen. 

 
 The following are some of the important precautions one should take during the usage, handling 

and manufacture of explosive substances. 
 
1.0 NEVER FORGET BASIC RULES 

 
 In designing a project or making a work place for explosive manufacturing; the basic very 

important three points which are to be given maximum importance are 
 

 The persons present in the premises for operation should be as minimum as possible. 
 

 The quantities of materials present should be as minimum as possible. 
 

 The time required for handling these materials should be as minimum as  possible. 
 

 All the manufacturing buildings will have man limit and  explosive limit.  These limits should be 
as minimum as possible and should be adhered to these limits strictly. 

 
 In a recent accident that has taken place near Nasik, India; the explosive quantity in the building 

appears to be very high when compared to the actual limit of the building and the accident has 
become ghostly and around 20 people died and building completely collapsed. 

 
 In an accident that has taken place in 1998 in Tamilnadu; in a detonator manufacturing shop 

around 20 people died.  There was a heavy damage to the equipment and building also.  It is 
understood that every operator in that shop will collect the total quantity of explosive required for 
him in that shift and keep in his work place and handover the manufactured explosive as a whole 
at the end of the shift.  It indicates that the operator is exposed to high quantity of explosive 
during his work.  Instead of this a system of inflow and outflow of explosive material at a 
predesigned time and gap might  have avoided the problem. 

 
Hence the first and the foremost point to be kept in mind for safety is  

 
 Maintain explosive limit and man limit in the building 

 
 Avoid exposing too much explosives to man and machine 

 
 Design the process in such a way that explosives will be handled for a minimum  time 

possible. 
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2.0 KNOW THE MATERIAL FULLY 
 

 Persons handling the explosive materials should be familiar with  their basic safety properties. 
 
 The important characteristic to be known are 
 

   Sensitivity 

   Compatibility 

   Chemical stability 

   Effect of ignition and initiation 
 

 One should gather information on the above properties of the material in question. Before 
handling the material; test the material for the above characteristics and ensure the safety in 
handling. 

 
 Material safety data sheets of the material should be made available to all the persons involved in 

the operation.  If it is a  mixture of different substances MSDS of all the individual ingredients 
should be read and understood.  Each one involved in the manufacture, handling and use of 
explosives should know Dos and Donts. 

 
 Unless one is very sure of the material properties the material should not be handled. 

 
 The data makes it possible to understand the various risks involved in handling and processing 

the material. 
 

 Once the risks involved and damage extents are known the required safety measures can be taken 
to avoid any unwanted incidents. 

 
3.0 USE ONLY AUTHORISED TOOLS 
 

The tools used in the processing of explosives should be designed in such a way that the materials 
are not exposed to 

 

 Friction  
 

The tools should be designed in such a way that grit cannot enter threaded portions, bearings etc.  
Foreign bodies and impurities should not enter into the system. 

 
 Mechanical impact 

 
Only authorized tools should be used at work place.  Non sparking tools made of wood, copper, 
brass or soft metal or material covered with safe and suitable material only should be used. 
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 Exothermic chemical decomposition 
 

Accidental explosions have occurred in cases where explosive materials that have been made 
chemically instable by impurities or heating, have been enclosed in a ball valve or between the 
walls of a double wall pipe.   Whenever such possibilities exist the equipment / apparatus must be 
controlled and cleaned regularly. 

 
 Heating / Fire 

 
The equipment / apparatus used for manufacture of explosive materials and are heated electrically 
shall be equipped with several independent protection systems against over heating. 

 
 Electrostatic discharges 

 
Static electricity is also very prominent in production of very sensitive explosive materials.  
Earthing of all components, equipment, tools & men is very very important to avoid accidental 
initiation of explosives by static discharge. 

 
4.0 DESIGN EQUIPMENT SUITABLY 
 

It is important to consider the possibilities of irregular performance of equipment and the ease 
with which can be cleaned, during design stage itself. 

 
The following should be considered. 

 
 Material of construction 

 

The material selected for the construction should not have any reactivity with the explosives that 
are being manufactured. 

 
The use of high mechanical strength material may increase the risk of accidental explosives. 

 
 Free space around moving parts 

 

No explosive material should get squeezed between moving parts of an equipment.   A foreign 
object e.g., any tool may also create a similar hazard. 

 
The free space around moving parts should either be so large that the introduction of another 
object will not be able to create hazardous stresses or so small that another object will not be able 
to enter the space 

 
The point to be given maximum importance during design and construction of equipment is that 
complete cleaning or inspection of the equipment can be carried out daily in a effective way and 
without compromising on safety. 
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5.0 HAVE WRITTEN DOWN PROCEDURES AND INSTRUCTIONS 
 

In any explosive manufacturing process; it is very important that all the operations should be 
carried out in the designated way. For this the operator should have the required knowledge, 
experience and understanding to do the work with utmost importance to safety. 
 
A very well written work instructions in English and in the local  language should be displayed in 
the work area. These work instruction should be easy to understand. 
 

The work instructions should give 
 

 Properties of the explosive materials 
 

 Operations to be undertaken 
 

 Risks associated with the work 
 

 Safety regulation to ensure safe work procedures 
 

 Measures to be taken in case of deviation from normal material and process conditions. 
 

 House keeping 
 

 Cleaning schedules 
 

 Control and maintenance of production equipment    
 
6.0 CONTINUOUS TRAINING 
 

 Adequate process safety management in explosives manufacturing requires careful planning and 
implementation. 

 
 Clear understanding of explosives safety principles and safety practices is essential for accident 

prevention. 
 

 An update of knowledge on development in the manufacturing  processes and safety procedures 
is an important factor. 

 
 Adequate knowledge on materials, equipment maintenance; shut  down procedures and start up 

Safety reviews are also very important.  
 

 For the above; training and certification to the operators and line  managers is always essential.  
These trainings shall provide and demonstrate basic needs of explosive safety and job specific 
knowledge. 

 
 The employee participation reviews & programmes should resolve all the safety related issues 

and should also include  workmen. 
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7.0 CONDUCT AUDITS REGULARLY 
 

 Safety inspections of manufacturing facilities by managerial staff, senior management and third 
party experts is essential due to their potential for catastrophic accidental explosions. 

 
 The audits should be designed in such a way that all the critical  parameters; all equipments; 

records are inspected and verified.  It is  important to cover interviews with operators also.     
  

 A well written audit report, implementation of findings and post  implementation audit is very 
important.  Follow up of top management and senior management personnel is essential for this. 

 
8.0 MAINTAIN GOOD HOUSE KEEPING 
 

Good house keeping is very important for any explosive handling facility; whether it is storing, 
manufacturing or using. 
 
Every building should have a list of items which are to be present in that building.  No item other 
than listed should be available in the building. 
 
Every article should have a designated place.  The article should be placed in the  same place after 
using. 
 
No spillage should be allowed. If there is any spillage during handling it should be collected and 
destroyed as per the procedures. 
 
Floor should be cleaned and wetted. 
 
Every building should have two separate waste bins. 
 
One for explosive waste and other for normal waste. 

 
9.0 USE DESIGNATED PLACE ONLY FOR THE DESIGNATED PURPOSE 
 

Use one room for one purpose only. 
 
Unlike other manufacturing activities; explosive manufacturing can’t be carried out in a common 
shed; starting from raw material  through various steps to final product. 
 
Each process / operation should be carried out in separate building. 
 
The distance between two buildings should be as per the rules.   The inner safety distance and 
outer safety distance should be maintained as decided. 
 

The inner safety distances and outer safety distance are decided by statutory authorities to isolate 
the effect of unusual occurrence  specific to the building & factory. 
 
Have separate store & process room 
 
Explosive store should be separate from; process building. 
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Stores is ment for storing explosives.  In general the material stored in this building will be more 
when compared to process building. 
 
Explosive store need not be manned always where as process building should be manned.  
 
So at any time; store building can’t be used for processing. 
 
Similarly processing building can’t be used for store. 
 
Explosive stores will be away from process building. 

 
10.0 FOLLOW PREDETERMINED MAINTENANCE SEHEDULES 
 

In any explosive handling systems all the equipments used should be maintained properly. 
 
Before starting the activity, one should be sure about the  functioning of the equipment.  It is 
advisable to do dummy operation and ensure that equipment is functioning normally. 
 
There should be history cards for all equipments; so that the person operating the equipment will 
know completely about the equipment. 
 
A written down maintenance schedules to prevent break downs should be made and follow the 
schedules. 
 
Decide on the life of the components and change the components. 
 
This can avoid break downs during operation and unwanted incidents during operation. 
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CONCLUSION 
 
 
Unlike any other chemical manufacture; explosive manufacturer’s hazardous in nature. 
 
Any body handling the explosive should follow the safety guide lines and treat explosive like explosive. 
 
The important safety precautions discussed are: 
 

1. Never forget basic rules 
 

2. Know the material fully 
 

3. Use only authorised tools 
 

4. Design equipment suitably 
 

5. Have written down procedures and instructions 
 

6. Continuous training 
 

7. Conduct Audits regularly 
 

8. Maintain good house keeping 
 

9. Use Designated place only for designated purpose 
 

10. Follow predetermined maintenance schedules 
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ABSTRACT 
 
Pyrotechnic compositions are often compacted to impart cohesion to the material.  Although 

greatly increasing the structural strength, it can lead to a brittle pellet, which may suffer from loss of 
integrity when handled or deployed.  In an effort to improve the resilience of compacted pyrotechnic 
compositions and increase their safety properties, an investigation was commenced into the use of 
thermosetting resins as binders for pyrotechnic compositions.  The pyrotechnic formulation, a potassium 
perchlorate and potassium benzoate whistle composition, was kept simple for the initial studies, yet 
relevant to commercially available products.  A series of tests were conducted on the stability and 
physical properties of this composition when it was mixed with either an inert binder (HTPB) or an 
energetic binder (PolyGLYN).  The results presented show a promising trend in the use of these binders 
with some compaction still required to maximise the solids loading and remove porosities.  The HTPB 
binder seemed to impart improved safety properties and could incorporate a higher solids loading than the 
PolyGLYN.  Further studies will aim to look at pyrotechnic burning properties, the scaling-up of sample 
size and the increase in pellet size. 
 
 

INTRODUCTION 
 
Many pyrotechnic compositions are 

used in a pressed state often with simple binders 
to hold the particles together.  Stresses from 
normal transport, storage, or deployment can 
cause defects that weaken the adhesion between 
the particles resulting in a poor function or a 
dangerous incident.  In the area of propellants 
and high explosives, composite cast-cured 
polymers have proved successful in providing 
new mechanical properties to historically well-
used formulations [1, 2].  The challenge arises to 
integrate this technology with the pyrotechnic 
field and gain the same advantages. This format 
is expected to impart a greater safety factor to 
the system by decreasing the vulnerability to 
mechanical stimuli while maintaining the 
performance characteristics of the composition.  
The philosophy of improving safety in explosive 
platforms is shared internationally in 
formulating energetic materials and this polymer 
based mitigation method promises to be an 
advantage. 

 

For this study a simple pyrotechnic 
formulation was considered appropriate to 
reduce the involvement of variables.  A whistle 
formulation of potassium benzoate and 
potassium perchlorate was chosen.  

 
Another advantage offered by curing 

polymers is that they can provide an energetic 
boost to the performance of a pyrotechnic.  Poly-
glycidyl nitrate (PolyGLYN) is an energetic 
polymer that the Defence Science and 
Technology Organisation (DSTO) has 
experience incorporating into explosives.  
Hydroxy-terminated polybutadiene (HTPB) is 
an inert polymer commonly used in plastic 
Polymer Bonded eXplosives (PBXs), and 
provides an alternative model for comparison.  
In congruence with work in other energetic 
fields, we have called these systems Polymer 
Bonded Pyrotechnics (PBPs).  

 
The mechanical properties and 

sensitiveness of the various formulations are 
presented in this paper and discussed.  Also of 
pertinent interest are some of the problems 
found in producing the different samples and 
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methods to overcome some of these problems.  
These difficulties proved to be very much 
polymer specific.  Finally, future areas of 
investigation are offered. 

 
 

MATERIALS AND METHODS 
 

Polymer Mixes 
As with many polymer systems, the 

physical properties of the product can be varied 
by altering any number of the component 
quantities or curing parameters.  For these 
purposes a set of conditions were formalised 
with the variable being the solids loading.  This 
was seen as the most sensitive quality that would 
influence the burning character of the 
pyrotechnic.  The aim was to maximise this 
loading and so trials were first conducted with 
cast cured materials having 70% solids then 
increased to 80 and 85% once confidence in the 
mixing system was gained.  Higher solids 
loadings in this form were difficult to 
incorporate.  All cast-cured mixes were cured 
for at least 7 days at 60°C prior to any testing. 

 
Loadings of 90 and 95% were achieved 

with the pressed materials using a different 
system devoid of plasticiser and catalyst and 
incorporating a volatile solvent (ethyl acetate) to 
aid in the wetting of the solids with the binder.  
All pressed mixes were cured for at least 1 day 
at 80°C prior to any testing. 
 

To test the ease of combining the 
ingredients and observe any gross difficulties 
with the mixing process, small quantities (5 – 8 
g) of the desired mixtures were first prepared 
manually, and then scaled up to 30 g and 200 g 
in automated mixers.  All hand mixes and 
pressed mixes were performed at ambient 
temperature while the automated cast cured 
mixes were performed at 60°C to keep the 
viscosity low and improve mixing.  The 
polymers and plasticiser were degassed under 
vacuum at 60°C before use, and all mixtures 
were allowed to cure before any further testing 
or inspection.  

 
The order of mixing ingredients was 

determined from previous experience and once 

the polymer and plasticiser were thoroughly 
mixed together, the pyrotechnic fuel was added 
followed by the oxidising agent for the cast 
cured mixes.  However, for the pressed mixes 
the potassium benzoate was too adsorbent so the 
potassium perchlorate was added first to allow 
better incorporation of the solids within the 
binder. 

 
Compatibility Testing 

A series of tests were first performed to 
ascertain the safety and chemical interactivity of 
the ingredients to each other.  The chemical 
compatibility of the components of the proposed 
mixes was investigated by preparing mixes of 
the pyrotechnic ingredients with the binder 
ingredients in every binary combination that 
would be experienced in the final composition. 
These compounds were: 

 
• Potassium benzoate - fuel 
• Potassium perchlorate - oxidant 

• Hydroxy-terminated 
polybutadiene (HTPB) 

- inert 
polymeric 
binder 

• Poly-glycidyl nitrate 
(PolyGLYN) 

- energetic 
polymeric 
binder 

• Isophorone 
di-isocyanate (IPDI) 

- cross-linking 
agent 

• Desmodur N-100  
• (N-100) 

- cross-linking 
agent 

• Dioctyl adipate (DOA) - inert 
plasticiser 

• Glycidyl nitrate 
Oligomer  

- energetic 
plasticiser 

 
Five milligrams of each component and 

binary mixture was analysed by differential 
scanning calorimetry, as per STANAG 4515 [3].  
All binary mixtures were prepared in 50:50 
ratios and all analyses were performed on a TA 
Instruments Q10 Differential Scanning 
Calorimeter (DSC). 

 
Each binary mixture was also tested for 

compatibility by vacuum stability with a 
pressure transducer as per STANAG 4556 [4] 
but modified for local requirements of increased 
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safety.  A smaller amount of each component 
was used (2.5 g) in a glass test tube; the tube 
evacuated and then placed in a heating bath for 
48 hrs at 100°C with all testing done in 
duplicate.  The results are reported as gas 
evolved per gram of material. 

 
The same STANAG also specifies the 

procedure for a thermal stability test and this 
was performed on the cured 30 g mixes and two 
of the hand mixed samples.   

 
Sensitiveness Testing 

Four tests for sensitiveness of the cured 
material were performed according to their 
associated standards.  Sensitivity to friction was 
determined by the BAM test as recognised for 
transportation purposes [5].  A Rotter Impact 
apparatus was used to determine the 
sensitiveness to impact as detailed in test No 1A 
of the Manual of Tests [6].  The only deviation 
was that the number of replications performed 
was 25 rather than the suggested 50. 

 
For the Temperature of Ignition (T of I) 

the procedure followed was from [6].  But only 
one cast cured PBP mix had an easily 
identifiable reaction with the recommended 
amount of material (200 mg).  The test was 
repeated with approximately 300 mg of material 
for the other cast cured mixes to allow easier 
observation of a reaction.  The same higher 
quantity was also used for the pressed mixes. 

 
The ease of initiation from electrostatic 

discharge was tested as per Test No 7 [6].  The 
test was modified by performing only 25 
replicants and not the 50 recommended. 

 
Cast Pellets 

The mixes (80 and 85% solids) were 
cured in plastic beakers approximately 30 mm in 
diameter.  The beaker was cut away and the 
resulting disc-shaped surface was used to 
determine the hardness of the cured material.  At 
least 7 days was allowed for curing before any 
testing was performed.  

 
Pressed Pellets 

Machine pressing was used to produce 
pellets of the PBPs (90 & 95% solids) and the 

whistle composition.  A hydraulic Marlco Press 
was used with two types of moulds.  One mould 
having a diameter of 28.4 mm with a vacuum 
capability was used and another mould of 
diameter 25.4 mm without vacuum capability.  
This narrower size had a deeper well which was 
needed for the whistle composition to 
accommodate its higher bulk density.  The force 
used on the PBP was 20 kN for 30 seconds and 
the traditional whistle composition required 40 
kN for 30seconds. 

 
Hardness Testing 

The Shore “A” hardness was determined 
as per the method in ASTM D 2240 - 05 [7] with 
a Shore Durometer Type A Serial No. 90678 and 
Conveloader CV71200.  The durometer was 
calibrated to 60 units.  The maximum readings 
obtained for each of the five replicates per 
sample were recorded with the average of two 
samples reported. 

 
 

RESULTS 
 
Thermograms provided by the DSC 

showed that the binary mixtures were 
compatible with one another and any change in 
the heat flow occurred where one of the 
components was changing (melting).  The 
majority of peaks and troughs were sharp and 
easily identified.  The cross-linking agent 
Desmodur N-100 exhibited a slow change in 
heat flux when tested with potassium benzoate 
(approximately one-fifth of that seen with just 
the benzoate).  This may be due to the cross-
linking agent allowing the heat energy from the 
potassium benzoate to dissipate within its mass 
quickly. 

 
The vacuum stability test requires an 

acceptable level of gas evolution to be less than 
2 mL per gram of material.  As seen in Table 1 
no binary mix of ingredients exhibited a level of 
gas evolution above this quantity and so they 
were all considered to be compatible with one 
another.  It should be noted that GLYN 
Oligomer based mixtures did show higher gas 
production but it has been observed previously 
that GLYN Oligomer by itself under the same 
conditions also produces large gas volume and 
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this may be due to the inherent instability of 
nitrate esters [1].  When comparing each 
component with either potassium perchlorate or 
potassium benzoate the gas evolution was not 
significantly different. 

 

Table 1.  Chemical Compatibility by Vacuum 
Stability (48hrs @ 100°C). 

Binary Mixture Gas 
(mL/g) 

HTPB 0.14 
DOA 0.04 
IPDI 0.44 

PolyGLYN 0.36 
GLYN 

Oligomer 1.83 

Potassium 
benzoate 

N-100 0.76 

HTPB 0.12 

DOA 0.02 

IPDI 0.42 

PolyGLYN 0.47 
GLYN 

Oligomer 1.69 

Potassium 
perchlorate 

N-100 0.65 
 
 
For the next compatibility test, PBP 

mixes were tested for thermal stability.  They all 
exhibited acceptable levels of gas evolution as 
seen in Table 2.  It was evident that the solids 
loading of the inert binder mixes had some 
effect on the amount of gas produced although 
the quantity was negligible.  The energetic 
polymer, however, produced significantly more 
gas than the inert and this is a property of the 
material.  The energetic form of the pressed 
material showed much less gas evolution than 
the cast material due to the absence of the 
plasticising agent, GLYN Oligomer.  The inert 
binder pressed material gassed slightly more 
than the cast material but this was probably due 
to the volatile solvent in this mix. 

Table 2.  Thermal Stability under vacuum of 
cured PBP Mixes (48 hours @ 100°C). 

Formation 
method 

Solids 
Loading Polymer Gas 

(mL/g) 
Cast 70% Inert 0.34 
Cast 70% Energetic 1.33 
Cast 80% Inert 0.21 
Cast 80% Energetic 1.78 
Cast 85% Inert 0.19 
Cast 85% Inert 0.19 
Cast 85% Energetic 1.37 
Cast 85% Energetic 1.42 

Pressed 90% Inert 0.30 
Pressed 90% Energetic 0.39 

 
 
The sensitivity data listed in Table 3 

compares PBP mixes with the traditional 
mixture.  It can be seen that the inclusion of a 
rubber matrix around the whistle composition 
decreased the sensitiveness to electrostatic 
discharge greatly.  The value for the energetic 
polymer system only, i.e. with no pyrotechnic 
ingredients, was greater still indicating the 
pyrotechnic composition was the likely 
component that sensitised the mixes to ESD.  
This change remained consistent in the pressed 
compositions. 

 
The improvement in friction 

sensitiveness (by the BAM test) was significant 
for the mixes when compared to the whistle 
composition alone.  When combined with the 
pyrotechnic, the compositions sensitivity 
increased.  This possibly indicates that the 
PolyGLYN binder system, while imparting an 
improvement in friction due to its rubber 
properties, was also slightly sensitising the 
pyrotechnic composition.  Both pressed 
compositions exhibited results similar to the 
whistle composition alone indicating the benefit 
of the rubber properties had begun to decrease at 
the higher level of solids. 
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Table 3.  Sensitiveness Data for cured PBP Mixes, the Energetic Binder System and Whistle 
Composition. 

Composition Polymer Solids 
Loading ESD (J) BAM (N) F of I T of I (oC)

Cast PBP Energetic 80% 4.5 108 30 182 
Cast PBP Inert 80% 4.5 180 230 269 
Cast PBP Energetic 85% 4.5 108 30 175 
Cast PBP Inert 85% 4.5 160 200 271 

Pressed PBP Energetic 90% 4.5 108 70 392 
Pressed PBP Inert 90% 4.5 108 80 387 
PolyGLYN 

only Energetic 0% >4.5 160 150 175 

Whistle Comp Nil 97% 0.045 96 140 >400 
 
 

Results for the Rotter Impact test are 
reported as a Figure of Insensitiveness (F of I) 
relative to RDX, Grade F (which has an F of I of 
80) and rounded to the nearest 10 units.  It can 
be seen that the impact sensitiveness of the 
energetic binder mixes were much higher (lower 
F of I) than the whistle composition or the inert 
binder mixes.  Nitrate esters have been reported 
previously [8, 9] to sensitise mixes with 
ammonium perchlorate to friction and impact 
and it is possible that a similar effect was 
occurring with potassium perchlorate.  As the 
change in sensitiveness is not the same for both 
mix types, the mere increase in surface contact 
between the particulate oxidant (potassium 
perchlorate) and the initially fluid fuel (binder), 
when compared to the whistle composition with 
a particulate fuel (potassium benzoate) was 
unlikely to be the cause.  

 
However, this may have been a factor in 

the pressed mixes.  As the solids loading 
increases, one would expect the rubber 
properties to diminish and hence the sensitivity 
to increase, an effect that was observed when 
pressed mixes were compared to the cast mixes.  
With no plasticiser added to the pressed 
PolyGLYN mix, fewer nitrate esters were 
available to interact with potassium perchlorate 
but their effect would still be noticed when 
compared to the inert HTPB mix.  Since a value 
of 10 is considered insignificant (due to 

rounding) the factor that made the whistle 
composition more sensitive in the pressed mixes 
must be the physical intimacy of the oxidant 
particles to their coating of polymer fuel.  

 
The Temperature of Ignition results 

were accepted as valid if replicates ignited 
within 2°C of each other, and the lower 
temperature was reported.  The lower 
temperature of ignition seen in the mixes could 
be accounted for by the initial exothermic 
decomposition of smaller chained polymers, 
which then contributed heat energy to the 
pyrotechnic system.  The influence of the binder 
on the ignition temperature decreased with the 
quantity of binder, as seen in the pressed mixes 
and was similar to the T of I of the whistle 
composition alone.  The violence of the reaction 
at the T of I varied.  The pressed compositions 
(i.e. solids ≥ 90%) decomposed explosively at 
the T of I, whereas the cast compositions (i.e. 
solids ≤ 85%) just burnt.  

 
All the cast mixes could be removed 

from the moulds, with the inert binder mixes 
proving slightly easier.  Figure 1 shows 
examples of the cast mixes and no signs of solid 
particles or voids from particles falling out.  This 
indicates the particles were well coated and 
‘wetted’ by the polymer.  
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Figure 1.  Examples of fully cured 30 g energetic binder (left) and inert binder pyrotechnic mixes. 

 
 
Pressed mixes also showed good signs 

of incorporation and, due to the method of 
production, a higher solids loading could be 
achieved.  A vacuum mould was used for the 
PBP in an effort to remove any volatile vapours 
causing porosities.  Due to the lower bulk 
density of the traditional whistle composition, a 
taller mould was used.  Unfortunately it had a 
slightly smaller diameter.  

 
Table 4 lists the average hardness values 

determined for cast and pressed pellets.  It can 
be seen that the cast energetic binder mixes were 
harder than the cast inert binder system mixes.  
It also appears that the changes in solids loading, 
from 80% to 85%, had little to no effect on the 
energetic binder system mixes while the inert 
binder mixes did increase in hardness as the 
solids loading increased.  The inert binder mix 
showed a slight variation between batches, but 
not great enough to be significant.  

 
The pressed materials were harder by 

virtue of their greater solids loading and 
compression.  The Shore-A-scale peaks at 100, 
highlighting the fact that they were almost 
behaving like hard plastics and could be 
measured on a different scale (eg the Shore-D 
scale). 

 

Table 4.  Shore “A” Hardness of cured 
Polymer Bonded Pyrotechnic Mixes. 

Solids 
Load 

Polymer / 
Binder 

Method of 
Cohesion 

Hardness*
 

80% Inert  Cast A/50/1 
80% Energetic Cast A/80/1 
85% Inert Cast A/67/1 
85% Energetic Cast A/81/1 
95% Inert Pressed A/95/1 
95% Energetic Pressed A/95/1 
97% Anthracene Pressed A/96/1 

* Results reported showing the scale used (Shore A), 
the mean hardness value, and the time (seconds) that 
the Durometer presser foot is in contact with the 
material surface. 

 
 

DISCUSSION 
 
PolyGLYN is a high energy, high-

density liquid polymer with a low glass 
transition temperature.  It is used to form a 
rubber like material when cross-linked with 
isocyanates in explosives.  The plasticiser 
chosen for this work was GLYN Oligomer, a 
Class 1 (HD 1.3) energetic plasticiser.  From 
previous studies [6, 10] it has been determined 
to have better compatibility with PolyGLYN 
than some other energetic plasticisers.  
Migration is less and stability results are 
improved in these comparisons. 

 
With propellants and polymer-bonded 

explosives, a trade-off needs to be made 
between the energy produced by the ingredients 
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and the properties imparted by the polymer.  
With pyrotechnics, it was envisaged that the 
balance could be adjusted in an easier fashion 
since the polymer should also provide a fuel 
source for the oxidant. 

 
The compatibility and sensitivity results 

observed were well within safe ranges and 
showed promise in the concept of the PBP.  
From research experience with cast-cured 
explosives, the handling properties of the 
polymers were initially trialled with a low solids 
loading of 70%. 

 
Based on the improvement from small 

hand mixes to the 30 g mixes it was hoped that 
the up-scaling to 200 g would show 
improvement in solid loading capacity or ease of 
handling, pouring etc.  While the inert polymer 
showed favourable mixing and handling, this 
was not the case for the energetic binder mixes.  
The 85% solids loaded energetic mix was too 
dry; with a crumbling nature and the 80% mix 
appreciably harder to handle than the 70%.  Its 
thicker consistency allowed for the entrapment 
of bubbles in the cured mix (Figure 2).  The 
examples shown were vibrated before and after 
casting. 

 
It was also noted with the larger scale 

mixes that handling became more difficult as 
they cooled and as such, alternative methods of 
dispensing into moulds need to be investigated if 
the thicker or larger mixes are to be considered 
viable. 

 
Initially the concept for this project was 

to closely follow what had been achieved with 
rocket motors and PBX [11, 12].  For those 
formulations, it was found that a trimodal or 
bimodal particle distribution would lead to 
optimal performance.  For this work we 
simplified the system and used only two 
different sized particles with the potassium 
benzoate being in the ‘coarse’ range (less than 
200 µm) and the potassium perchlorate having 
finer particles (greater than 63 µm yet less than 
180 µm). 

 

 

 
Figure 2:  Examples of the 80% solids loaded, 

energetic PBP (top) and an inert PBP. 

 
As is apparent from Figure 2, the inert 

HTPB pellet appears very uniform and smooth.  
Its ease of removal from moulds and good 
handling and mixing qualities offer a strong 
promise for its use.  Further work to investigate 
the possibility of increasing the solids loading to 
90 or 95% in the cast-cured manner will be 
attempted. 

 
The capability of pressing the PBP 

allows for the incorporation of a higher solids 
loading and an increase in the hardness. Initial 
concerns of handling and curing without the 
presence of a plasticiser or catalyst were not 
realised. The fact that the hardness value is so 
close to the original whistle composition 
questions the presence of any rubber-like 
behaviour. Future tests on compression and 
flexure strength will answer whether the 
polymers impart a better cohesive strength than 
the traditional binding agent. 

 
The pressing process did allow for a 

simplification in the mixture.  A higher solids 
loading in the final result reduced the need for 
comparing cross-linking agents.  This meant that 
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the simpler IPDI could be used rather than the 
multi-linking Desmodur N100 since sufficient 
linkages would still be made within the polymer.  
The final pellet was also of a firmer consistency 
than the cast material but the ease of pressing 
larger quantities is another variable that will 
need to be investigated. The production process 
of whether to use a single application of force on 
a larger mass or if incremental applications of 
pressure can be used, will need to be 
investigated. 

 
 

CONCLUSION 

Transferring cast-cured polymer 
technology from propellants and high explosives 
to pyrotechnics (specifically a whistle 
composition) is not a simple or trivial exercise.  
In attempting to increase the mechanical 
properties of a whistle composition and improve 
safety, an investigation into the use of two 
polymers, HTPB and PolyGLYN, was begun.  
Our compatibility and sensitivity tests showed 
promising results.  Incorporating traditional 
methods of pressing is possible and allows for a 
greater solids loading but future work will show 
if this can be done with larger masses and if it 
compromises mechanical strength.  Pyrotechnic 
burn performance tests also be conducted to 
ascertain variations caused by the introduction 
of new binders.  
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ABSTRACT 
 

New experimental results on the influence of particle sizes on the properties of 
Al/MoO3 mechanoactivated energetic composite (MAEC) are presented. Four types of 
Al powder and three types of MoO3 powder were used as initial components. 
Mechanical activation of mixtures was carried out in the vibrating mill in the presence 
of a liquid additive – hexane. The ratio of components and the dose of activation were 
varied. The structure of MAECs was investigated with X-ray diffraction analysis and 
microscopy (optical, SEM, TEM and AFM). The structure of obtained MAEC powder 
depends on the type of initial powder particles. From the viewpoint of maximal 
homogenizing of mixture, the use of flake-like Al with minimal particle dimensions 
and preliminary activated nanosized MoO3 is the most promising way. In this case it is 
possible to prepare MAEC, in which the components are mixed at the nano-level (tens 
nm). The results of experimental investigation indicate that MAECs with flake Al 
have the highest parameters of burning. The burning rate and temperature grow as the 
dose of activation increases and the density of sample decreases.  

 
 

INRODUCTION 
 
Previously, it was shown that preliminary 
mechanical activation made it possible to 
increase the burning rate of thermite mixtures. 
The procedure was developed for manufacturing 
the mechanoactivated energetic composites 
(MAEC) [1]. The conditions of 
mechanoactivation were chosen so that the 
maximum homogenization of the mixture was 
ensured in the absence of the reaction between 
components in the course of treatment. MAEC is 
highly homogeneous system consisting of 
oxidizer and metal layers of the submicron- and 
nano-size. In the present paper, we report on 
new experimental results on the influence of 
particle sizes on the properties of Al/MoO3 
MAEC.  

 
MATERIALS 

 
For preparing mixtures, four types of Al powder 
and three types of MoO3 powder were used as 

initial components. The Al powder of ASD-6 
mark had a spherical shape with the mean 
particle size of 3.6 µm, whereas the particles of 
the remaining Al powders were flat with 
different mean size and thickness (flake 
particles: PP-2 – 70*1 µm, PAP-2 – 30*1 µm, 
Al No4 – 21*0.5 µm). MoO3 powders had mean 
particles size 30 µm, 3-8 µm, and 30-50 nm 
(preliminary activated MoO3). Mixtures were 
treated in the vibrating mill designed by Aronov 
[2] with the addition of a small amount of 
hexane, which was subsequently removed by 
drying the mixture. The energy efficiency of the 
mill was 9 W/g. To prevent overheating of the 
mixture and initiation of the reaction in the 
activator, the treatment was carried out in 45-s 
cycles. The ratio of components and the dose of 
activation were varied. The total activation dose 
was changed in the range from 1.6 to 11 kJ/g 
(time of activation - from 6 to 40 min). Most of 
experiments were carried out with the binary 
compositions (Al/MoO3). In some experiments a 
small amount of Teflon was added to the 
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composition for facilitation of the pressing 
process. The ratio of main components 
(Al/MoO3) varied from 0.27/0.73 to 0.45/0.55.  
The structure of MAECs was investigated with 
X-ray diffraction analysis (XRD) and 
microscopy (optical, scanning and transmitting 
electron (SEM, TEM), and atom-force (AFM)). 
XRD investigation shows that after mechanical 
activation only lines of initial components were 
preserved and no additional lines appeared. 
According to the data of quantitative phase 
analysis, the content of Al and MoO3 phases, 
within the limits of analysis error, corresponds 
to the initial ratio of components.  
The structure of obtained MAEC powder 
depends on the type of initial powder particles 
and dose of activation. For composites with 
spherical Al particles (ASD-6) the micronsized 
Al particles are preserved and they are covered 
by MoO3 particles. In the case of “flat” Al the 
“inverse” structure is observed: particles of 
micron-sized MoO3 are covered with a layer of 
Al. For MAEC with “flat” Al of PAP-2 mark 
and nanosized activated MoO3 the micronsized 
fragments of flake Al are covered by 
nanoparticles of MoO3 (see Fig. 1). From the 
viewpoint of maximal homogenizing of mixture, 
the use of flake-like Al with minimal particle 
dimensions and preliminary activated nanosized 
MoO3 is the most promising way. In this case it 
is possible to prepare MAEC, in which the 
components are mixed at the nano-level (tens 
nm).  
 

Fig. 1. MAEC Al(PAP-2)/MoO3(30 nm, 
preliminary activated) 35/65, activation dose 

= 4.8 kJ/g. 

EXPERIMENTAL 
 

Reactivity of activated Al/MoO3 mixtures was 
checked by heating of the activated powder 
(without compaction) at a constant rate in the 
atmosphere of helium. Thermo analyzer STA-
409 (NETZSCH) was used for carrying out 
differential scanning calorimetry (DSC) and 
gravimetry. The heating rate was 10 deg/min. 
After measurements, thermograms were 
deciphered using the GetData program. It was 
found that reactivity of mixtures with flake Al in 
the course of thermal oxidation was noticeably 
higher than that of samples with spherical ASD-
6. For the same dose of mechanical treatment 
(1.6 kJ/g), in the first case complete oxidation of 
Al takes place, whereas in the second case the 
reaction proceeds only partially. It can be 
assumed that reactivity depends on the structure 
of activated mixtures. In the first case 
mechanical activation results in formation of a 
composite with the Al and MoO3 layers mixed at 
the submicron level, whereas in the second case 
the micron-sized Al particles are retained. 
Formation of amorphous Al2O3 on the surface of 
Al particles stops the reaction.  
The measurements of burning rate were carried 
out to analyze influence of mechanoactivation 
on reactivity of Al/MoO3 mixtures in burning 
regime. 
Experimental set-up for measurement of burning 
rate in loose-packed samples is shown in Fig. 2. 
The powders of mixtures were charged in 
portions into the casing (plastic or metal tube of 
internal diameter of 8-12 mm) and slightly 
compressed. Ignition was effected by electric 
heating of Ni-Cr wire. Burning rate was 
measured by registration of burning product 
radiation. Optical light fibers made of quartz-
polymer with the core of 0.5 mm were mounted 
into holes along the tube 2-3 mm deep inside the 
mixture. The charge length from the ignition 
point to the first optical fiber was 20-200 mm. 
Radiation of burning products was transmitted to 
the photodiodes through optic fibers, and 
analogue-digital converter recorded it. 
Some data on the burning rate are given in Table 
1. (d – internal diameter, L1  - distance from the 
ignition point, u – burning rate). 
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Table.1. Burning rate in loose-packed MAEC Al/MoO3 
 

Shot 
No Al 

Dose of 
Activation, 

kJ/g 

Charge 
Density, 

g/cc 
Porosity,% Tube 

material 
d, 

mm
L1, 
mm 

u, 
m/s

Al/MoO3 45/55 
B1 N4 0.18 0.95  73 plastic 12.5 20 29.5

B3 ASD-
4 1.8 1.57 55 plastic 8.5 70 250

B4 N4 +1.8 1.15 67 plastic 8.5 70 390
B5 PP-2 0 1.15  67 plastic 8.5 70 0.19
B7 N4 +3.2 1.16 67 plastic 8.5 60 415
B9 PP-2 2.5 1.16 67 duralumin 9 40 175

B10 N4 2.5 1.16 67 duralumin 9 140 240
B12 PP-2 4.2 1.25 64 plastic 6 60 101
B14 PAP-2 4.2 0.93 73 duralumin 9 70 172
B16 PAP-2 4.2 0.93 73 duralumin 9 240 173
B17 PAP-2 4.6 1.07 70 duralumin 9 200 197

B30 ASD-
6 2.5 1.65 53 duralumin 9 50 95 

Al/MoO3 35/65 
B31 PAP-2 +3.2 0.93 75 duralumin 8.5 80 193

 
 
The burning rate was measured with the 
accuracy not worth than 5%. Depending on 
activation dose, type of Al, density and position 
of measurement base the burning rate changes 
from several meters to several hundred meters. 
The highest velocities were obtained for MAEC 
Al/MoO3, based on Al N4 and preliminary 
activated MoO3 (in Table 1 marked +). Process 
is accelerated from slow burning with velocities 
at a level 10 m/s up to explosive burning ~ 400 
m/s already on the first centimetres of a charge. 
A cellular structure of imprints on the witness 
plates shows that propagation of burning in the 
systems considered is accompanied by the 
formation of high speed microjets of hot product 
particles and occurs due to the forwarding of the 
reaction from one center to another in a go-
ahead way. 

 
 

Fig. 2. Experimental set-up. 
 
The data obtained for loose packed samples 
indicate that the burning rate decreases as the 
density increases owing to deterioration of 
conditions for diffusion of microjets.  
For determination of parameters of pressed-
sample combustion the experimental set-up, 



-172- 

consisting of the chamber with constant volume, 
vacuum pump, a source of inert gas, the block of 
pressure registration, systems of video-
registration and systems of electric ignition of 
sample, was used. The block of the pressure 
registration consists of the manometer and the 
pressure gauge built in the wall of a chamber, 
the amplifier of a signal of the pressure gauge, 
connected with the recording means 
(incorporating of computer with integrated 
analogue-digital converter).  
 

a) 

b) 
Fig. 3. Dependences of burning rate of 
pressed samples of MAEC Al/MoO3 on 
density – (a) (mix 0.31Al (PAP-2)+0.65 

MoO3(30 μm)+0,04C2F4 D=1.7 kJ/g) and on 
dose of activation - (b) (mix 0.4Al (PAP-
2)+0.6 MoO3 (30 nm) at porosity 30%). 

 
The tested samples were prepared from the 
pressed pellets. Depending on height of pellets 
the samples consisted of one, two or three 

pellets. In order to prevent burning lengthwise of 
the surface the external side of pellets was 
covered with non-flammable composition (super 
cement).  
The determination of burning rate was carried 
out with using pressure profile measurement. 
The time of sample burning was obtained from 
the pressure profile. 
Experimental data show that the burning rate 
depends on a number of parameters: ratio of 
components, the initial size and type of Al 
particles, density of samples and dose of 
activation. Generally burning rate grows as the 
dose of activation increases and the density of 
sample decreases. The dependences of burning 
rate on the density and dose of activation are 
shown in Fig. 3. Additives of Teflon and iditol 
reduce the burning rate and increase the delay 
time of mixture ignition.  
The greatest burning rate is obtained for the 
pressed MAEC based on Al of PAP-2 mark at 
the dose of activation 7-8 kJ/g. The further 
increase of a dose of activation more than 9 kJ/g 
results in decrease of burning rate, apparently 
due to partial reaction of components during 
activation.  
 

 
Fig. 4. Brightness temperature records for 

different MAEC: Al/MoO3 34/66 (Al – PAP-2, 
MoO3 – 30 nm, D = +3.8 kJ/g) and Mg/Teflon 

35/65, (D= 3.3 kJ/g)  
 
Optical pyrometry was used to obtain 
information on temperature of burning products. 
Loose packed samples of MAEC Al/MoO3 in 
duralumin tube were ignited by Ni-Cr wire, 
heated by electric current. PMMA plates, about 
5 mm of thick, were used as window material. 
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Radiation emitted from the sample-window 
interface was converted by dual-channel optical 
pyrometer with effective wavelengths 420 and 
627 nm into electric signals, which were 
recorded by analogue-digital converters. Electric 
signals were recalculated to brightness 
temperatures with using of usual pyrometric 
procedure.  
The most part of experiments was carried out 
with small samples 11-18 mm in diameter and 4-
15 mm in height. According to the composition 
of mixture and density the different temperatures 
were recorded with maximum values from 2100 
K up to 3100 K. Maximum of temperature may 
be achieved at different time after income of 
combustion wave to sample-window interface. 
For MAEC Al/MoO3 this time is varied through 
the range 0.7 ms - 3.0 ms. For MAEC on the 
base of Mg/Teflon mixture (prepared by the 
same procedure) the time of rise to maximum 
temperature is less than 50 ns (see Fig 4) [3]. 
Maximum brightness temperatures have been 
registered for the MAEC Al/MoO3 based on 
flake and nanosized Al/MoO3 at the dose of 
activation about 7 kJ/g. These results are in 
agreement with the data on burning rate. 

 
CONCLUSION 

 
The procedure was developed for manufacturing 
the mechanoactivated energetic composites 
(MAEC). These materials are highly 
homogeneous systems consisting of oxidizer and 
metal layers of the submicron- and nano-size. 
The reactivity of MAEC is considerably higher 
than that of usual mixtures. The influence of 
particle sizes on the properties of Al/MoO3 
MAEC was investigated experimentally.  
Results of investigation of MAEC structure 
show that the most homogeneous composites 
may be produced in the case of using of flake-
like Al with minimal particle dimensions and 
preliminary activated nanosized MoO3. In this 
case it is possible to prepare MAEC, in which 
the components are mixed at the nano-level. 
The results of measuring of burning rate and 
temperature show that MAEC based on flake Al 
have the highest parameters of burning. The 
burning rate grows as the dose of activation 
increases up to 7 kJ/g and the density of sample 
decreases. In the case of loose-packed MAEC 

Al/MoO3 at the relative density of 0.3 TMD the 
process of burning proceeds in explosive regime 
with high velocities (up to 400 m/s). For pressed 
samples with the density of 0.7-0.8 TMD the 
burning rate is varied through the range: 1.5 - 20 
cm/s. The measured brightness temperature lies 
in the range between 2200 and 3100 K in 
dependence on type of initial particles, 
activation dose and component ratio. Maximum 
parameters are registered for MAEC based on 
the finest Al flake particles (0.5 µm) and 
nanosized preliminary activated MoO3  
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ABSTRACT 

 

Burning characteristics of some stoichiometric ratio guanidinium 1,5’-bis-1H-tetrazolate (G15B) 

/ metal oxide mixtures were examined through the burning rate tests and the closed vessel tests 

by using chimney-type strand burner. Metal oxides examined in this study were: copper(Ⅱ) oxide 

CuO, manganese oxide MnO2, zinc oxide ZnO and iron(Ⅲ) oxide Fe2O3. Linear burning rate data 

of G15B / metal oxide mixtures from the burning rate tests, together with the average 

rate-of-pressure-rise data and the temperature-rise data from the closed vessel tests were also 

compared to those of the stoichiometric ratio 5-amino-1H-tetrazole (5-ATZ) / Sr(NO3)2 mixture. 

As a result of the burning tests, the linear burning rate data of the stoichiometric ratio 

G15B/CuO mixture was superior as compared to other mixtures that ignited including the 

stoichiometric ratio 5-ATZ / Sr(NO3)2 mixture, although the average rate-of-pressure-rise data 

was inferior as compared to that of 5-ATZ / Sr(NO3)2 mixture. The temperature-rise data for both 

stoichiometric ratio G15B / CuO and G15B / MnO2 mixtures, on the other hand, were over 80 % 

lower than that of 5-ATZ / Sr(NO3)2 mixture. Meanwhile, G15B / Fe2O3 mixture did not burn 

during the closed vessel tests and G15B / ZnO mixture did not burn during both the burning rate 

tests and the closed vessel tests. The relatively high burning rate and the relatively low 

temperature-rise displayed by G15B/CuO mixtures may indicate the possibility as gas generating 

agent. 

 

1 Introduction 

Over the years, there have been researches and developments on non-azide gas generating 

agents for automobile gas generating agents. Tetrazole compounds (especially 

5-amino-1H-tetrazole (5-ATZ) [1]-[5] (Figure 1)), guanidine nitrate [6],[7], nitroguanidine 

[6],[7] and azodicarbamide (ADCA) [8] are few of the compounds that have been studied as 
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alternative fuel components. Recently, the authors have been considering guanidinium 

1,5’-bis-1H-tetrazolate (G15B), which contains a double tetrazole ring as given in Figure 2, as 

one of the novel fuel components for gas generating agents. In the past study [9], its mixture 

with potassium perchlorate KClO4 has demonstrated high rate of pressure rise; superior over 

5-ATZ/Sr(NO3)2 mixture, which has been used in airbag systems in Japan. However, the 

observed temperature-rise during the 60 L tank test for G15B/KClO4 mixture was up to approx. 

950 K [10],[11], making it difficult for the application as gas generating agent for automobile 

airbag inflators. In the subsequent study [12], G15B/CuO mixtures were examined for their 

potential as gas generating agent through sensitivity tests and burning tests. In this study, other 

G15B/metal oxides mixtures were examined and their results were compared with those of 

stoichiometric ratio G15B/CuO mixture [12] and 5-ATZ/Sr(NO3)2 mixture [12]. 

 

 

 

 

Figure 1  5-amino-1H-tetrazole (5-ATZ) 

 
 
 
 

Figure 2  Guanidinium 1,5'-bis-1H-tetrazolate (G15B) 

 

2 Experimental 

2.1 Reagents used 

G15B was purchased from Toyo Kasei Kogyo Co., Ltd.; 5-ATZ was purchased from 

Fujimoto Chemicals Co., Ltd.; and CuO (purity: ≧99.9%), MnO2 (purity: ≧85.0%), Fe2O3 

(purity: ≧99.0%), ZnO (purity: ≧99.5%) and Sr(NO3)2 (purity: ≧99.5%) were purchased from 

Kanto Chemicals Inc., Ltd. Particle size of G15B and 5-ATZ were controlled within the range of 

45〜75 μm, and the particle size of Sr(NO3)2 was controlled within the range of 75〜150 μm, all 
through sieving process, but metal oxides were used without sieving. The powders were then 

dried separately in vacuo for at least 24 hours and were then stored separately in dessicators for 

at least 24 hours. 
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2.2 Preparation of the mixtures 

One of two tetrazoles, i.e. G15B or 5-ATZ, and one of oxidizers mentioned above were 

mixed at stoichiometric ratios as given in Table 1, by using a rotary mixer. Each mixture was 

then dried again separately in vacuo for at least 24 hours and was then stored in a desiccator. 

With regard to the burning test data for stoichiometric ratio G15/CuO and 5-ATZ/Sr(NO3)2 

mixtures, the data of the previous study [12] were used. 

 

Table 1.  Mixing ratios of tetrazole/oxidizer mixtures 

 

2.3 Burning test 

2.3.1 Apparatus 

The schematic diagram of the burning test system using chimney-type strand burner is given 

in Figure 3. In this study, a chimney-type strand burner (Kyowa Giken Co., Ltd., SCTA-50) was 

used. A pellet sample is mounted on a strand holder and the pellet is ignited through a 

nickel/chrome wire (diameter 0.6 mm) in an inert atmosphere. The internal pressure of the vessel 

is monitored through a strain-gauge pressure transducer (Kyowa Dengyo Co., Ltd, PG-100KU-F), 

Sample G15B/ 

CuO 

[12] 

G15B/ 

MnO2 

G15B/ 

Fe2O3 

G15B/ 

ZnO 

G15B/ 

Sr(NO3)2

G15B/ 

KClO4 

5-ATZ/ 

CuO 

5-ATZ/ 

Sr(NO3)2[12]

G15B [wt%] 20.7 32.3 28.1 20.3 32.9 37.5 - - 

5-ATZ[wt%] - - - - - - 23.4 36.5 

CuO [wt%] 79.3 - - - - - 76.6 - 

MnO2 [wt%] - 67.7 - - - - - - 

Fe2O3 [wt%] - - 71.9 - - - - - 

ZnO [wt%] - - - 79.7 - - - - 

Sr(NO3)2 [wt%] - - - - 67.1 - - 63.5 

KClO4 [wt%] - - - - - 62.5 - - 
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and after amplification through a signal conditioner (Kyowa Dengyo Co., Ltd, CDV-230C), the 

signal is recorded on a data recorder (Keyence Co., Ltd, GR-3000).  

 

Figure 3  Schematic diagram of chimney-type strand burner system 

 

2.3.2 Linear burning rate test 

A dried 4 g mixture was pressed at 100 kgf cm-2  (9.8 MPa) by using a hydraulic press to 

make a cylindrical pellet (diameter 14.8 mm, length 12 ～15 mm). The pellet was then coated 

with epoxy resin and dried overnight in a dessicator. The dried pellet was mounted on a strand 

holder, and the test was conducted in an open N2 atmosphere within 0.2 〜 5 MPa range. The 

test procedure could be found elsewhere [12]. The time of the onset of pressure-rise, t1, and the 

time of peak pressure, t2, together with the length of the pellet, L, were measured to determine 

the linear burning rate, r, of the pellet by the following equations: 

Δt ＝t2 -t1 (1) 

ｒ ＝ L /Δt (2) 

 

2.3.3 Closed vessel test 

The same apparatus, as given in Figure 3, was used for the closed vessel test, in which the 

test method could also be found elsewhere [9], [12]. Unlike the linear burning rate measurement, 

the pellet was not coated with epoxy resin. After inserting the strand holder which is already 

mounted with a cylindrical pellet, into the vessel, the atmosphere inside the strand burner was 

purged twice through a repetition of introducing He gas up to approximately 5 kgf cm-2 (0.49 

Ignition unit 

4 g pellet 

Signal 

conditioner  

Data recorder 

Strain gauge 

pressure transducer 
Window 

Orifice 

Nickel/Chrome wire  

ϕ 0.6 mm 

Exhaust gas 

N2 or He 

K-type 

thermocouple ϕ 1 mm 
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MPa) and releasing the purge gas through an exhaust valve. Closing the valve after completing 

the purging process, He gas was introduced into the vessel until the internal pressure reached 

approximately 20 kgf cm-2 (1.96 MPa). Upon stabilization of the internal pressure, the pellet was 

ignited by heated nickel/chrome wire (diameter: 0.6 mm).  

The schematic diagram of the pressure-time characteristic and temperature-time 

characteristic of a pellet inside the chimney-type strand burner is given in Figure 4. The 

pressure-rise, ΔP, is given by  

ΔP = Ppeak – Pinit    [MPa]           (3) 

where Ppeak : peak pressure [MPa] and Pinit : initial pressure [MPa]. 

The time from the initial to the peak pressure, Δt, is given by 

Δt = tpeak – tinit    [s]      (4) 

where Ppeak : peak pressure [MPa] and Pinit : initial pressure [MPa]. 

From (3) and (4), the average rate of pressure rise, R, is given by, 

R =ΔP /Δt           [MPa s-1 g-1]          (5) 

 

 

Figure 4  Schematic diagram of the change in pressure and temperature 

inside a closed vessel 

 

Temperature inside the vessel, T, was also measured during the closed vessel test, through 

K-type thermocouple (diameter: 1 mm). Temperature-rise inside the vessel, ΔT, was determined 

by the following equation: 

 
  

⊿PP [MPa] 

⊿t 

tpeak tinit 

Pinit 

 

t [s]

Tinit 

Tpeak 

⊿T

Ppeak 

T [K]
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ΔT= Tpeak – Tinit    [K]          (6) 

where Tpeak : peak temperature [K] and Tinit : initial temperature [K]. 

The closed vessel tests were conducted 3 ~ 5 times for all mixtures and the 

average-rate-of-pressure-rise, Rav, and average temperature-rise, (ΔT)av, were determined. 

 

 

3 Results and discussion 

3.1 Linear burning rate test 

The results of the linear burning rate test for some stoichimetric ratio G15B/oxidizer 

mixtures and some 5-ATZ/ oxidizer mixtures are given in Figure 5. Linear burning rate data for 

G15B/CuO [12] was superior as compared to that of other mixtures examined in this study, 

including stoichiometric ratio 5-ATZ/Sr(NO3)2 [12]. Meanwhile, G15B/ZnO mixture did not 

ignite. 

 

1

10

100

0 1 10
Pressure [MPa]

Li
ne

ar
 b

ur
ni

ng
 ra

te
 [m

m
 s-1

]

G15B/CuO

G15B/MnO2

G15B/Fe2O3

G15B/Sr(NO3)2

5-ATZ/CuO

5-ATZ/Sr(NO3)2

 

Figure 5  Linear burning rate data for tetrazole/oxidizer mixtures 
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3.2 Closed vessel test 

3.2.1  Rate-of-pressure-rise and temperature rise 

The typical pressure-time curves and temperature-time curves during the closed vessel test 

for tetrazole/oxidizer mixtures are given in Figure 6 and Figure 7, respectively. Rav, and (ΔT)av, 

inside the closed vessel for tetrazole/oxidizer are given in Table 2. Although Rav for G15B/metal 

oxide mixtures were lower than that of 5-ATZ/Sr(NO3)2 [12], their (ΔT)av were also lower than 

that of 5-ATZ/Sr(NO3)2 [12]. Among G15B/metal oxide mixtures studied, G15B/CuO [12] 

showed the best performance with regard to Rav. Meanwhile, G15B/Fe2O3 and G15B/ZnO 

mixtures did not ignite. 
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Figure 6  Typical pressure-time curves during closed vessel test for 

tetrazole/oxidizer mixtures 

 

t [sec] 
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Figure 7  Typical temperature-time curves during closed vessel test for 

tetrazole/oxidizer mixtures 

 

Table 2. Closed vessel test data for tetrazole/oxidant mixtures 

Sample Rav [MPa･s-1] (ΔT)av [K] 

G15B/CuO       [12] 0.396 9.7 

G15B/MnO2 0.102 5.8 

G15B/Fe2O3 NA NA 

G15B/ZnO NA NA 

G15B/Sr(NO3)2 0.736 26.0 

5-ATZ/CuO 0.113 8.9 

5-ATZ/Sr(NO3)2
   [12] 0.838 71.4 

 NA Did not burn, therefore data not available. 

t [sec] 
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4 Conclusions 

Linear burning rate tests and closed vessel tests for G15B/metal oxide mixtures were 

conducted and their results were compared to examine the potential of the mixtures as novel gas 

generating agent for airbag inflators. Among G15B/metal oxides mixtures examined in this study, 

it is suggested that G15B/CuO mixture indicated the best potential as gas generating agent. 
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ABSTRACT 
 

 The prediction of the shelf life of energetic materials requires the precise determination of the 
kinetics of their decomposition. Due to the fact that energetic materials decompose with the evolution of 
heat, the thermoanalytical methods such as Differential Scanning Calorimetry (DSC) and Heat Flow 
Calorimetry (HFC) are often used for the monitoring the reaction rate and the evaluation of the kinetic 
parameters of these reactions. In the present paper we describe the precise, advanced method of the 
evaluation of the kinetic parameters from HFC signals. Proposed method was applied for the kinetic 
evaluation of the decomposition process of two spherical double base and one EI® propellants type, all for 
small calibre used in defence applications. The kinetic parameters were determined from the experiments 
carried out between 50-100°C. The very good description of the low temperature data by the kinetic 
parameters determined at higher temperatures indicates the constancy of the decomposition mechanism 
between 50 and 100°C. The experimental data collected during more than 7 years by means of HFC (at 
50°C) were well simulated by the kinetic parameters derived from the high temperature HFC signals. Such a 
possibility enables e.g. the precise prediction of the shelf life of the energetic materials at any temperature 
mode in the range of 50-10°C, at different climatic categories proposed by STANAG 2895 [1] and, more 
generally, the precise simulation of the reaction at any temperature profile close to the ambient temperature.  
 
1. Introduction 
 
 HFC is a very sensitive technique allowing detection of the heat generation in µW range. Such a 
high sensitivity makes possible the investigation of the early stages of the decomposition i.e. the reaction 
progress α ranging from 0 to e.g. 0.05. However, the drawback of this technique consists in long measuring 
time (up to month’s scale) allowing therefore, even at relatively high temperature range of 70-100°C, the 
investigations in reasonable time frame of few percent of the total reaction progress only. Moreover, one 
cannot exclude the change of the mechanism between the real storage temperature and temperatures of the 
investigations. This problem has been already mentioned in STANAG 4582 [2] where it was assumed that 
the activation energy E of the decomposition changes above 60°C from 80 to 120 kJ/mol. However, the 
simplified STANAG procedure does not take into consideration the other values of E and, often occurring, 
the change of the E during the reaction  course.  The rate of the processes influencing property changes of 
the high energetic materials during storage depends namely on: (i) the external factors as geometry, storage 
temperature, thermal insulation and (ii) the intrinsic properties of the materials such as e.g. kinetic 
parameters of the decomposition processes, their specific heat, thermal conductivity. The temperature 
dependence of the decomposition rate applied in the test procedures for the prediction of safe storage and 
service life of high energetic materials is conventionally used in the form of the Arrhenius equation. Three 
kinetic parameters namely: the activation energy E, pre-exponential factor in Arrhenius equation A and the 
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function of the reaction progress f(α) dependent on the decomposition mechanism are required for the 
prediction of the thermal stability of the materials under the temperature conditions different than those 
experimentally investigated. In the commonly applied computational procedures before the computation of 
the E and A values the function f(α) is very often arbitrarily chosen assuming e.g. the first or zero-th order of 
the reaction. Such an assumption influences arbitrarily the determination of the kinetic parameters and 
significantly lowers the accuracy of the simulation of the thermal stability. The other assumption concerning 
the constancy of the kinetic parameters during the course of the decomposition process, especially in the 
case of so complicated, multistage process as decomposition of energetic materials, can in certain cases 
handicap the correct prediction of the thermal stability. The evaluation of the kinetics of the propellants 
decomposition by DSC clearly indicated [3] the significant change of the kinetic parameters E and A and 
therefore the change of the mechanism during the decomposition course. These changes have to be also 
clearly determined at low values of the reaction progress between 0- 5% of the total decomposition i.e. in 
the range being very important for the prediction of the service life time. In order to gain better knowledge 
on kinetic description of the early stage of the decomposition the kinetic parameters may therefore be 
calculated from the heat flow calorimetry (HFC) experimental data collected for very low decomposition 
range. The aim of the presented paper was the calculation of the kinetic parameters obtained by advanced 
kinetic evaluation (differential isoconversional analysis) of HFC data. An additional task was the illustration 
how the method of the determination of kinetic parameters can be applied to determine the prediction of the 
thermal stability of the propellants at any temperature profile. 
 
 
2. Experimental 
 

The presented study contains the results of the evaluation of the kinetics of the decomposition of 
3 propellants: two spherical double base propellants (denoted hereafter A and B), and one EI® propellant 
type, all for small calibre used in defence applications. The low-temperature isothermal microcalorimetric 
investigations were done with Thermal Activity Monitor (TAM), Thermometric AB, in the range of 50-
100°C. The kinetic parameters were calculated using AKTS Thermokinetics software [4]. 
 
 
3. Application of Heat Flow Calorimetry (HFC) 
 

The use of HFC enables the monitoring early stage of the decomposition process from e.g. α = 0 
to α = 0.05 (where α depicts the reaction progress varying from 0 to 1).  
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Figure 1:  
(A) heat flow and (B) cumulated heat release vs time of the spherical double base propellant A 
measured at 50°C during more than 7 years.  

To apply the heat flow signals monitored by HFC for the kinetic analysis it is necessary to 
convert them into α-time dependences. As the baseline is here well defined, the integration of heat flow 
signal is fortunately not influenced by the course of the baseline. Accurate baselines are especially 
important at the beginning of the reaction, when the heat flow is very low what results in weak HFC 
signals. The α  range between 0-0.05 of the total decomposition is therefore very important for the 
prediction of the service life time because small deviations of the baseline at the beginning of the signal 
lead to the uncertainty in the determination of the reaction progress. The HFC measurement carried out 
during more than 7 years at 50°C for the propellant A is presented in Fig.1. 
 
 
4. Determination of the kinetic parameters  
 
Isoconversional methods  
 

These methods of the determination of the kinetic parameters are based on so called 
isoconversional principle saying that the reaction rate at constant reaction progress α is only a function of 
temperature. They allow determination of the activation energy (or dependence E on α) without assuming 
the explicit form of f(α). The kinetic parameters are not assumed to be constant during the course of the 
reaction. All isoconversional methods are based on the determination of temperatures corresponding to 
certain, arbitrarily chosen values of the reaction progress α recorded in the experiments carried out at e.g. 
different heating rates β or at different temperatures. 
 
There are three main modifications of the isoconversional method: 

- differential (Friedman) [5] 
- integral (Flynn-Ozawa- Wall) [6-7] 
- advanced integral based on non-linear procedure (Vyazovkin) [8] 
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One has to mention also the method based on the isoconversional principle namely ASTM E698 analysis 
[9]. 
 
Differential method of Friedman 
  
Based on the Arrhenius equation, Friedman proposed to apply to the commonly used expression in solid 
state kinetics, the logarithm of the conversion rate dα/dt as a function of the reciprocal temperature at any 
conversion α: 
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where T, t, A, E and R are the temperature, time, pre-exponential factor, activation energy and gas 
constant, respectively. 
As f(α) is a constant in the last term of at any fixed α, the logarithm of the conversion rate dα/dt over 1/Tα 
shows a straight line with the slope m = Eα/R and the intercept on Y-axis equal to  ln ( ){ }αα fA .   
 
So, having determined Eα and ( ){ }αα fA  we can predict the reaction rate or reaction progress using the 
following expression: 
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Integral Ozawa-Flynn-Wall method 
 
This method is also based on the use of several dependences α-T measured at different heating rates. 
Starting from the commonly applied equation (1) for the constant heating rate β and taking dT/dt = β = 
constant and T(t)=To+β t after integration we obtain:  
 

dt
RT(t)

EexpA
)f(

dg
T

To
∫∫ ⎟⎟

⎠

⎞
⎜⎜
⎝

⎛
−==

=

)(

0

)(
αα

α βα
αα  (4) 

 
If To lies below the temperature at which the reaction rate is noticeable, then one can set the lower limit of 
integration to To = 0, so that the following equation in the logarithm form is obtained after integration: 
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By using the approximation given by Doyle [10] 
ln p(z) = -5.3305 - 1.052·z  
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one obtains: 

RT
Eln(g

R
EAln 052.13305.5))()()ln( −−−= αβ  (7) 

 
With data collected in series of measurements performed with the different heating rates β at a fixed 
degree of conversion α, it ensues from the above equation that the dependence ln(β) versus 1/T will be 
linear with a slope m = - 1.052-E/R.  
 
 
Advanced integral method of Vyazovkin 
 
According to this method, for a set of n experiments carried out at different arbitrary heating programs 
Ti(t) , the Eα is determined as the value that minimizes the function  
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where J denotes the integral 
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The systematic error is eliminated by carrying out the integral in this last equation over small time 
intervals. Generally, α varies from Δα to 1-Δα with a step Δα which is usually taken to be 0.02. 
 
ASTM method E698 
 
The analysis according to ASTM E698 is based on the assumption that the maximum (e.g. on the DSC or 
DTG curves) of a single step reaction is reached at the same conversion degree independent on the 
heating rate. Although this assumption is only partly right, the resulting errors are sometimes low [9]. In 
this method, the logarithm of the heating rate is plotted over the reciprocal temperature of the maximum. 
The slope of the yielded straight line is proportional to the activation energy, as in the Ozawa-Flynn-Wall 
method. 
 
Comparison of the isoconversional methods 
 
A detailed analysis of the differential and integral isoconversional methods for the determination of the 
activation energy has been reported by Budrugeac [10]. The convergence of the activation energy values 
obtained by means of a differential method like Friedman [5] with those obtained by integral methods 
with integration over small ranges of reaction progress α comes from the fundamentals of the differential 
and integral calculus. In other words, it can be mathematically demonstrated that the use of 
isoconversional integral methods can yield systematic errors when determining the activation energies. 
These errors depend directly on the size of the small ranges of reaction progress Δα over which the 
integration is performed. These errors can be avoided by using infinitesimal ranges of reaction progress 
Δα. As a result, isoconversional integral methods turn back to the differential isoconversional methods 
formerly proposed by Friedman. 
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In the current study the kinetic parameters have been calculated by the differential isoconversional 
method of Friedman using the isothermal data obtained by means of HFC. 
  
 
5. Results and Discussion 
 
5.1. Kinetic analysis of HFC data 
 

The heat flow signals were recorded by HFC in isothermal runs at 50, 60, 70, 80, 89°C for two 
spherical double base propellants A and B and at 60, 70, 80, 90 and 100°C for the EI® samples. The 
dependence of the heat flow and heat cumulated on the time enabled the calculations of the reaction rate 
and the reaction progress. The reaction progress considered for the calculations of the kinetic parameters 
was calculated by relating the cumulative heat after certain time of the decomposition to the maximum 
heat release of the reaction measured by HFC in isothermal runs.  
 
The data presented in Table 1 were applied for the calculation of the Eα and {Aα f(α)} kinetic parameters 
by isoconversional method of Friedman (see Eqs. 2 and 3). The dependence of the activation energy on 
the cumulative heat release is presented in Figure 2A. Clearly visible is that the activation energy and the 
pre-exponential factor are not constant during the reaction course and change as a function of the 
cumulative heat release. 
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Figure 2:   
(A) Activation energy E (kJ/mol) and (B) pre-exponential factor expressed as {Aα f(α)} for the 
propellants calculated from HFC signals by the Friedman analysis. 
 
 
Table 1. The cumulative heat of the reaction as a function of time and temperature 
Propellant T (°C) t (days) Heat release Q (J/g) 
Spherical double base A  50 2621.48 296.055  
Spherical double base A  60 408.16 155.593 
Spherical double base A  70 82.79 141.998 
Spherical double base A  80 21.18 132.315 
Spherical double base A  89 13.14 102.77 
Spherical double base B  50 2491.34 138.712  
Spherical double base B  60 432.29 83.168 
Spherical double base B  70 81.47 65.124 
Spherical double base B  80 22.73 72.798 
Spherical double base B  89 7.32 78.891 
EI® type propellant 60 122.99 54.121 
EI® type propellant 70 34.8 54.204 
EI® type propellant 80 10.6 57.008  
EI® type propellant 90 3.43 55.015 
EI® type propellant 100 1.18 55.927 
 
 
5.2. Prediction of the heat flow and heat release under isothermal conditions 
 

 The comparison of the experimental data (symbols) with the simulated course of the reactions 
(lines) using the kinetic parameters derived by Friedman method is depicted in Fig.3. Presented 
relationships indicate that application of the isoconversional approach enables the proper simulation of 
the change of the reaction course during at the early stage of the decomposition. The very good 
description of the high and low temperature data by the same kinetic parameters indicates that 
independent of the temperature they stay constant at the same reaction progress and can be used for the 
simulation of the reactions occurring in wide temperature range.  
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Figure 3: 
Cumulative heat (a) and heat flow (b) for spherical double base propellants A(I), B (II) and EI® 
type propellant (III). Experimental and simulation temperatures are marked on curves. 
 
6. Application of HFC data for the prediction of the reaction progress under temperature mode 
corresponding to real atmospheric temperature changes 
 

The important goal for investigating kinetics of thermal decompositions of propellants is the need 
to determine the thermal stability, i.e. the temperature range over which the substance does not 
decompose at an appreciable rate. During their production, storage or final usage the propellants often 
undergo temperature fluctuations. Due to the fact that the reaction rate varies exponentially with the 
temperature it is important that predictive tools enable the simulation of the reaction progress in the real 
conditions, as a small temperature jump can induce a significant increasing of reaction rate. Since the 
HFC data are very precise at the early stage of the decomposition process, the reaction rate can, therefore, 
be predicted very precisely for any temperature profile, such as stepwise variations, oscillatory conditions, 
temperature shock, or real atmospheric temperature profiles. To illustrate the importance of the influence 
of the temperature fluctuations on the reaction course, the simulations of the reaction progress (expressed 
by the cumulative heat release) were carried out for:  
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- the average daily minimal and maximal temperatures recorded for each day of the year in Beijing, 
- the high temperature climatic category A2 according to the STANAG 2895 [1]. This document 

describes the principal climatic factors which constitute the distinctive climatic environments 
found throughout the world, 

- the storage temperature profile corresponding to various temperature scenarios and cycles as 
presented in Table 2 and Figure 4. 

 
Table 2.  Simulated storage T-profile during ten years (A) and during two cycles (B) 
A 

T (°C) 
Number 
of days 

Cumulative 
number of hours

15 365 8760
10 365 17520

T-Cycle No 1 200 22320
10 150 25920
15 60 27360

5 50 28560
T-Cycle No 2 365 37320

15 100 39720
20 365 48480
25 100 50880
15 1000 74880
20 530 87600

 
 

B 
t (hours) T-Cycle No 1 (°C) T-Cycle No 2 (°C)

1 27 28
2 25 26
3 25 27
4 26 27
5 25 26
6 26 25
7 28 28
8 30 32
9 35 36

10 32 41
11 35 45
12 41 49
13 49 55
14 50 53
15 52 57
16 51 55
17 51 52
18 48 50
19 45 47
20 43 42
21 42 35
22 40 30
23 35 28
24 30 29

  
 
The precise prediction of the influence of the temperatures on the decomposition of the propellants can be 
determined based on the knowledge of the short (hours) and long (days, weeks or even years) variations 
of the storage or transit temperatures. Table 2 contains an example of the variations of the storage 
temperatures during ten years including the various temperature scenarios and cycles. Another case, 
illustrating the time dependences of the diurnal minimal and maximal meteorological and storage and 
transit temperatures, is presented in Figure 5. Applying the advanced kinetic software it is possible to 
calculate the reaction progress using the kinetic parameters determined from HFC data and taking into 
account the complicated dependence of the real storage temperature changes on time depicted in Figure 4. 
The results of these simulations for the spherical double base propellant A are presented in Figure 5 as a 
curve (i). Additionally, Fig.5 contains the simulations for the diurnal storage/transit and meteorological 
temperature profiles according to STANAG 2895 (ii) and average daily minimal and maximal 
temperatures recorded in Beijing (iii). 
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Figure 4:  
Storage temperature profile during ten years corresponding to T-t dependences displayed in Table 
2. 
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Figure 5:  
Prediction of the reaction progress of the spherical double base propellant A expressed as the 
cumulative heat release for the temperature profile depicted in Tab.2 and Fig.4 (i), for the diurnal 
storage/transit temperature for climatic category A2 according to the STANAG 2895 (ii) and for 
the meteorological temperature profiles of Beijing (iii). For comparison the simulation and HFC 
data at 50°C are presented in the figure.   
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By implementing the temperature variations, occurring during shorter and longer time periods, 
into advanced kinetic description gathered from the HFC data it was possible to uncover the differences 
of the reaction progress for the same propellant in different climatic categories. Results presented in 
Figure 5 indicate the very significant dependence of the thermal stability of the investigated propellants 
on the storage conditions. This important issue could be traced only due to the high precision of the HFC 
data and the unique ability of the isoconversional analysis approach which enables to describe very 
precisely the early stage of the complicated decomposition process. This, in turn, indicates that the 
prediction of the reaction progress, when using simplified kinetic models (e.g. first- or zero-th reaction 
order) and average mean temperature values, may be of little value.  
 
 
7. Conclusions 
 
The precise prediction of the thermal stability of energetic materials requires: 
 
- (i) the exact determination of the reaction progress at the early beginning of the decomposition process 
in the range of the reaction progress α between 0 and ca. 0.05. This task can be fulfilled by applying HFC 
measurements due to the high sensitivity of this technique which enables even at low temperatures the 
determination of the reaction rate and the reaction progress at the early stages of the decomposition 
process, 
 
- (ii) the application of the advanced methods for the determination of the kinetic parameters applied later 
in the computations of the thermal stability of the energetic materials,  
 
- (iii) the necessity of introducing into calculations the real temperature profiles under which the 
investigated compounds will be stored.   
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ABSTRACT 

 
 Diaminoazoxy furazan (DAAF) is a powerful high nitrogen explosive that derives most of its energy from a 
high heat of formation (ΔH= 106 kcal/mol) [1]. DAAF is a well characterized high explosive with many desirable 
properties. DAAF’s insensitivity to impact and friction are similar to Trinitrotriamino benzene (TATB), but the 
critical diameter of 3mm is unprecedented in an IHE. 
 
 The original DAAF synthesis path is sensitive to starting conditions and can produce DAAF with sensitive, 
thermally unstable impurities. These impurities are undesirable in that they depress the onset temperature and 
were formerly not well understood. A novel synthesis path for DAAF was developed, employing a green 
approach. Using a commercially available strong oxidizer and varying the pH of the solution, a pure DAAF is 
observed. The particle size of this material enables performance enhancements over the previous synthesis 
method. Pressed density and thus performance were improved significantly. The critical diameter has been 
studied as well as the diameter effects.  
 
 Formulations for a variety of applications are being investigated. TATB/DAAF formulations show promise as 
a highly insensitive explosive with added performance. DAAF has been formulated into a putty-type explosive as 
a possible insensitive high explosive (IHE) C4 replacement. Booster applications are a good fit to DAAF’s 
interesting characteristics.  

 
Introduction 
 Diaminoazoxy furazan (DAAF) is a 
powerful high nitrogen explosive that derives 
most of its energy from a high heat of formation 
(ΔH= 106 kcal/mol). DAAF is a well 
characterized high explosive with many 
desirable properties. DAAF’s insensitivity to 
impact and friction are similar to TATB, but the 
critical diameter of 3mm is unprecedented in an 
IHE [1]. 
 
 The synthesis path was developed at 
LANL by David Chavez and Mike Hiskey and 
has been scaled up to the multi-kilogram level 
(Figure 1).  The DAAF synthesis path is 
sensitive to starting conditions and can produce 
DAAF with fair amounts of sensitive, thermally 
unstable impurities (Figure 2)[1,3]. These 
impurities are undesirable in that they depress 
the onset temperature and were formerly not 
well understood. Storage of DAAF is 
problematic because of the thermal instability 

caused by the impurities and the fact that DAAF 
in this state has poor vacuum stability. 
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Figure 1: DAAF synthesis scheme; Hydroxylamino furazan 
and Nitrosoamino furazan reaction rates determine the purity 
of DAAF. All intermediates and side reactions (ANF) are 
energetic and lower the onset to decomposition [2] 
 
 It was necessary to recrystallize the 
crude DAAF in Dimethysulfoxide (DMSO) and 
water to remove the impurities and create an 
explosive that could be handled like an IHE. The 
recrystallization process had the undesirable side 
effect that the resulting particle size was reduced 
from 80μm to <5μm (figures 3 and 4). This in 
turn decreased the pressed density negatively 
affecting performance. 
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Figure 2: DAAF synthesis Impurities. By separating or 
synthesizing the side reaction product and the intermediate 
products, it was possible to identify two of the major 
impurities, and make hypothesis about the rest. The inclusion 
of certain impurities reveals some hints about the reaction 
kinetics. DSC Detail of DAAF containing impurities. 
 
 Theoretical maximum density (TMD) of 
DAAF is 1.747 g/cm3. The highest density 
achieved with DMSO recrystallized DAAF is 
1.601 g/cm3 (91.6% TMD) which yields a 
detonation velocity of 7.69 km/s. The pressed 
pellets are fragile and prone to cracking. Use of 
a binder is required to make this DAAF useable. 
However, the binder did not have as significant 
an effect as hoped (Figure 8). A variety of 
binders were tried: Kel-F 800, Viton, THV 220A 
and D, and Polystyrene/DOP. The best (3 wt% 
KEL-F 800) is shown in figure 8. 

 
 
Figure 3: DMSO recrystallized DAAF; mean particle size 
<5μm 
 The quantity of hazardous waste 
generated from the original DAAF synthesis is 
significant, and disposal became problematic. A 
greener synthesis path was found which 
ameliorates the disposal issues created by the 
waste. 

 
Figure 4: Crude DAAF; mean particle size 80μm 

 
Novel Synthesis Path  
and its effect on Waste, Impurities, and 
Particle Size 
 
Using a commercially available strong oxidizer 
rather than creating one with H2O2 and H2SO4 
(figure 1) showed some promise, but did not 
make a pure DAAF. The same impurities found 
in the original synthesis method were present 
(figure 2). By varying the pH of the solution, an 
improvement in purity is observed (Figure 5). 
 

 
Figure 5: Comparison of DAAF synthesis at different pHs. The 
amount of impurities decreases and the onset of decomposition 
is affected by varying pH. 
 
 The novel synthesis yields impurity-free 
DAAF with a larger particle size than the 
DMSO recrystallization method. The particle 
size distribution plot (figure 6) and SEM image 
(figure 7) indicate a fair amount of small 
particles which will further enhance the pressed 
density of the pellets.  
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Figure 6: Particle size as affected by level of DAF dissolution. 
LMV process: DAF dissolved overnight. Chavez process: DAF 
not dissolved. Note bimodal particle size distribution.  
 
 During scale up, it was observed that 
particle size grew with batch size. Particle size 
was also affected by how well the diamino 
furazan (DAF) precursor was dissolved before 
starting oxidation. DAAF synthesis on the 1g 
scale yielded a particle size of 18μm, the 5 g 
scale yielded 27μm, and 150g scale yielded 
41μm. All reactions were run with the DAF 
being dissolved in water and sodium bicarbonate 
until the DAF was no longer visible (about 1 
hour of mixing). A 50g batch was run where the 
DAF was dissolved in water and sodium 
bicarbonate over night, before the oxidizer was 
added. Resulting particle size was 29μm. A 
150g batch was made where the DAF and 
sodium bicarbonate were added to the water, 
mixed briefly and then followed by the oxidizer. 
The DAF was not dissolved when the reaction 
started. This yielded a particle size of 21μm, 
approximately half the size of the batch where 
the DAF was dissolved. The reaction occurring 
on the surface of the solid DAF seems to hinder 
particle growth. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 7: SEM image of Novel Synthesis DAAF.  
SEM courtesy of Ed Roemer 
 

Performance testing Results 
 
 The Performance of DAAF as much as any 
other explosive is effected by density. The pellet 
density of small particle (5μm) DAAF is much 
lower that larger (40-80μm) particle size DAAF. 
Figure 8 shows performance problems of DMSO 
recrystallized DAAF as compared to crude DAAF. 
The 5μm particle size allowed a pressed density of 
only 1.6g/cc and a corresponding detonation velocity 
of 7.67km/s, whereas 80μm DAAF could be pressed 
to 1.69g/cc and exhibited a detonation velocity of 
8.0km/s. The addition of a binder helped only 
slightly. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 8: Detonation velocity vs. density as affected by particle 
size. The DMSO DAAF has a particle size of 5μm, and the 
reported data DAAF had a particle size of 80μm 
 
 After the advent of the novel DAAF 
synthesis process, it was observed that the pure 
DAAF produced by the process had a larger 
particle size than the DMSO DAAF. A pressing 
study was conducted and it was found that it 
could be pressed to densities of 1.67-1.72 g/cc.  
 
Critical Diameter and Diameter Effects 
 
 Two interesting aspects of DAAF were 
investigated: the critical diameter and effect of 
diameter on detonation. DAAF’s detonation 
velocity is largely independent of diameter, and 
the critical diameter is remarkably small for an 
IHE.  
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 The critical diameter was verified using 
a stack of five 3mm x 5mm DAAF pellets, a 
PBX 9501 booster and a RP-3 detonator. The 
observation of a dent in the witness plate at this 
diameter suggests that DAAF’s critical diameter 
is smaller than 3 mm. The experiments using a 
2.5 mm die and a 2 mm die to press smaller 
diameter pellets are ongoing. Streak camera 
images were taken and will be used to estimate 
the detonation velocity. 
 
 A number of rate stick experiments at 
different diameters were run to investigate the 
effects of diameter. The densities were not held 
constant and have a large effect on the 
detonation velocities. From a qualitative 
perspective, the observation that the detonation 
velocity is apparently not being affected by the 
shrinking diameters is interesting. Work is 
ongoing to repeat these experiments at a 
constant density to remove that variation. 
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Figure 8: Detonation velocity as a function of diameter. Density 
was variable. DAAF shows no evidence of diminishing velocity 
at small diameter. 
 
Onion Skin Testing 
 
 DAAF has shown a remarkable ability 
to turn corners in repeated onion-skin testing. 
From the perspective of booster applications this 
is a valuable trait. Recent onion skin tests 
compared LX-07, DAAF, LAX-112, UFTATB 
and PBX-9504, with LX-07 being the standard. 
Onion-skin testing analyzes explosive’s low 
temperature behavior (-55oC) in lighting PBX-
9502, and ability to turn corners with First 
Breakout Angle (FBA) measurement. 

 
Material FBA 

(degrees) 
Spreading 
Efficiency Comments 

DAAF 70.1 0.78 Large 
Perturbation 

PBX 
9504 64.5 0.72 Small 

Perturbation 
LX-07 
Orange 63.8 0.71 Nominal 

LX-07 
White 62.8 0.70 Nominal 

UF-
TATB 16.2 0.18 Hole 

Punching 
 Table 1: Onion skin results 
 
DAAF displayed very strong performance as a 
booster material with wave perturbations 
thought to be due to impedance mismatch [4].  
 

 
Figure 9: DAAF wave reconstruction. Perturbations are 
thought to be due to impedance mismatch between DAAF and 
PBX-9502. Additionally density gradients within pressed pellet 
may have contributed to wave shape. 
 
DAAF Formulation 
 
 The interest in DAAF has grown as the 
synthesis has improved. As a result, the 
formulation efforts are growing as well. The 
interest in DAAF stems from its insensitivity to 
impact and friction coupled with its performance 
characteristics. For booster applications DAAF 
is uniquely suited. The pop-plot of DAAF 
reveals run to detonation distance similar to 
HMX indicating somewhat equivalent shock 
sensitivity [1]. This, coupled with the small 
critical diameter, and the indication that DAAF’s 
detonation velocity is independent of diameter 
make DAAF an interesting explosive. 
 
 DAAF/TATB formulations have been 
tried to improve IHE performance. Performance 
data exists for 47.5wt% DAAF, 47.5 wt% 
TATB, 5 wt% KEL-F 800, which shows it to 
perform equivalently to PBX 9502 but at a lower 
density. The effect of increasing the weight 
percent of DAAF to improve performance is 
being investigated. DAAF is also being 
investigated as a replacement for TATB 
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containing formulations where the shock 
sensitivity has not been sufficient for the 
application. An RDX/DAAF formulation is 
being investigated to fulfill fuzing requirements.  
 
 DAAF has been formulated into a putty-
type explosive with good results. The goal was a 
malleable explosive with IHE characteristics 
(figure 10). One inch rate stick data for DAAF 
putty explosive DPX-01 revealed at a density of 
1.38 g/cc Detonation velocity = 6.76 km/s, Pcj = 
145 kbar. Sensitivity testing showed common 
DAAF characteristics: Impact >320 cm, Friction 
>36 Kg, and Spark TIL 0.0625.  
 
 

 
Figure 10: DAAF putty explosive DPX-01 can be easily molded 
and shaped. 
 
 
Conclusions 
 
 The search for explosives with IHE 
characteristics is very relevant in the weapons 
community. DAAF shows some fascinating 
characteristics with respect to insensitivity from 
insult, but sensitivity to initiation. The 
improvements to the synthesis make DAAF a 
more useful explosive both from an 
environmental concern, and from a performance 
viewpoint.  
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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 develop a 40mm low-velocity, tactical nonlethal munition.  This flash-
bang device is designed to temporarily incapacitate personnel without causing injuries.  By using a two-
part payload system comprised of a pyrotechnic activator and a reactive metal-based flash powder, a 
significant improvement can be achieved over existing grenades.  The payload is perchlorate-free and 
demonstrates a greater total light output than commercial off-the-shelf devices.  A point detonating fuze 
has been used to ignite the pyrotechnic in prototype designs, producing very hot gases that activate the 
metal powder towards reaction with air.  The ultimate nonfragmenting projectile design allows the hot 
metal powder to disperse in a forward direction, causing a reverse thrust that allows the projectile body to 
drop harmlessly to the ground while producing a bright fireball. 
 
 
Background 
 
 Fuel-rich flash powders containing reactive metals such as magnesium and aluminum produce a 
large magnitude of broad-spectrum light when ignited.  These flash powders are similar to thermobaric 
explosives in that they produce large amounts of light when ignited in air.  This light output may be 
exploited in nonlethal weapons applications where flash-blindness can cause temporary human 
incapacitation.  Fuel-rich flash powders have potential applications in a wide range of nonlethal weapons 
delivery systems.  This paper describes efforts to develop a 40mm low-velocity, tactical nonlethal 
munition. 
 
 Flash-bang devices, such as the US Navy MK 141 diversionary charge, rely on an explosive 
chemical charge, typically a blend of potassium perchlorate and aluminum powder to produce an impulse 
of light and concussive sound.  Concerns about perchlorate contamination in the environment are spurring 
development of next-generation flash-bang devices that do not require perchlorate.  The use of a fuel-air 
mixture for nonlethal devices eliminates the need for perchlorate-based oxidants. 
 
 All of the commercially available flash-bang devices are available in the form of hand-held 
grenades.  The development of a 40mm flash-bang munition will allow this type of nonlethal weapon to 
be used in more situations and have a greater standoff distance than other flash-bang devices. 
 
General Components of 40mm Flash-Bang Munitions 
 
 The 40mm flash-bang munition is comprised of four essential components: 
 

1. Initiator:  A proximity fuze is being developed by the U.S. Army Research Development and 
Engineering Command (RDECOM) - Armament Research Development and Engineering Center 
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(ARDEC) that will initiate a charge at a set distance away from a target.  Prototype designs have 
utilized point-detonating fuzes that initiate upon hitting the target.  Static tests have employed 
RP-2 detonators. 

2. Activator:  A pyrotechnic activator is necessary to produce hot gases that heat the illuminant 
above its ignition temperature, breach the grenade body, and disperse the illuminant into the air. 

3. Illuminant: The illuminant is a finely divided metal powder. 
4. Air:  The heated illuminant is dispersed into air, where it burns to produce light and heat. 

 
Illuminant Development 
 
 Comparative tests of metal powders indicated that magnesium and aluminum are effective 
illuminants, with magnesium performing the best.  Reactive transition metals such as titanium or 
zirconium produce significantly less integrated illuminance.  Figure 1 shows the relative light intensities 
for magnesium, aluminum, and titanium powders. 
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Figure 1.  Plot showing the light intensity for magnesium, aluminum, and titanium powders  
as a function of time. 

 
 According to the light intensity, both aluminum and magnesium could be used as illuminants for 
fuel-rich flash powders.  Magnesium has a disadvantage in that it is more reactive towards moisture with 
the resultant hydrogen off-gassing.  However, it has an advantage in providing more light intensity than 
aluminum.  Another interesting observation is the aluminum illuminants produced sparks that burned for 
up to two seconds after the initial blast.  This could present difficulties for fielding the technology due to 
the risk of setting fires. 
 
 Due to the small volume available for payload in a 40mm round, spherical magnesium was 
chosen for use in prototypes because it produces the most light for the volume available.  Spherical 
magnesium also has good flow characteristics that facilitate easy loading of grenades.  The moisture 
sensitivity of magnesium is being addressed by designing a watertight round and developing moisture 
resistant packaging. 
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Activator Development 
 
 The activator is used to produce high temperature gases that will disperse the illuminant while 
keeping it above its ignition temperature.  Two activators were investigated for this work: a moderate 
temperature activator (MTA) and a high temperature activator (HTA).  MTA has a higher gas fraction 
than HTA, as well as a higher burn rate.  The higher gas fraction of MTA is desirable to help in dispersing 
the illuminant, and the higher temperature of HTA is desirable to heat the illuminant. 
 

1. 100 Percent MTA:  MTA alone gave a small, smoky fireball, probably due to its lower flame 
temperature and its rapid reaction time which does not allow sufficient preheating of the 
magnesium before its dispersal into the air. 

2. 100 Percent HTA:  HTA has a relatively slow rise time and the activator can be difficult to 
ignite.  The grenades ignited well behind the target, if they ignited at all. 

3. Mixed MTA and HTA:  Several different ratios of MTA and HTA were tested.  Higher 
percentages of HTA gave brighter fireballs.  However, significant dilution of MTA caused the 
same difficulties with ignition as 100 percent HTA. 

4. Layered MTA and HTA:  MTA was placed near the initiator to provide good ignition 
characteristics, followed by a layer of HTA.  This prevented the ignition problems encountered 
with mixed igniter systems at low MTA concentrations.   

 
Ignition Train Sequence 
 
 Several different configurations for the ignition train were investigated in the prototype designs 
used for this effort. 
 

1. Vertical Layered Illuminant/Activator:  Several different layered configurations were tested.  
Configurations that put a single layer of activator next to the fuze followed by a single layer of 
illuminant had poor illuminant dispersion and ignition as evidenced by compacted, unreacted fuel 
left over in the case.  In an attempt to improve illuminant ignition, another configuration was 
tested where the illuminant was placed between two layers of activator.  This resulted in grenades 
that initiated in or slightly in front of the barrel of the gun.  It is thought that the weight of the fuel 
on top of the activator is enough to cause an impact ignition on setback.  To reduce the weight on 
top of the activator, some of the fuel was moved below the activator.  This gave a configuration 
with four alternating layers of activator and illuminant.  These configurations failed to ignite, 
probably because the illuminant to activator ratio was too high. 

2. Intermixed Illuminant/Activator:  These configurations failed to ignite, probably because the 
illuminant to activator ratio was too high. 

3. Radial Layered Illuminant/Activator:  The radial configuration placed the activator in a center 
core surrounded by illuminant.  This design did not have the ignition problems encountered on 
the vertical layered configuration and achieved good dispersion of the illuminant. 

 
Flash Tube Development 
 
 The radially layered configuration of illuminant/activator had the best performance.  Therefore, a 
new prototype that incorporated a vented metal flash tube in the center of the grenade to contain the 
activator was developed.  The metal flash tube was designed with circular vent holes every 90 degrees 
positioned at the rear of the grenade.  The positioning of the vent holes was designed to direct the 
initiation charge towards the rear of the grenade so that all of the activator is consumed and the illuminant 
is more efficiently heated and dispersed. 
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1. Vent Hole Area:  Static tests were performed on flash tubes in which vent areas were varied.  
Flash tubes with smaller vent areas performed the best, producing a single bright flash.  Tubes 
with larger vent areas produced a short flash followed by a significantly longer combustion event 
and produced more smoke.  

2. Vent Hole Configuration:  Tests were performed to test different configurations of the vent 
holes.  Eight hole configurations (two holes every 90 degrees) and twelve hole configurations 
(three holes every 90 degrees) of the same vent area were tested.  The directed heat from the 
smaller holes of the twelve-hole configuration burned through the side of the grenade, so the 
eight-hole flash tube was chosen as the preferred configuration.  Additionally, it was easier to 
direct the heat flow to the rear of the grenade with the eight-hole configuration. 

 
Nonlethal Incapacitating Effects 
 
 The Human Effects Center of Excellence (HECOE) has developed a model for flash blindness 
that can be used to estimate the duration of flash blindness produced by the 40mm munition.  The model 
addresses the situation in which a six foot tall man is two meters away from the device and is looking at a 
target four meters away.  The model assumes a dim room with a background luminance of 1.6 candelas 
per square meter (cd/m2) and a target luminance of 1.8 cd/m2, giving a contrast of 0.111.  The time of 100 
percent obscuration of the target is dependant on the fireball intensity and the fireball size.  HECOE 
analyzed a 40mm prototype containing 25 grams of magnesium and determined the flash blindness 
duration was approximately 1 minute.   
 
 Additionally, HECOE has analyzed a 40mm prototype and found that the sound output from the 
grenade would cause a temporary hearing threshold shift in personnel up to 5.25 meters away from the 
device. 
 
Body Design 
 
 A forward-venting projectile design is used for the body of the 40mm grenade (Figure 2).  The 
body is designed so the combustion pressure causes the body to rupture at the fuze cap.  This produces a 
reverse thrust as the hot gases exit the grenade body, causing the round to stop its forward motion and fall 
harmlessly to the ground.  Prototype designs were able to effectively “brake” the forward motion of low 
velocity rounds, although further development is needed because some of the rounds actually began to 
travel backwards.  The current design causes the fuze cap to pop off, causing undesirable fragments.  
However, a new design is being developed which attaches the fuze cap to the flash tube.   
 

 

Fuze Cap 

Activator Illuminant 

Heat Flow 

Failure Point

Vent Holes 

 
 

Figure 2.  Diagram of 40mm prototype. 
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Activator Packaging 
 
 To facilitate manufacturing of the final configuration, it would be useful to have the activator and 
illuminant materials loaded into packets that could fit into the grenade body.  This effort focused on 
finding packaging that would work for the activator.  Packaging has the additional advantage of 
preventing the activator from leaking out of the vent holes and protecting the activator from humidity.  
The packaging method must not interfere with the performance of the grenade.  Tests were performed on 
flash tubes with activators to determine the effectiveness of various packaging methods. 

1. Several packaging materials which were not successful were 0.015-in. thick paper, 0.015- in. 
thick foil-lined paper, and 0.002-in. thick aluminum shim stock.  Packages of these materials 
burst asymmetrically, leaving some of the vent holes covered with the packaging material.   

2. Pellets of the igniter material were tested since these would be easier to load into the grenade than 
granules.  However, even very small diameter (1/8-in.) pellets burned too slowly for the grenade 
to function properly.   

3. The flash tube was dipped into a nitrocellulose lacquer to seal the vent holes, then igniter granules 
were loaded directly into the flash tube.  It was difficult to get a consistent thickness of lacquer on 
each of the vent holes, so performance of the flash tubes was not reproducible. 

4. The best packaging material was plastic, since the heat from the activator flame caused all of the 
vent holes to melt through.  Fluorinated ethylene propylene (FEP), polyetherimide (PEI), and 
polyetheretherketone (PEEK) were tested, and they all worked well.  The thickness of the plastic 
was found to affect the brightness of the fireball from the activator (these grenades did not 
contain illuminant).  As shown in Figure 3, the integrated intensity of the fireball increased as the 
thickness of the packaging material increased.  This is not surprising since a greater degree of 
confinement should cause a more efficient burn.  The power of the initiator is the biggest 
limitation on the thickness of plastic packaging that can be used.  The RP-2 detonators used for 
this testing had difficulty penetrating thicker plastic packaging. 
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Figure 3.  Plot of light intensity versus plastic packaging thickness. 
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Conclusions 
 
 Fuel-rich flash powders have shown to be effective in nonlethal devices designed to cause flash 
blindness.  Magnesium was chosen for the illuminant in the 40mm flash-bang munition due to its high 
illuminance per gram and good flow characteristics.  An HTA was used to keep the magnesium above its 
ignition temperature as it was dispersed into the air.  A configuration using the activator inside a flash 
tube in the center of the grenade gave the best performance.  Two activator materials were used to give 
good ignition and quick action time.  A layer of MTA gave good ignition characteristics, followed by a 
layer of HTA which provided the high temperatures necessary to get fast, high intensity fireballs.  The 
grenade is designed to channel the heat flow to the rear of the grenade, forcing the illuminant out at the 
junction of the body and the fuze cap, and causing a reverse thrust to brake the forward velocity of the 
grenade.  In the final configuration, the fuze cap will be connected to the flash tube to prevent 
fragmentation.   
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ABSTRACT 

Present work describes a novel laser-based procedure of the atomization of transparent energetic liq-
uid materials.  Although the phenomenon we have used is a simple laser ablation of liquid surface, one 
needs to irradiate the liquid surface from inside the liquid material.  In this sense, the liquid materials 
should be a transparent material.  The present procedure could work for all the transparent liquids in-
cluding energetic materials.  Pulse laser irradiation from outside the liquid medium leads to ablation 
phenomenon, only when the laser fluence is close to or larger than the breakdown threshold laser fluence 
of air.  It is found that liquid surface ablation takes place for the laser fluence much less than air break-
down fluence. 

Whole processes were observed by pulse laser shadowgraphy with high-resolution film.  Within 
the tested experimental conditions, minimum laser fluence for laser ablation at water-air interface is 
shown to be around 12-16 J/cm2.  We have tested several kinds of energetic liquid samples tested in-
cluding ethanol, engine oil and kerosene, and their liquid atomization characteristics for the application to 
the ignition and/or initiation of bulk energetic liquid materials has been investigated.  It is found that liq-
uid atomization process is quite similar for several liquid samples, and all the energetic liquids tested can 
be ignited by a heated NiCr wire above the liquid surface. 
 
1. INTRODUCTION 

Liquid atomization procedure is an in-
evitable process to ignite energetic liquid fuels 
for automobile engine.  Appreciable surface 
area increase of liquid fuels is a key issue to 
ignite them.  Similar ideas were recently 
pursued to realize controlled deflagration 
and/or detonation of liquid propellant for pulse 

detonation engine.  In this paper, we will 
present a new idea of disintegration and at-
omization of liquid fuels by using pulse laser 
ablation. 

By using pulse laser, it is theoretically 
possible to ablate any kinds of materials in-
cluding energetic liquids.  The present 
method gives much efficient procedure of 
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transparent liquids with the laser energy depo-
sition of much lesser energy density.  Key 
idea of the method lies in our previous study 
of the enhancement of laser energy absorption 
by intentionally roughened surface of trans-
parent materials.1)-4)   

We have found that phenomena depend 
on the direction of laser irradiation direction.  
Appreciable reduction of laser ablation thresh-
old takes place only when the laser beam is 
irradiated through the transparent material 
onto the roughened surface.5), 6)   

From the previous studies it is confirmed 
that the phenomena can be explained at least 
qualitatively by the transmission-reflection 
law at material interface with different refrac-
tive indices.5)-7),8)   

In this paper, we will intend to apply the 
same idea to the interface of energetic liquid 
surface on air.  As shown in later sections, 
reflection of pulse laser beam at the liquid-air 
interface could also induce liquid jetting fol-
lowed by the atomization process.  Area of 
application of this phenomena includes liquid 
fuel atomization, and drug and/or gene deliv-
ery, etc.9)  One of our purposes of the present 
study is to investigate the characteristics of 
emerging energetic liquid jet produced by this 
process.  In the present experiment, several 
kinds of energetic liquid are tested.  Ignition 
behavior of energetic liquids was observed by 
high-speed video camera. 
 
2. EXPERIMENTAL 

According to the results of the previous 
studies, direction of laser irradiation to the sur-
face as well as the difference of the refractive 
indices is quite important.  Following to this 

principle, laser irradiation inside liquid medium 
onto the air interface with somewhat large angle 
close to or over the critical angle of total internal 
reflection should give appreciable reduction of 
ablation threshold of liquid.   

Figure 1 shows the schematic illustration 
of the experimental setup.  Laser beam is fo-
cused always from bottom right to the liquid 
surface and reflect back to a point inside the liq-
uid.  Fig. 1(a) shows an assembly for water-air 
interface for reference and (b) shows that for 
energetic liquids.  In the assembly of Fig. 1(b), 
a mere drop of energetic liquid sample was used 
to ablate. 

We have used an Nd:YAG laser of 10 ns 
duration, 300 mJ energy and of wavelength 1064 
nm.  Laser beam was focused from bottom 
right of the liquid container in order to reflect at 
the liquid-air interface and to have a focus in a 
region inside liquid after reflection.  Laser flu-
ence is adjusted so as to occur breakdown of 
liquid at the focal area and not at the area before 
or at the liquid surface.  To observe the whole 
process, we have adopted pulse laser shadow-
graphy as a method of observation of the phe-
nomena.  We have used another Nd:YAG laser 
with SHG crystal as a light source.  Use of high 
resolution film is the key in this method.  
Minicopy film of FUJI Film Co. with 850 lp/mm 
for the document copy is used.  Small aperture 
is inserted between two objective lenses to avoid 
exposure of the film by the flash caused by laser 
ablation of the liquid surface. 

For the observation of the ignition be-
havior, a heated NiCr wire was placed 30 mm 
above the liquid surface.  High-speed video 
camera of Phantom 333 was used to observe the 
ignition when the atomized energetic liquid 
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passes the heated wire.   
 
3. RESULTS AND DISCUSSION 

We first used gated intensified CCD cam-
era to observe the phenomena.  It is noted again 
that the laser fluence at the liquid-air interface is 
not large enough for the ablation and/or break-
down to take place.  It is found from the ex-
periment that instantaneous energy deposition at 
the liquid surface leads to the production of 
plasma and water vapor and eventually water 
droplet.  The jetting phenomenon is reproduci-
ble but a lot more spatial resolution is required 
to investigate the details of this behavior without 
narrowing of the sight of view.   

 
 

Fig. 1  Schematic of experimental assembly 
and laser shadowgraph reproduction of the laser 
ablation of water surface (a) and energetic liquid 
surface (b).  Laser beam is focused from bot-
tom right to the air interface and reflected to the 
breakdown region.   

We then switched to apply the pulse laser 
shadowgraphy to observe the same phenomena.  
Figure 2 shows typical shadowgraphs of the 
film-based observation in case of water and air 
interface.   

Liquid jet identified in the CCD images is 
a bunch of slender water ligaments emanated 
from the interface.  Air shock wave front is 
precedent on the ligaments.  Picture in Fig. 1 
showed that direction of ligament extension 
changes with time, so that flower like structure 
is formed in these frames.  Detailed features of 
the phenomena may depend on the liquid char-
acteristics including viscosity.   

 
Fig. 2  Laser shadowgraph reproduction of the 
laser ablation of water surface.  Delay time of 
the record is shown in the photograph.  Laser 
energy is 300 mJ and laser fluence is calculated 
to be 20 J/cm2. 
 

It is easily expected that liquid atomization 
takes place at the tip of the ligaments together 
with large droplets.  In this sense, the phenom-
ena resembles to the liquid jet emanating from 
the diesel nozzles.  Even by the high-resolution 
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film used in this study, it is not enough resolu-
tion to image the very small liquid particles of 
several tens of μm or less. 
 

 
Fig. 3 Laser shadowgraph reproduction of the 
laser ablation of ethanol surface.  Delay time of 
the record is shown in the photograph.  Laser 
energy is 300 mJ and laser fluence is calculated 
to be 20 J/cm2. 
 

Figure 3 contains high resolution shadow-
graph by pulse laser for the ablation of thin etha-
nol layer on glass plate.  It is found that all the 
liquids tested in the present study can be ablated 
by the similar experimental conditions.  Re-
fractive index of various liquids is larger than 
that of air, so that the present results could be 
expected.   

One may notice the clear differences in the 
expanded liquid jet of water and ethanol shown 
in Fig. 2 and 3.  Expansion direction of the jet 

of ethanol is somewhat more close to the surface 
normal compared with that of water jet.  In 
case of ethanol it is hard to see wide spread par-
ticle distribution.  The small particles produced 
by ablation may evaporate during expansion.  
The present results are important for ignition 
purposes. 
 

 

Fig. 4  Schematic of assembly for ignition ex-
periment and laser shadowgraph reproduction of 
the laser ablation of ethanol surface at later de-
lay time.  Delay time of the record is shown in 
the photograph.  Laser energy is 300 mJ and 
laser fluence is calculated to be 20 J/cm2. 
 

Experimental layout for ignition experi-
ment together with the laser shadowgraph ex-
ample is shown in Fig. 4.  Hot wound NiCr 
wire placed above the liquid surface is used to 
ignite the energetic liquid plume.   

Burning frame of high-speed video records 
of some liquid samples are shown in Fig. 5.  It 
is found that ignition takes place at least after 
500 μs delay time after laser ablation.  From 
this result the combustible vapor mixture will 
travel between liquid surface and NiCr wire with 
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the average velocity of around 60 m/s.  

 
 

Fig. 5  High-speed video camera observation of 
the ignition of laser ablated energetic liquid 
plume by heated NiCr wire placed 3cm ahead of 
the liquid surface.  Laser energy is 300 mJ and 
laser fluence is calculated to be 20 J/cm2. 
 
4. SUMMARY 

We have discovered novel ablation phe-
nomena at the interface of two fluid media, if the 
pulse laser is focused from material of higher 
refractive index to that of lower one.  Due to 
the nature of fluids, not only plasma plume but 
also bulk liquid jetting and flows are induced by 
laser energy deposition at the interface layer.   

It is found from the experimental results 
that 
(i) Laser ablation of the liquid surface will take 

place when the laser beam is incident on the 
interface from the material of higher refrac-
tive index. 

(ii) Ablation threshold for liquid surface in case 

of laser incidence from air is found to be 
much higher than that for the reverse case.   

(iii) Many slender water ligaments extend from 
the interface such as milk crown.  And at-
omization occurs. 

(iv) Ablated energetic liquid samples can be ig-
nited by a heated metal wire located at 3cm 
above the liquid surface. 
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In order to be better prepared for future changes and technology upgrades in our product 

line, we have undertaken the development of a CAD/PAD Technology Roadmap.  The 
Technology Roadmap will identify those technologies which are likely to be available and 
suitable for incorporation into our cartridges, cartridge actuated devices, and propellant actuated 
devices (CADs and PADs).  CADs and PADs are energetic components (i.e., they contain 
pyrotechnics, explosives or propellants) and are widely used in military aircraft systems to 
perform functions associated with aircrew ejection, emergency egress, stores release, dispensing 
of self-protection countermeasures, actuating fire suppression systems, and performing other 
appropriate functions.  

 
In our effort, we are “roadmapping” the future technology options for our CAD/PAD 

product area in order to provide a management tool, and a framework/context against which 
technology related decisions could be made.  We expect that this better understanding of 
technology options should lead to better strategic investment decisions in the areas of project 
selection, component upgrades, and identification of technology insertion windows.  The more 
objective look at how and when our CADs and PADs may be evolving in the future in response 
to technology pull, new requirements, and environmental changes, should also allow us to better 
plan in areas such as employee hiring and development (e.g., Are we going to need more 
chemical engineers or should we hire more electronics engineers to service our future product 
line?), and other aspects critical to our support of future CADs and PADs (e.g., Do we need 
different test and evaluation capabilities? What might be the impact of environmental restrictions 
on certain chemicals on our products? Etc.).    

 
We are also hopeful that efforts in developing the CAD/PAD Technology Roadmap will 

result in identifying technologies being used or being considered in other product areas (e.g., 
high tech ordnance, the space program, even possibly tech transfer from the commercial 
consumer sector) which may not be currently used in CADs or PADs but could offer increased 
capabilities or other benefits to our CAD/PAD product line.       

 
Our Technology Roadmap effort will involve inputs from all our CAD/PAD stakeholders, 

as well as others who may have information which might help us in identifying and better 
understanding our technology options.  These will include: 

 
• Our sponsors and the Warfighter are stakeholders who can provide longer time-horizon 

insights into future needs, requirements, trends, and applications for CADs/PADs.  They 
are the sectors which can best answer the “needs” questions for the future, such as:  
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- What are capability needs of CADs/PADs for the next generation aircraft? 
- How do we expect capabilities to grow/evolve during the life of the aircraft?  
- What new missions do we expect these aircraft to take on which may dictate 

upgrades or new applications for CADs/PADs?  
- How will Unmanned Aerial Vehicles (UAVs) and Unmanned Combat Aerial 

Systems (UCASs) employ CADs?   
Our sponsors and the Warfighter can also impact technology insertion efforts of the 
CAD/PAD developer in the near-term through identifying items in our current product 
line which may be in need of improvement (e.g., reduced cost, longer service life, better 
performance, etc.).  Product improvement efforts often result in the application of newer 
technology into our product line.  In a product focused area like CAD/PAD, needs, 
missions, and requirements often drive technology changes and new technology 
insertions - and that’s what our sponsors and the Warfighter can best bring to this effort.   

 
• Our CAD/PAD industry partners, on the other hand, often champion the technology 

solutions which they have developed, adapted or refined in order to continually upgrade 
and refresh their CAD/PAD product lines.  In remaining competitive, they continually 
improve their products through incorporating appropriate, generally mature, technologies 
while continuing to monitor emerging technologies that may be applicable for future 
applications (with the intent of providing them a competitive advantage over the products 
of our other industrial partners).  Our CAD/PAD industry partners are often early 
adapters of technology and are quite proficient in the application the best technologies 
that find their way into CADs and PADs. 
 

• We will also involve several technology organizations which are not generally associated 
with our immediate CAD/PAD community.  In this last group of contributors, we have 
included technology developers such as the DOE national labs and academia.  It is hoped 
that these organizations, with their “fresh perspective” may be able to identify both lower 
risk/mature technologies which may offer some advantages and be capable of being 
incorporated into our product line in the near future, and also help us identify those 
emerging and less mature technologies which should be monitored for potential future 
use.   
 
In our poster session presentation, we will provide a status report on the reasons why we 

are developing a Technology Roadmap for CAD/PAD, the approach we are using, the questions 
we hope to answer (and, maybe, a few of the preliminary answers), and how we plan to use the 
findings and results of our CAD/PAD Technology Roadmap to benefit our product line and our 
CAD/PAD Community.  
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ABSTRACT 

 
On May 23, 2007 the European Parliament and the Council adopted the Directive 2007/23/EC [1] 

on the placing on the market of pyrotechnic articles. This newly published text is another piece of the 
European regulation concerning explosives and pyrotechnic articles. It completes the Directive 
93/15/EEC of 5 April 1993 [2] on the harmonisation of the provision relating to the placing on the market 
and supervision of explosives for civil uses. These two Directives following the "new approach" aim at 
ensuring the free movement of products within the European Union (EU), improving safety of both 
consumers and professionals and implementing harmonised safety requirements for such products in all 
Members States. 

Thus, the Directive 2007/23/EC applies specifically to pyrotechnic articles and their placing on 
the EU market, but what are they and how do you know if you are concerned? As Notified Body and 
Official Laboratory in France INERIS has gained a lot of experience in testing, certifying and approving 
explosives and pyrotechnic articles. In this paper we give an insight of the different parts of the Directive 
2007/23/EC, we answer the title question and we present the possible frame of the CE marking and 
certification procedure for pyrotechnic articles. 
 
 
Introduction 
 In the European Union (EU) pyrotechnic 
articles are now subjected to comply with the 
EU Directive 2007/23/EC [1] as far as it 
concerns their placing on the market. By 
introducing harmonized Essential Safety 
Requirements (ESR) this new Directive offers 
the possibilities to replace the National approval 
procedures concerned by a single legal 
framework throughout the European Union 
(EU). 

Although this EU directive will reduce 
the administrative burden for everybody by 
introducing the CE marking and certification 
procedure, its substitution and application in 
replacement of the current National regulatory 
frameworks may create difficulties at the 
beginning. In this paper we present the different 
aspects of the Directive.  

Scope of the Directive 2007/23/EC 
Since 1993, pyrotechnic articles and 

ammunitions are explicitly excluded from the 
scope of the Directive 93/15/EEC that deals with 
explosives for civil uses. But one had to wait 
until 2004 and the adoption by the European 
Commission (EC) of the Directive 2004/57/EC 
of 23 April 2004 [3] (on the identification of 
pyrotechnic articles and certain ammunition) to 
specify what the term pyrotechnic articles 
actually covers in the context of the former 
Directive. 

Thus, the Directive 2007/23/EC applies 
specifically to pyrotechnic articles defined as 
“article containing explosive substances or an 
explosive mixture of substances designed to 
produce heat, light, sound, gas or smoke or a 
combination of such effects through self-
sustained exothermic chemical reactions”. This 
broad definition includes namely fireworks, 
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theatrical pyrotechnic articles and pyrotechnic 
articles for vehicles but also a large variety of 
other articles designed for more specific 
applications. 

However, some articles are excluded 
from the scope of the Directive, they are: 
- pyrotechnic articles intended for non-

commercial use by the armed forces, the 
police or fire departments; 

- pyrotechnic marine equipment falling within 
the scope of Directive 96/98/EC [4]; 

- pyrotechnic articles intended for use in the 
aerospace industry; 

- percussion caps intended specifically for toys 
falling within the scope of Directive 
88/378/EEC [5]; 

- and ammunition as projectiles or propelling 
charges or blank ammunition used in portable 
firearms, other guns and artillery. 

 
Benefits of this new Directive 
 The implementation of the Directive 
2007/23/EC by replacing some 27 parallel 
national approval procedures will guarantee the 
free movement of pyrotechnic articles while 
ensuring public security, safety of consumers 
and environmental protection at the EU level. 
 This is achieved by setting up essential 
safety requirements that pyrotechnic articles 
have to conform with. For the manufacturers, 
importers or distributors concerned that will 
result in a reduction of costs to obtain technical 
approvals for their products as the principle 
“tested once, accepted everywhere” will be 
followed as long as the essential safety 
requirements are fulfilled without lowering the 
level of safety for the end users. 
 But the benefit of that is still larger, for 
example in Europe, obviously, firework and 
automotive pyrotechnic markets are significantly 
different. Whereas on the one hand, the EU is a 
net importer of fireworks, on the other hand, it is 
a net exporter of automotive components 
containing pyrotechnic articles. The vast 
majority of fireworks on the EU market are 
imported from Asia (China, India…). As a result 
of that, most of the stakeholders in this field are 
involved in purchasing, storing, distributing and 
professional displaying of fireworks. These 
articles are often directly sold to a large public 
and subject to various regional traditions and 

habits pertaining to each country. Easy access to 
consumer fireworks increases every year, and 
correlatively the number of accidents involving 
fireworks also increases, leading to a stringent 
reinforcement of the regulation in some 
countries. Then, the implementation of the new 
Directive is a real opportunity to achieve a 
higher safety level with fireworks articles 
through harmonized testing and quality 
assessment procedures. 

By contrast, the EU appears as a major 
automotive pyrotechnics exporter, not only for 
manufactured components but also for parts of 
assembled vehicles. In this field, a large number 
of stakeholders are employed in designing, 
manufacturing and assembling. There is no 
direct consumer market for these products and 
only automotive factory workers or professional 
in repair shops buy, handle and use them. It 
seems that there are no records of accidents 
involving these products, most probably because 
of the lack of statistics in currently existing 
accidents/incidents database. Therefore, on this 
basis the application of an EU Directive can be 
seen less necessary. However, as the existing 
approval processes, regulations and laws were 
different from one Member State to another 
leading to the multiplication of delays and costs 
for approval, harmonization was also chosen 
through an EU Directive for the placing on the 
market of automotive pyrotechnic articles. This 
solution was also preferred by the automotive 
supplier industry to other types of solutions as 
the "new approach" legislation only lays down 
essential safety requirements and offers more 
flexibility to the manufacturer (together with 
more responsibility) to comply with regulation. 
 
Application of the Directive 2007/23/EC 
 The Directive entered into force on 
July 4, 2007 and Member States shall adopt and 
publish, by January 4, 2010, the appropriate 
laws, regulations and administrative provisions 
necessary to comply with this Directive. They 
shall apply those provisions by July 4, 2013 for 
other pyrotechnic articles for vehicles. 

However, by way of derogation, 
National authorizations for pyrotechnic articles 
for vehicles granted before that date should 
continue to be valid until their expiry. 
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Categorization 
 For the purpose of the Directive 
pyrotechnic articles shall be categorized by the 
manufacturer according to their type of use, or 
their purpose and level of hazard, including their 
noise level (see tables 1 to 3). The categorization 
has three consequences, firstly it matches age 
limits for the consumer (see table 4) below 
which pyrotechnic articles shall not be made 
available to them, secondly it limits the 
accessibility of fireworks category 4, theatrical 
pyrotechnic articles of category T2 and other 
pyrotechnic articles of category P2 to persons 
with specialist knowledge and thirdly it requires 
minimum specific labeling according to the 
category. 
 
 
 

Table 1: Categorization for fireworks 
Category 1 Fireworks which present a very low 

hazard and negligible noise level and 
which are intended for use in confined 
areas, including fireworks which are 
intended for use inside domestic 
buildings 

Category 2 Fireworks which present a low hazard 
and low noise level and which are 
intended for outdoor use in confined 
areas 

Category 3 Fireworks which present a medium 
hazard, which are intended for outdoor 
use in large open areas and whose noise 
level is not harmful to human health 

Category 4 Fireworks which present a high hazard, 
which are intended for use only by 
persons with specialist knowledge 
(commonly known as fireworks for 
professional use) and whose noise level 
is not harmful to human health 

 
 
 

Table 2: Categorization for theatrical 
pyrotechnic articles 

Category T1 Pyrotechnic articles for stage use 
which present a low hazard 

Category T2 Pyrotechnic articles for stage use 
which are intended for use only by 
persons with specialist knowledge 

 
 
 

Table 3: Categorization for other pyrotechnic 
articles 

Category P1 Pyrotechnic articles other than 
fireworks and theatrical pyrotechnic 
articles which present a low hazard 

Category P2 Pyrotechnic articles other than 
fireworks and theatrical pyrotechnic 
articles which are intended for 
handling or use only by persons with 
specialist knowledge 

 
 
 

Table 4: Age limits 
Fireworks Category 1 12 years 
Fireworks Category 2 16 years 
Fireworks Category 3 18 years 
Category T1 and P1 18 years 
Fireworks Category 4 
Category T2 and P2 

Only for persons with 
specialist knowledge 

 
 
 
Conformity assessment procedures 
 For the assessment of conformity of 
pyrotechnic articles the manufacturer shall 
follow one of the following procedures: 
1. the EC type-examination procedure 

(Module B), and, at its choice, either: 
- the conformity to type procedure 

(Module C), or 
- the production quality assurance 

procedure (Module D), or 
- the product quality assurance 

procedure (Module E); 
2. the unit verification procedure (Module G); 
3. the full product quality assurance procedure 

(Module H), insofar as it concerns fireworks 
of category 4. 

 A description of each module is given in 
different sections of the annex II of the 
Directive. Without going in too much details in 
the content of each module, it is worth to point 
out that a third body is requested for their 
application. Such a third body is called a 
Notified Body and stands as an organism 
appointed by Member States to carry out 
different tasks described in the modules. INERIS 
has officially applied to be notified for the 
Directive 2007/23/CE. It is likely that other 
organisms have or will also apply for this 
notification (lists of all Bodies notified for each 
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Directive can be found on the Internet [6]). The 
notifications will be registered shortly after the 
transposition of the Directive by the different 
Member States. 

According to our experience as Notified 
Body for the Directive 93/15/EC, most of the 
manufacturers will probably choose the 
application of Module B + Module D for the 
certification of their products. Whereas the 
Module B consists in describing the type of 
article according to a technical documentation 
and test results and in assessing the conformity 
of representative samples with the Essential 
Safety Requirements given in the Annex I of the 
Directive, the Module D (or similarly Modules 
C or E) consists rather in assessing the capability 
of the manufacturer to ensure the later 
conformity of pyrotechnic articles actually 
produced with the type initially defined and 
thereby mainly by assessment of the quality 
system applied by the manufacturer. It also 
requires the marking of each article, the issuing 
of a written declaration of conformity and the 
archiving of specific documents by the 
manufacturer. 
 
The main steps to get the CE mark approval 
 To briefly described the different things 
that an applicant shall do in order to receive the 
CE certification for its products: 
- Contact the Notified Body (notified for the 
Directive 2007/23/EC) of your choice and lodge 
your application by submitting the necessary 
technical documentation to assess the Essential 
Safety Requirements. 
- The Notified Body will carry out the relevant 
testing procedures on representative samples you 
will provide in the frame of the EC type-
examination procedure (module B). 
- The Notified Body issues an EC type-
examination certificate to the applicant if the 
provisions of the Directive are satisfied. 
- The Notified Body will either perform 
examination at random intervals on commercial 
articles (module C) or assess the quality system 
of the manufacturer (modules D or E). That is to 
confirm the later conformity of articles 
manufactured according to the type certified. 
- The manufacturer can affix the CE conformity 
marking (see Figure 1) on its certified products 

and issues the corresponding declaration of 
conformity to the Directive. 
 

 
Figure 1: CE mark [7] 

 
Essential Safety Requirements (ESR) 

The Essential Safety Requirements 
given in the annex I of the Directive are the 
minimum requirements to be satisfied by the 
pyrotechnic articles in order to ensure a high 
level of protection of human health and safety 
and the protection of consumers and 
professional end users. Although the ESR do not 
really intend to guarantee any performance 
reliabilities in the final use of the articles, an 
adequate and complete operation of the articles 
according to what it is expected is in some way a 
basic condition for safety. Depending of the 
articles and their intended uses some of the 
requirements may not be relevant and the 
articles do not need to comply with. 
 
Harmonized standards 
 In order to facilitate the process of 
demonstrating compliance with the essential 
safety requirements, harmonized standards for 
the design, manufacture and testing of 
pyrotechnic articles are being developed by the 
Technical Committee CEN/TC212 [8] of the 
European Committee for Standardization. In line 
with the “New Approach to technical 
harmonization and standardization”, pyrotechnic 
articles manufactured in compliance with 
harmonized standards should benefit from a 
presumption of conformity with the essential 
safety requirements provided for in the 
Directive. 

However, these harmonized standards 
will not be available before a few years and the 
demonstration of the compliance with the ESR 
will have meantime to be made by the mean of 
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other relevant standards or existing testing 
procedures used in the frame of the national 
approvals of pyrotechnic articles. For example, 
as far as it concerns pyrotechnic articles for 
vehicles the relevant international ISO standards 
(for example the ISO 12097 Road vehicles – 
Airbag components) should be taken into 
account during the transition period.  
 
Conclusion 

In the recently implemented new process 
of the certification of pyrotechnic articles, to 
prove the compliance with essential safety 
requirements is one thing and to prove the 
ability to produce articles in conformity with the 
type certified is another thing. The manufacturer 
of pyrotechnic articles has to do both in the 
frame of the Directive 2007/23/EC. The 
application of the Directive requires the 
intervention of a Notified Body to carry out 
different tasks. In one hand, it proceeds to a type 
examination (product certification) in 
accordance with Essential Safety Requirements 
based on the manufacturer technical 
documentation and on test results. And on the 
other hand, it brings a complementary 
contribution in the control procedures in terms 
of periodic audits of the manufacturing and 
inspection conditions. 
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ABSTRACT 
 

In this research, mixtures of ammonium nitrate (AN) and aminoguanidinium 5,5’-azobis-1H-tetrazolate 
(AGAT) which is a self combustible tetrazole were studied. In addition, CuO and MnO2 which have been 
known as the decomposition catalysts of AN together with Cu were added to AN/AGAT mixtures, and the 
effects on combustion characteristics were examined. In addition, the energy used for flame propagation 
∆ Ep and mass burning rate m were compared. 

The addition of CuO and Cu lowered ignition temperature Tig, lowered activation energy Ea, and 
increased m because CuO and Cu promoted the exothermic reaction of AGAT and AN in the condensed 
phase at about 400 K − 440 K. In addition, it was suggested that CuO and Cu functioned as 
decomposition catalysts of AN, and the same decomposition and reaction happened because the SC-DSC 
data by using stainless steel cell were similar. 

The addition of MnO2 raised Ea because MnO2 promoted the endothermic reaction of AN and the heat of 
reaction was increased in the condensed phase at about 440 − 530 K. However, m did not increase so it is 
suggested that Ea and the heat of reaction counterbalanced each other. 

There was a correlation between ∆ Ep and m while there was no correlation between the propagation 
index of McLain Pi and m. Δ Ep is effective as a comparative screening criterion for m in this study. 
 
1. Introduction 

In this study, a new gas generating agent for airbags was studied. AN has attracted attention due to the 
advantage of generating neither hydrogen chloride nor solid residues during combustion. However, the 
gas generating agents that contain AN have the disadvantage of not igniting easily, and their burning rates 
are slow because AN does not burn easily. In addition, AN has its disadvantages in that it is hygroscopic, 
which becomes a problem upon manufacturing and storage process, and that it goes through contraction 
and expansion during a series of phase transfer. There have been numerous studies [1−10] related to these 
problems, e.g. phase stabilization has been achieved by adding potassium nitrate and metal oxides to AN 
to make metal complexes and nitrate salts [11, 12].  

In the past, the authors have been studying on gas generating agents utilizing 5-amino-1H-tetrazaole 
(5-ATZ) [13−19]. 5-ATZ does not readily burn by itself because of its endothermic decomposition. Since 
AN also does not readily burn by itself, 5-ATZ is not favorable as a fuel when AN serves as an oxidizer. 
Accordingly, in this study, AGAT which is a tetrazole compound that can self-decompose by ignition has 
been used as a fuel to mix with AN. In addition, to improve low burning rate of AN-based gas generating 
agent, CuO and MnO2 that have been known of the decomposition catalysts of AN [20] together with Cu 
were added to AN/AGAT mixtures. 

The purposes of this study is to investigate the effects of decomposition catalyst on the burning 
characteristics of AGAT/AN. 
 
2. Experimental 
 Samples 

Figure 1 gives the structural formula of AGAT (Toyo Kasei Kogyo Co., Ltd). After drying AN (Kanto 
Chemical Co., Inc, JIS special grade reagent) for 24 hours in a vacuum drier, it was milled with a 
vibration ball mill, and it was sieved through Japanese Industrial Standards (JIS) sieves. AGAT was also 
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dried in a vacuum drying oven and sieved. AN of the particle size in the range of 150 − 300 μm and 
AGAT of the particle size in the range of 45 − 75 μm were used. CuO of the average particle size of 3.3 
μm, Cu of the particle size in the range of 75 − 150 μm, and MnO2 of the average particle size of 53.9 μm 
were used. The samples were mixed by the mixing ratios as given in Table 1. 

N
N

N
N

N

N

N
N

N
N

NH2

NH2
+

C
NHNH2NH2

NH2
+

C
NHNH2  

Figure 1 Aminoguanidinium 5, 5’-azobis-1H-tetrazolate (AGAT). 
 

Table 1 Compositions of gas generating agents. 
Sample AGAT AN CuO Cu MnO2 

A 50 50 − − − 
B 50 50 5 − − 
C 50 50 − 5 − 
D 50 50 − − 5 

                                          Unit: [wt%] 
 
 Burning test 

A cylindrical pellet (diameter: 10.15 mm) was prepared by compressing approximately 1.5 g mixture at 
402 MPa for 5 minutes while embedding K-type (alumel-chromel) thermocouple (diameter: 50 μm). The 
sides of the pellet were coated with epoxy resin as a restrictor to achieve end-burning. The sample was 
ignited inside the chimney-type burner in which the internal pressure was controlled between 0.5 − 5 MPa. 
The details of the instrumentation are described elsewhere [13, 15]. The burning test was conducted to 
measure m and temperature profiles. 
 Thermal analysis 

The melting point of AGAT was measured by a melting point apparatus BY-2 (Yazawa scientific Co., 
Ltd.). The thermal decomposition processes were measured by differential scanning calorimetry (DSC) 
using Shimadzu DSC-50. DSC analysis was conducted at the heating rate of 5 K min-1 in nitrogen 
atmosphere (flow rate: 20 ml min-1) using aluminum cell. 
2.4 Ignition temperature test 

Induction period τ and temperature of the mixtures T were measured during Krupp ignition temperature 
test, and 5 seconds ignition temperature Tig were obtained. 
 
3. Results and Discussion 
 Mass burning rate 

Figure 2 shows the mass burning rate data of samples. The addition of CuO and Cu increased m, but the 
addition of MnO2 was not effective to increase m. m increased with pressure in the chimney-type burner 
and obey the Vieille’s law. m could be expressed by the following equation 

m = ρ r = ρ a P n = am P n        (1) 
where ρ is the density, r is the linear burning rate, P is the ambient pressure, a and am are constants, and n 
is the pressure exponent of the burning rate. Table 2 gives the values of a and n determined from Figure 2. 
The values of n correspond to the gradients of curve fitted lines in Figure 2. The addition of CuO and Cu 
increased the values of a and decreased the values of n. These data indicate that CuO and Cu increased m 
and reduced the influence of pressure. However, the addition of MnO2 hardly changed the values of a and 
n, and it hardly influenced m. 
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Figure 2 Mass burning rate for gas generating agents. 

 
Table 2 Values of am and n of the Vieille’s law. 

Sample am n 
A 0.301 0.884 
B 0.745 0.640 
C 0.474 0.794 
D 0.285 0.893 

 
 Temperature profile 

Combustion wave consists of solid phase, condensed phase, and gas phase (Figure 5). Figure 3 shows 
the comparison between temperature profiles at 4 MPa for mixtures with and without CuO. The 
horizontal axis shows time and temperature gradient is equivalent to the heating rate. In Figure 3, slope 
breaks on the experimental temperature profiles were observed. The temperature of slope break on the 
temperature profile of sample A was 784 K. This temperature is close to the dissociation temperature of 
AN which is 787 K at 4 MPa [21]. Accordingly, this temperature appears to be the burning surface 
temperature. The temperature of slope break on the temperature profile of sample B was 441 K. This 
temperature is close to the melting point of AN which is 442 K at 0.1 MPa [21]. The position of this 
temperature appears to be the boundary between the solid phase and the condensed phase. Up to this 
boundary temperature 441 K, the temperature profiles of sample A and sample B are almost the same. 
Such an agreement of temperature profile in the solid phase indicates that the burning rate control zone 
(BRCZ) may be located either in the condensed phase or in the gas phase. Above the boundary 
temperature 441 K, a heating rate of sample B is larger than that of sample A. It is suggested that the 
addition of CuO increased the heat release in the condensed phase.  
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Figure 3 Temperature profile at 4MPa. 
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Figure 4 Temperature profile at 4MPa. 

 
Figure 4 also shows the results of temperature profile at 4 MPa. The horizontal axis is the distance from 

the burning surface. The area on the right of the vertical dash-dotted line shows the gas phase, and the 
area on the left shows the condensed phase and the solid phase. According to Figure 4, the temperature 
gradient became small in the gas phase with an addition of CuO, and it suggested that the heat feedback 
from the flame decreased. On the other hand, the temperature gradient became steeper on the right hand 
of the burning surface. This transition indicates that the BRCZ may be either in the condensed phase or in 
the solid phase. Knowledge about the location of the BRCZ provides the means to obtain burning rate 
characteristics [22]. The experimental results of Figure 3 and 4 indicate that the BRCZ may be in the 
condensed phase and that the addition of CuO shortens the thickness of the condensed phase and increase 
m. 
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Figure 5 Schematic diagram of energy balance of combustion wave. 

 
Figure 5 shows the schematic diagram of energy balance of the combustion wave. Ts [K] is the burning 

surface temperature, T0 [K] is the initial temperature (298 K), and Tm [K] is the boundary temperature 
between the solid phase and the condensed phase. Qg [J g -1] is the heat of feedback from the flame into 
the condensed phase by heat conduction. Q [J g -1] is the heat release in the condensed phase reaction 
layer. Qv [J g -1] is the heat of vaporization of the condensed phase. Lm [J g -1] is the heat of fusion. The 
amount of heat transfer into the solid phase by the heat conduction, q [J g -1] is given by the equation 

q = Qg + Q − Lm − Qv                                           (2) 
In addition, from the temperature rise in the solid phase, q is also given by the equation 

q = C (Tm − T0 )                                           (3) 
where C [J K -1 g -1] is the specific heat in the condensed phase. 
Hence, Q is given by the formula 

Q = C (Tm − T0 ) − Qg + Lm + Qv                                            (4) 
According to Figure 4, the temperature gradient near the burning surface ϕ  of sample A was 7.51 × 10 3 
K m-1, and ϕ of sample B was 2.74 × 10 3 K m-1. Qg [J g -1] is given by the equation 

Qg = −λ × ϕ / m                                            (5) 
where λ is the heat conductivity in the gas phase. According to eq. (5), Qg of sample B is smaller than that 
of sample A. Additionally, C, Tm , T0, Lm, and Qv in eq. (4) are almost the same value for sample A and B. 
Therefore, Q of sample B is larger than that of sample A. The addition of CuO decreased Qg and increased 
Q causing an increase in m. The temperature profiles of AGAT/AN/CuO mixture indicate that the heat 
release in the condensed phase controls m. 
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Figure 6 DSC curves for mixtures. 

 
 Thermal analysis 

In this chapter, the reactions in the condensed phase of the combustion wave were evaluated based on 
the DSC data. Figure 6 shows DSC curves for mixtures. According to the measurement by a melting point 
apparatus, the melting of AN occurred at 401 K which is correspond to the endothermic peak at 401 K of 
DSC curve. The addition of CuO promoted the exothermic decomposition in the range from 
approximately 400 K to 440 K. The addition of MnO2 promoted the exothermic decomposition in the 
range from 493 K to 530 K. However, MnO2 increased the heat absorption in the condensed phase, and it 
suggests that MnO2 absorb heat and does not react as a catalyst up to about 493 K. In addition, the 
temperatures of final peaks on DSC curve were 569 K (sample A), 513 K (sample B and C), and 551 K 
(sample D). These temperatures may indicate that CuO activates decomposition more prominently than 
MnO2 in the condensed phase. Furthermore, DSC data of sample B and sample C were in close agreement. 
These data suggest that the samples containing CuO or Cu have similar decomposition processes. 

Based on DSC data, the addition of CuO activates the decomposition of AN and increases the heat 
release in the condensed phase. It is suggested that the increased heat feedback into the solid phase 
increases m.  
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 Ignition temperature and energy necessary for ignition 
The reciprocal of T vs. τ in ignition temperature test is shown in Figure 7. The relation between τ and T 

could be expressed by the following equation. 
   ln τ = B + E a / R T                                                         (6) 

where B is a constant, Ea is the energy necessary for ignition (the activation energy), and R is the gas 
constant. Accordingly, Ea can be obtained from the gradient of the straight line. Tig and Ea of samples are 
listed in Table 3. According to Table 3, the addition of CuO and Cu decrease Tig and lowered Ea. On the 
other hand, the addition of MnO2 raised Ea. 
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Figure 7 Results of ignition temperature test. 

 
Table 3 Tig and Ea of samples. 

Sample Tig [K] Ea [kJ mol-1 ] 
A 544 141 
B 497 46 
C 517 53 
D 544 158 

 
 Relationship between m and Δ E p 

Pi has been used as one of comparative screening criteria for pyrotechnic compositions [23] and is 
expressed by the following equation. 

   Pi = Δ H / Tig                                                            (7) 
where Δ H is the heat released by chemical reaction. Figure 8 shows the relation between Pi and m. There 
was no correlation between Pi and m. These data indicate that Pi cannot be used as a comparative 
screening criterion for m in this study. 

Figure 9 shows a schematic diagram of the changes in the internal energy when a gas generating agent is 
ignited and burns. The first step in Figure 9 is seen as an increase in the internal energy of the material 
when the E a is added. The second step in Figure 9 is seen as a decrease in the internal energy when the 
burning sample produces energy. The net amount of energy during burning is Δ H.  

Figure 10 shows a schematic diagram of the flame propagation along a sample. The flame propagation 
can be thought of as a continuation of self-ignition. As shown in Figure 10, a sample can be thought of as 
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a series of thin disks of the material. The disk designated “reacting layer” has ignited as a result of having 
received its needed E a. As this layer burns it produces energy, most of which is lost to the surroundings. 
However, some of the thermal energy produced is transferred to the next thin disk, designated as 
“pre-reacting layer”. If the amount of energy delivered to the pre-reacting layer exceeds its E a, then it too 
will ignite and burn. If this process is repeated for each successive disk of sample, the burning will 
propagate through the entire sample. Δ E p that is a difference between Δ H and Ea, is the propagation 
energy. Δ Ep could be expressed by the following equation. 

   Δ E p = Δ H − E a                                                        (8) 
Figure 11 shows the relation between Δ Ep and m. The amount of heat release obtained from DSC was 

used for Δ H. There was a correlation between Δ E p and m, suggesting that Δ Ep is effective as a 
comparative screening criterion for m in this study. 
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Figure 8 Propagation index vs. mass burning rate at 0.1 MPa. 

 

 
Figure 9 Schematic diagram of changes in internal energy 

 as a gas generating agent is ignited and burns. 
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Figure 10 Schematic diagram of flame propagation along a sample. 
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Figure 11 Energy used for flame propagation vs. mass burning rate at 0.1 MPa. 
 
4. Conclusions 

The following conclusions were obtained through the investigations on the thermal decomposition of 
samples using DSC and on the combustion characteristics of samples through the measurement of 
temperature profile during burning test using chimney type burner and thermocouples. 
(1) Ignition induction period and burning rate of AN-based gas generating agent were improved by using 

AGAT and CuO. 
(2) The mass burning rate of AGAT/AN based mixtures follows Vieille’s law.  
(3) The addition of CuO and Cu increased the mass burning rate by promoting the decomposition of AN 

in the condensed phase and decreasing the activation energy Ea. 
(4) The addition of CuO increased heat release in the condensed phase. 
(5) Mass burning rate of AGAT/AN/CuO mixtures increased by the increased heat release in the 

condensed phase. 
(6) The addition of MnO2 did not increase the mass burning rate, may be because of an increase in heat 

absorption in the condensed phase. 
(7) There was a correlation between the energy used for flame propagation Δ Ep and the mass burning 

rate, and it suggests that Δ Ep is effective as a comparative screening criterion for the mass burning 
rate in this study. 
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ABSTRACT 

Significant progress has been made in the area of synthesis and characterization of nanoenergetic 
materials over the past ten years. Energetic systems that have received significant attention are Al-Fe2O3, 
Al-CuO, Al-MoO3, Al-WO3, and Al-Bi2O3.  So far, most effort has been placed on investigation of 
combustion characteristics, such as combustion front propagation velocity and pressure generation as a 
function of type of oxidizer, particle size, and the reaction stoichiometry. This study investigates the 
properties and mechanisms that control ignition of nanoenergetic materials and specifically addresses 
ignition by electrostatic discharge and by laser-pulse. Nanothermite materials in powder form are very 
sensitive to ignition by ESD, having energy thresholds on the order of microjoules. It was determined that 
increasing metal oxide particle size causes the ignition threshold to increase. The use of a lamellar 
nanoaluminum also results in increased ignition threshold as compared to spherical nanoaluminum. The 
formation of granulated material from nanothermites significantly reduces ESD sensitivity in comparison 
with loose powdered material. Mathematical modeling of ignition delay times of nanothermites initiated 
by a laser pulse predicted adequately experimental data. Results from ESD and laser ignition suggest that 
heat capacity and effective thermal conductivity play a significant role in determining the energy needed 
to ignite these materials.  

INTRODUCTION 

Nanoenergetics have expanded over the 
past decade from a small group of materials, to a 
wide array of materials comprised of multiple 
components of many different sizes, 
morphologies, and chemical properties1-5.  Fuels 
have expanded from nano-scale aluminum 
powder to include many different metal 
nanopowders as well as non-metals such as 
silicon6 or boron.  Oxidizers of different particle 
shapes and sizes are mixed with the fuel to form 
a nanothermite; typically by mixing components 
in a liquid or by in-situ formation using sol-gel 
methods7.  Oxidizers can be metal oxide 
nanopowders or soluble oxidizers such as 
nitrates and perchlorates6.  Reactive properties 
of these nanoenergetic materials depend on a 
multitude of variables including: particle size, 
particle morphology, physical-chemical nature  

of the reactants, specific surface area, degree of 
intermixing, porosity of the mixtures, degree of 
consolidation, inclusion of additives and binders, 
and confinement of the reactive material among 
possible others. 

 In the early years of research in the area 
of nanoenergetics, main emphases were placed 
on the formation of new nano-sized components 
and the investigation of reactive properties of 
new nanoenergetics. The reactive properties 
were studied by measurement of combustion 
front propagation velocity under unconfined 
conditions and pressure generation in a closed 
volume cell1-5. While these tests are very useful, 
they do not shed much light on sensitivity or the 
mechanisms of ignition of nanothermites. 
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Table 1: Reactant Materials Used 

 

 

 

 

 

 

Nanoenergetic materials are generally very 
sensitive to ignition by various stimuli including 
friction, impact, electrostatic discharge (ESD), 
and thermal impulse. As with all energetic 
materials, safety is of very high importance 
when handling the nanoenergetics from small-
scale laboratory experiments all the way to 
large-scale applications of such materials. 
Humans are able to discharge up to ~8mJ of 
electrostatic energy which significantly exceeds 
the energy needed to cause accidental ignition of 
nanoenergetics. This paper addresses ESD 
sensitivity of various nanoenergetic materials 
and the parameters affecting that sensitivity. 
Early stages of ignition will also be discussed by 
comparing results of mathematical modeling to 
experimental data of nanothermite ignition by 
laser-pulse. 

EXPERIMENTAL 

A list of reactants used in this study is 
given in Table 1 along with suppliers and basic 
physical properties. Two different aluminum 
nanopowders were investigated to determine the 
effect of morphology on nanothermite reactivity 
while keeping specific surface area and reactive 
aluminum content approximately the same.  
Three different bismuth oxide nanopowders 
were used to investigate the effect of metal 
oxide particle size on sensitivity to ignition by 
ESD. 

Processing of Nanoenergetics 

The nanoenergetic materials that were 
investigated in this study were processed using 
several different procedures. Nanoenergetic 
materials in the form of loose powder were 

prepared by combining aluminum with one of 
the metal oxides in isopropyl alcohol (IPA). The 
slurry was then placed in an ultrasonic bath and 
mixed for 10 minutes, after which it is poured in 
a grounded metal tray for air-drying in a fume 
hood. The reactions of aluminum with different 
metal oxides proceed according to the following 
stoichiometric proportions: 

2Al + Fe2O3 → Al2O3 + 2Fe
2Al + 3CuO → Al2O3 + 3Cu
2Al + MoO3 → Al2O3 + Mo
2Al + Bi2O3 → Al2O3 + 2Bi

 

When calculating wt% of each constituent in the 
mixture, it had to be taken into consideration 
that the aluminum nanopowders had only 75 
wt% active aluminum content with respect to its 
total weight. The remainder of the materials is 
an aluminum oxide passivation layer.  In this 
study, the wt% of aluminum nanopowder in the 
four reactive systems shown above was 33%, 
24.8%, 36%, and 14.5%, respectively.
 Processing of nanoenergetics was also 
performed in water5,8 to eliminate the use of 
flammable solvents and to allow for the possible 
use of many different water-soluble binder 
materials. Processing in water, however, was not 
viable for the reactant mixtures containing 
molybdenum trioxide, due to its partial 
solubility in water and the formation of 
molybdic acids. To prevent reaction of 
aluminum with water, ammonium dihydrogen 
phosphate was dissolved in water at 2.5 wt% 
with respect to the mass of aluminum powder in 
the slurry. Gum arabic, a water-soluble binder, 
was added to the slurry at 4-6 wt% with respect 
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to the total mass of nanothermite mixture being 
processed. The resultant thick slurry was mixed 
ultrasonically for 10 minutes and then 
micropipetted into a grounded drying tray to 
form reactive cylindrical granules approximately 
0.1” in diameter and 0.1” in height. Figure 1 
shows images of the tray and resultant 
granulated material. 

Figure 1a: Grounded metal drying tray for 
the formation of a granulated material. 

Figure 1b: Nanoenergetic granules formed by 
processing with gum arabic binder in water. 

ESD Testing of Nanoenergetics 

 ESD testing was performed using a 
Model 930D-FTS Electrostatic Discharge 
Simulator from Electrotech Systems, Inc. The 
simulator has interchangeable capacitors of 0.1, 
0.2, 0.5, 1, 2, 5, 10, and 20 nF. The voltage can 
be varied from 0 to 25 kV for the three smallest 
capacitors and from 0 to 5 kV for the larger 
capacitors. Additional resistances of 1.5 and 5.0 
kΩ can be added to increase the time duration of 

the discharge. For testing of loose powder 
material, a needle-shape probe tip was set at a 
specific distance from the base electrode by 
moving an adjustable base. The powder was 
placed inside a teflon washer to prevent 
scattering of the powder during testing. For each 
individual nanothermite powder system, testing 
was started with the smallest capacitor and 1 kV 
voltage level. The powder was subjected to 20 
consecutive discharges. If no ignition occurred, 
the voltage level was increased and tests were 
performed again until ignition occurred. The 
ignition threshold is determined by the capacitor 
and voltage combination that does not ignite for 
20 consecutive discharges. The energy of 
ignition is determined using the equation: 

E = CV 2 /2 

where E is energy in Joules, C is capacitance in 
Farads, and V is voltage in volts. Nanoenergetic 
material in a granulated form was tested by the 
placing of a several granules in close proximity 
to each other with the discharge probe placed in 
the center. Again, 20 consecutive discharges for 
different energy levels were performed until 
ignition occurred. Additional resistances were 
used to simulate discharge from humans and 
tools that have natural inherent resistances 
which cause longer discharge duration for the 
same amount of energy.  ESD testing was 
performed to determine the effect of the 
following variables on ignition sensitivity: metal 
oxide used, metal oxide particle size, specific 
surface area, fuel morphology, degree of 
consolidation, and use of binder. Figures 2a and 
2b presents images of the ESD gun mounted on 
a tripod and a close-up of the probe tip and 
adjustable base.  

Laser Ignition of Nanoenergetic Materials 

ESD testing is a necessary method of 
quantifying the ignition sensitivity of 
nanoenergetic materials. However, the exact 
determination and modeling of the ignition 
process is complicated due to the complex 
dynamics of electrostatic discharge into a 
powdered sample. Laser-pulse ignition is much 
easier to model mathematically and simpler to 
measure experimentally. A diode laser (LIMO 
Micro-Optics and Laser Systems) equipped with 
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a multimode fiber could deliver up to 25W cw or 
modulated pulses. 

 

Figure 2a: ESD discharge gun. 

 

Figure 2b: Close-up of discharge probe 
positioned above a teflon washer containing 

nanoenergetic powder. 

The laser beam from the fiber was collimated 
and refocused to a diameter of 0.5 mm. This 
beam, impingent on a sample of energetic 
material, was used as the ignition stimulus. 
Ignition delay time was determined as the time 
from which the laser beam becomes impingent 

on the surface of the material until ignition 
occurs. Ignition was determined by a photodiode 
from the light output of the reaction. Both the 
laser input signal and the photodiode signal were 
recorded using an oscilloscope.  Nanoenergetic 
material was tested in both loose powder and 
consolidated form. 

RESULTS AND DISCUSSION 

ESD Discharge Sensitivity 

Nanoenergetic materials are most 
sensitive to ignition by external stimuli when in 
loose powder form. This sensitivity is due to the, 
the large amount of exposed surface area and 
combined with the ability of nanopowders to 
develop large amounts of surface charge during 
handling and processing may lead to accidental 
ignition. However, accidents are mostly caused 
by electrostatic discharge from external sources. 
The results of this study show the effect of 
surface area and particle size on ESD sensitivity. 
Loose powder samples of Al-Bi2O3, Al-CuO, 
Al-MoO3, and Al-Fe2O3 comprised of 80 nm 
aluminum and nanoscale oxides have the 
following respective ESD ignition thresholds:  
1μJ, 84.5 μJ, 50 μJ, and 113 μJ.  These results 
were obtained using a 100 pF capacitor and 
without added resistance. Very high ignition 
sensitivity of the mixture containing bismuth 
oxide can be attributed to several conditions 
including low presence of hydroxyl groups on 
the surface, ability to carry high amounts of 
surface charge, potential oxygen deficiencies on 
the nanoscale level that act as charge carriers9, 
and low heat capacity compared to that of other 
metal oxides. In order to determine the effect of 
particle size on ignition sensitivity, three 
different bismuth oxide powders (listed 
previously) were mixed with aluminum and 
tested by ESD. Although there are discernable 
differences in the ignition thresholds of the three 
mixtures, all are still very sensitive. For the 
mixtures containing Nanophase Bi2O3, Accumet 
Bi2O3, and Clark Bi2O3, the ignition thresholds 
are 0.075, 0.125 and 2.0 μJ respectively. While 
it has been shown that increasing particle size 
decreases sensitivity, it is also accompanied by a 
decrease in energy release rate as well. To avoid 
the pitfall of decreased reaction rate, it was 
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desired to investigate the effect of particle 
morphology on ignition sensitivity. Particles 
having different morphology can have similar 
specific surface areas and reactive metal 
contents, so in essence should be comparable 
from a reactivity point of view. The two 
different aluminum nanopowders in the form of 
spheres and nanoflakes were used to investigate 
this effect are shown in Figure 3a and 3b. 

     Figure 3a: 80 nm aluminum powder from  
   Novacentrix; SSA 26.1 m2/g. 

Figure 3b: Flake aluminum powder produced 
at SDSM&T; SSA 24.4 m2/g. 

In order to determine the difference in ESD 
sensitivity, each aluminum powder was mixed 
with Accumet bismuth oxide in isopropyl 
alcohol and dried as a loose powder. 
Determination of ignition threshold showed a 
noticeable increase in the amount of energy 
required for ignition. The ESD sensitivity 
changed from 0.125 μJ for the mixture 
containing 80 nm aluminum to ~100 μJ for the 
mixture containing the flake aluminum. It can be 

argued that although the flake aluminum has 
comparable specific surface area, the individual 
flakes are 2-dimensional and therefore larger in 
size, which makes them able to better disperse 
absorbed energy. This ability of larger particles 
to disperse and/or distribute the energy of an 
ESD spark was demonstrated by investigating 
the ignition sensitivity of nanoenergetic granules 
of Al-Bi2O3 formed by the water processing 
method, which was described earlier. It was 
observed that these granules, which were 
relatively non-conductive, were able to 
distribute ESD sparks around the sample without 
causing ignition as shown in Figure 4. In this 
case the mean free path for the spark to travel 
from discharge tip to base electrode was around 
the surface of the granule instead of through the 
sample as is the case with loose powder 
materials. 

 

Figure 4: High speed video still of 
nanoenergetic granule distributing spark 

around its surface. 

This phenomenon resulted in ignition thresholds 
approaching the mJ range as opposed to 
microjoules or fractions of a microjoule. 

Laser-pulse Ignition of Nanoenergetics 

In order to correlate experimental data for 
ignition sensitivities with specific properties of 
the material, it was desired to use a method that 
could be mathematically modeled. Laser-pulse 
ignition allows for the rate at which energy is 
deposited into the sample to be more defined, as 
well as the size of sample exposed to the ignition 
stimulus. The system was modeled as 2-
dimensional using radial coordinates. The 
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following assumptions were made in this 
modeling study: 

• Mixture is 2-component heterogeneous but 
treated as isotropic. 

• All physical properties are assumed 
constant. 

• No mass diffusion occurs. 

• Heat conduction is modeled by Fourier law. 

• Temperature dependence of the reaction rate 
is expressed in Arrhenius form (allows for 
use of kinetic constants determined from 
DSC measurements)10. 

• Reaction proceeds as first order with respect 
to limiting reactant (fuel). 

• Laser beam is considered to be a surface 
heat source only. 

Using these assumptions, the following 
governing equations and boundary conditions 
were developed: 
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= 0

@z = 0 : −k ∂T
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where ε = porosity, ρ = density, Cp = heat 
capacity, T = temperature, t = time, k = thermal 
conductivity, z = axial direction, r = radial 
direction, q = heat input or heat loss, ϕ = 
reflectivity, Io = laser power, rbeam = laser beam 
radius, ko = pre-exponential factor, Co = initial 
fuel concentration, η = conversion, Ea = 
activation energy, R = gas constant, (-ΔH)r = 

heat of reaction, σ = Stefan-Boltzmann constant, 
and α = emissivity. 

The FlexPDE software package was 
used to model this system. This software 
incorporated an adaptable mesh as well as 
adaptable time step that allowed us determine 
both dynamic temperature and conversion 
profiles prior to ignition. The point of ignition 
was estimated as the moment at which the 
temperature and conversion profiles began to 
increase exponentially. The results from 
mathematical modeling were quantitatively 
compared to experimental tests conducted in the 
setup previously described. Figure 5 illustrates a 
comparison between modeling and experimental 
data for ignition delay as a function of laser 
power. The nanoenergetic system being 
modeling and tested was Al-Bi2O3 powder with 
a porosity of ~90%. Also included in the plot is 
the predicted maximum surface temperature at 
the point of ignition. 

Figure 5: Comparison of modeling and 
experimental data of ignition delay time as a 

function of laser power. 

This plot shows that the data obtained from the 
mathematical model fairly agrees with 
experimental data. As the laser power is 
increased, the nanoenergetic material cannot 
disperse the absorbed energy by conduction fast 
enough and consequently, the sample reaches its 
ignition point much sooner. Contrary to ignition 
studies done in DSC equipment, where the 
sample temperature is uniform, the maximum 
surface temperature during laser initiation is 
much higher. This higher surface temperature 
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can be explained by slow heat dissipation due to 
low thermal conductivity of the sample. Other 
nanothermite systems were also investigated to 
determine the applicability of the proposed 

model at various levels of porosity. The results 
of these tests are shown in Table 2 along with 
corresponding ESD sensitivities. 

 

 

Table 2: Experiment and modeling ignition delay times along with corresponding ESD ignition 
sensitivities. 

 

 

 

 

 

 

 Both modeling and experimental data 
show the same trends in ignition delay times for 
the investigated nanothermite systems. Al-Bi2O3 
powder was the most sensitive to ignition both 
by laser and ESD discharge, but the same system 
in granular form is the least sensitive. It should 
also be noted that the trend in ignition delay 
times for laser-pulse ignition correspond to trend 
in ESD sensitivity as well. It was previously 
suggested that the high sensitivity of the Al-
Bi2O3 system to ignition by ESD could be due to 
its ability to hold large amounts of surface 
charge or the presence of oxygen vacancies that 
act as charge carriers. Neither of these suggested 
properties, however, are determining factors in 
the system’s high sensitivity to ignition by laser-
pulse. In comparison with other nanoenergetic 
mixtures, one property does suggest that the Al-
Bi2O3 system would absorb heat better and reach 
the ignition point faster. Comparison of heat 
capacities for the nanoenergetic mixtures at 
room temperature and at an elevated temperature 
of 550 oC shows a corresponding trend between 
ignition sensitivities and heat capacities for all 
systems as is seen in Figure 6. If heat capacity 
plays a role in ignition delay and sensitivity, this 
data would indicate that the system containing 
bismuth oxide would be the most sensitive, 
while the system containing iron oxide would be 
the least sensitive. This is confirmed by both 

ESD and laser-pulse experiments. It would also 
make sense that if the material had a lower 
porosity, it would in effect have a larger heat 
capacity and be less sensitive to ignition. This is 
supported by data showing the nanoenergetic 
granules to be significantly less sensitive to 
ignition. 

 

Figure 6: Heat capacities of various 
nanoenergetic systems at room temperature 

and elevated temperature. 
 

However, it should be noted that other materials 
properties, especially effective thermal 
conductivity, may also significantly affect 
heating and ignition conditions. 
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Conclusions 

• ESD sensitivity of nanoenergetic materials 
is dependent on reactant particle sizes, 
morphology, processing methods, and 
degree of consolidation. As reactant particle 
size is increased, the ignition threshold 
increases. Aluminum with flake morphology 
reduces the sensitivity of nanothermite 
materials. 

• Processing of nanothermite materials in 
water-based solution with gum arabic as 
binder was used to form consolidated 
granules. These granules were less sensitive 
to ignition by ESD due to their ability to 
distribute spark energy around the granule. 

• The mathematical model developed in this 
study adequately predicted ignition delay 
time determined experimentally by laser-
pulse ignition. 

• The ability of nanoenergetic materials to 
disperse absorbed energy is dependent on 
several properties including heat capacity 
and effective thermal conductivity. 
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ABSTRACT 
 

This paper reports the results of a study on the preparation of dust free pyrotechnic compositions 
for CMD applications using of an energetic binder. Compatibility studies, hazard assessment and a 
performance assessment were performed on formulations containing the energetic binder glycidyl azide 
polymer.  

Heat flow calorimetry experiments indicated that there were no compatibility concerns with the 
formulations, however, an incompatibility may exist between the fuel and curing agent. Hazard 
characterisation indicated that the 6% binder composition was relatively insensitive to impact and friction 
but was relatively electrostatic sensitive. Compositions with 6% binder burnt through steel witness plates; 
however the diameter of the hole formed was smaller than that produced by the control composition. 
Increasing the amount of binder in the composition reduced the flame temperature and as a result the 
erosive force of the flame decreased resulting in slag deposition on the witness plate and failure to 
penetrate the plate. 
 
 
Introduction 

Pyrotechnic compositions are used in a 
wide variety of military and civil applications. A 
new application for pyrotechnics has been their 
use in disposal of conventional munitions such 
as land mines, bombs and shells. A large 
pyrotechnic torch was underdevelopment at 
QinetiQ that would be capable of burning 
through the outer casing of a munition and 
produce a controlled burning of the high 
explosive filling. 

This approach has several advantages 
over other disposal techniques as the torch does 
not have to be in contact with the munition and 
it does not produce high velocity explosive 
projectiles that may activate an anti-tamper fuze. 

Small pyrotechnic torches (Pyrotorch 
and Fireant) had been shown to be effective 
against plastic cased munitions or thin metal 
cased munitions (up to 1mm) [1]. It was hoped 
that larger metal cased ordnance could also be 
disposed off in a similar manner by using a 
larger torch. 

Initial results using a larger torch 
(Megatorch) indicated that to obtain the desired 

heat output to penetrate an inch of steel a faster 
burning composition would be required  than  
that  used  in  the  Pyrotorch or Fireant. To 
achieve this, finer particle size ingredients were 
used. 

A number of Megatorch munitions were 
manufactured and successfully tested against 
conventional thick cased munitions. During the 
manufacture of a new batch of Megatorch 
munitions, an incident occurred that resulted in 
minor injuries to two personnel and considerable 
damage to the hydraulic press and the structure 
of the building. One potential cause of the 
ignition was thought to be an electrostatic 
discharge (ESD) during the filling process [2]. 

This ignited a cloud of fine aluminium 
dust that had been produced on pouring the 
composition into the Megatorch body prior to 
pressing the composition. 

One way of reducing the formation of a 
dust cloud and making the compositions safer to 
process is to increase the binder content of the 
composition and produce a granular, extrudable 
or pour castable composition.  

However, increasing the binder content 
of a pyrotechnic composition reduces the 
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burning rate and amount of available energy. 
One potential way of overcoming this 
shortcoming is by the use of an energetic binder. 

This report describes the preliminary 
research into new pyrotechnic compositions that 
would be suitable for Megatorch applications. 

 
Experimental 

Three binders were considered to be 
potential additives to barium nitrate and 
aluminium mixes, these were polyglycidyl 
nitrate (polyGlyN), poly (nitratomethyl) 
methyloxetane (polyNimmo) or gycidylazide 
polymer (GAP). 

A literature survey carried out indicated 
that no work has been reported on aluminium 
compositions containing polyGlyN, polyNimmo 
or GAP. However, other studies at QinetiQ 
using these binders indicated that there were 
compatibility concerns with 
aluminium/polyGlyN and aluminium/ 
polyNimmo mixtures [3] and these binders were 
therefore unsuitable for use in the formulation 
studies. 

Compatibility studies were performed 
on mixtures of aluminium, barium nitrate and 
GAP in accordance with STANAG 4147 [4]. 
Heat flow calorimetry was carried out on 500 
mg samples of each binary mix and 500 mg of 
the ternary mix containing 40% aluminium, 50% 
barium nitrate and 10% binder. The heat flow 
was studied at 50 ºC in air at ambient humidity 
and dry argon. The samples were studied over a 
three-day period. 

A range of aluminium, barium nitrate 
and GAP compositions were prepared for 
investigation. The ratio of the fuel and oxidant 
was based on the formulation that was used in 
Megatorch. The compositions prepared are 
given in table 1. 

The procedure used involved premixing 
the GAP and HDI curing agent. This resulted in 
intimate mixing occurring prior to the dilution 
effects of the fuel and oxidant. The aluminium 
powder was then added and thoroughly mixed 
with the GAP/HDI mixture, finally the barium 
nitrate was added. This mixing technique was 

found to significantly reduce the amount of fine 
aluminium dust produced during mixing. 

 

Table 1; Composition formulations 

Mix Al 
% w/w 

Ba(NO3)2
% w/w 

GAP 
% w/w 

HDI 
% w/w 

1 43.9 53.9 2 0.24 

2 42.8 52.7 4 0.5 

3 41.7 51.6 6 0.7 

4 40.7 50.6 7.9 0.8 

5 39.6 49.5 9.9 1 

6 34.6 44.5 19.8 1.2 

7 36.6 46.4 14.6 2.4 

Hazard Characterisation 
The impact, friction and electrostatic 

hazard data were obtained for the composition 
containing 6% GAP. 

Burning rate studies 
The compositions were filled into 

blowpipe size paper flare cases to determine 
how the binder concentration affected the 
burning rate. Each flare contained 12 g of 
composition that was consolidated in 4 x 3 g 
increments at a pressing load of 6.7 kN. Mix 6 
was not filled and mix 7 was hand stemmed but 
at a greatly reduced pressing density. The length 
of the filled column in each flare was measured. 
The composition was ignited using a Davey 
Bickford fusehead and the burning time of each 
flare was recorded. Flares with the higher binder 
contents had a small amount of priming applied 
before testing. 

Testing in Pyrotorch 

Three compositions were chosen for 
further investigation in a Pyrotorch sized 
munition. Pyrotorch uses a thick cardboard tube 
with a 20 mm diameter as the body and utilises a 
fire-clay nozzle. The tubes were filled with 3 g 
of priming and 45 g of composition before 
consolidation at a load of 3.5 kN.  
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For each composition, two munitions 
were prepared and functioned against a 1 mm 
thick steel witness plate at a 5 cm stand off. 

Results 

The results obtained from the heat flow 
calorimetry experiments (Table 2) indicate that 
there are no compatibility concerns with the 
aluminium/barium nitrate/GAP mixtures. The 
greatest heat flow of 10 µW g-1 was observed for 
the degradation of aluminium in moist air. 
Barium nitrate showed a very small negative 
heat flow possibly caused by baseline drift or 
adsorption of moisture by the sample. 

Table 2; Heat flow calorimetry results at 50 
°C in air and argon 

 Mean Heat Flow Signal 
/ µW g-1 

 Air Argon 
Sample M E M E 
Al 10.0 - 5.3 - 
Ba(NO3)2 -1.0 - - - 
GAP 0.3 - - - 
Al/Ba(NO3)2  4.0 4.5 1.6 2.2+ 
Al-GAP  4.0 5.2 3.1 2.8+ 
Ba(NO3)2-GAP  -0.9 -0.3 -0.9 -0.3+ 
Al/Ba(NO3)2/GAP  2.0 3.6 1.0 1.7+ 

M Measured 
E Total estimated from the values for the individual 
components 
+ Ba(NO3)2 and GAP values in air used 

The heat flow for the binary mixtures 
was generally slightly lower than the value 
estimated from the results of the individual 
ingredients. The mixtures containing aluminium 
showed a small amount of heat flow from the 
reaction of aluminium with moisture. The 
barium nitrate-GAP mix showed a small 
negative heat flow. There was no evidence of an 
incompatibility between any of the ingredients. 
The ternary mixture also indicated that there 
were no compatibility concerns.  
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Figure 1; Cumulative heat flow for the HDI 
binary mixes 

Binary mixes of aluminium, barium 
nitrate and GAP with the curing agent 1,6-
diisocyanatohexane (HDI) were also 
investigated. The results are summarised in table 
3 and the cumulative heat flows are shown in 
figure 1. After 1h, the binary mix of GAP and 
HDI gave a heat flow of 30000 µW g-1, which 
was expected, as this is the curing reaction; it 
gave a cumulative heat flow of 45.5 J g-1 after 20 
h.  

Table 3; Heat flow results for the HDI binary 
mixes after 20 h 

Sample Cumulative 
heat after 

20 h 
J g-1 

89.6% GAP – 10.4% HDI 45.5 

90.7% GAP – 9.3% HDI 40.9 

50.5% Al - 49.5% HDI 11.9 

49.8% Ba(NO3)2 - 50.2% HDI 2.4 

HDI 2.8 

The heat flow for the binary mix of 
aluminium and HDI showed that a reaction was 
occurring. However, the reaction between the 
aluminium and the HDI was slower than the 
curing reaction; the cumulative heat flow after 
20 h was around 12 J g-1. A very small heat flow 
was observed between barium nitrate and HDI 
that was less than the heat flow seen for pure 
HDI. 
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Hazard characterisation 

Hazard characterisation of a 6% GAP 
composition indicated that the material was 
insensitive to impact and friction but was 
moderately electrostatically sensitive with 
ignitions at 0.45 J but not at 0.045 J. 

Mixing and pressing studies 

The results of the mixing study are 
summarised in table 4. Mixes 1 and 2 contained 
insufficient binder to completely wet the fine 
aluminium powder. Mix 3 produced an 
agglomerated dry mix when the aluminium, 
GAP and HDI were mixed; on the addition of 
the barium nitrate this mix became a a dusty dry 
free flowing powder. The GAP/HDI wetted out 
the aluminium into a paste for mixes 4 and 5 
which, on addition of the barium nitrate 
produced agglomerated dry mixes. Mixes 6 and 
7 were viscous slurries even after the addition of 
the barium nitrate. 

The mixes were cured at ambient 
temperature for 72 h in dry air, mixes 6 and 7 
hardened on curing. 

Table 4; Mixes used in the burning trials 

Mix Comments 

1 Very Dry mix. 

3 Dry and dusty mix 

4 Al wetted in GAP, dry powder with small 
agglomerates 

5 Al wetted in GAP, agglomerated mix 

6 Tacky material, hardened on curing 

7 Similar consistency to blue tack, hardened
on curing 

The mixes were pressed into blowpipe 
tubes. The dry mixes of 1, 3, 4 and 5 all pressed 
well with no evidence of sticking to the drift 
head or extrusion during the pressing process. 

Mix 7 extruded from the flare case when 
pneumatically pressed and also adhered to the 
drift head, it was therefore hand stemmed into 
the case. As a consequence of this mix 6 that 

also had a high binder content was not pressed 
into a flare case. 

Burning trials 

The results of the burning trial are 
tabulated in table 5 and shown graphically in 
figure 2, the results are based on four firings for 
each composition. 

Table 5; Results from the Blowpipe flare 
firing trial 

Mix Burning 
Rate  

mm s-1 

Comments 

1 3.6 Vigorous burn 

3 2.0 Steady burn, SR661 primed 

4 1.6 Steady burn, 2 primed  with 
SR661  

5 1.5 Steady burn, 3 primed  with 
SR661 

7 2.1* Hand tamped, uneven burn, sooty 

*Based on two firings only 
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Figure 2; Burning rate of blowpipe flares 
containing GAP compositions 

For the pressed flares an increase in the 
binder content decreased the burning rate of the 
compositions. 

The composition containing 2% GAP 
produced the fastest burning rate at 3.7 mm s-1 
with a steady vigorous burn. Combustion 
products were ejected approximately 150 cm 
above the flare. 



-125- 

The composition containing 6% GAP 
had a burning rate of 2.0 mm s-1. A steady burn 
was obtained with material being ejected 
approximately 80 cm above the flare. The 
composition produced a smoky output. 

The compositions containing 8% and 
10% GAP had similar burning rates. 

Both flares filled with mix 7 ignited; the 
lower packing density resulted a burning rate 
which was greater than the pressed compositions 
containing lower levels of binder.  

Testing in Pyrotorch 
Three compositions, mixes 3, 4 and 5, 

were selected from the burning trials to undergo 
evaluation in Pyrotorch. The performance data 
are recorded in table 6 and photographs of a 
witness plate for each mix are shown in figures 3 
to 5. 

The results for previous firings with 
Pyrotorch show that it penetrates the witness 
plate in under 2 s and produces a hole with a 
diameter (ø) of around 20 mm. 

The addition of the energetic binder 
reduced the rate of erosion on the witness plate. 

Mix 3, containing 6% GAP burned 
through the witness plate after 6.0 and 7.9 s and 
produced a hole with a diameter 17 mm. A 
steady output from the device was achieved with 
no slag build-up on the nozzle, or on the burn 
front of the witness plate. However, there was 
evidence of slag deposition on the rear face of 
the witness plate. 

Mix 4 with 8% GAP binder penetrated 
the 1 mm thick steel witness plate, but the time 
to burn through was between 11 and 16 s with a 
10 to 11.5 mm diameter hole. The output also 
fluctuated during the burn; this was attributed to 
slag deposition in the nozzle. The hole burned 
through the witness plate had also reduced and a 
large amount of slag was deposited onto the 
surface. The fact that a longer burn through 
time, small diameter hole and the amount of slag 
deposition would indicate that the temperature 
of the expelled materials were lower than mix 3. 

Mix 5 with 10% w/w GAP binder failed 
to burn through the witness plate. The expelled 

material from the pyrotorch condensed on the 
witness plate protecting it from further erosion 
(Figure 3). The nozzle also had heavy build-up 
of slag that may result in nozzle blockage and 
pressure build up. 

Table 6; Results from the Pyrotorch burning 
trials 

Mix Burning 
time 

s 

Burn 
through 

Time 
s 

Hole 
ø 

mm

Comments 

3 26.5 6.0 17 - 

3 24.4 7.9 17 - 

4 28.5 11.6 11.5 Slag deposition 
filled hole, on 
further burning, 
blasted out. 

4 27 15.8 10 Large amount of 
slag on front of 
witness plate. 

5 30 Failed 0 Slag built up on 
nozzle and witness 
plate. 

5 29 Failed 0 Slag built up on 
nozzle and witness 
plate. 
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Figure 3; Front face of the witness plate 
for mix 3 

 

 
Figure 4; Front face of the witness plate 
for mix 4 

 

 
Figure 5; Front face of the witness plate 
for mix 4 

 

Conclusions 

There was no incompatibility observed 
between aluminium, barium nitrate and the 
energetic binder GAP. However there appeared 
to be an incompatibility between aluminium and 
the binder curing agent 1,6-diisocyanatohexane 
(HDI). 

The ease of ignitability of the 
compositions decreased as the amount of GAP 
increased, this can be overcome by the addition 
of a primer composition. 

Hazard characterisation indicates that a 
composition containing 6% GAP is insensitive 
to impact and friction but is moderately sensitive 
to electrostatic discharge. 

Compositions containing more than 6% 
GAP were able to wet the aluminium and reduce 
the release of aluminium dust during mixing. 

The burning rate of the compositions 
decreased as the amount of GAP increased. 
Reducing the pressing load appeared to increase 
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the burning rate of the composition containing 
high levels of GAP.  

The composition containing 6% GAP 
burned through a 1 mm steel witness plate but at 
a slower rate than the composition used in 
Pyrotorch. The diameter of the hole in the 
witness plate was also reduced. 

Increasing the amount of binder in the 
composition reduces the flame temperature 
further and as a result the erosive force of the 
flame decreased. This resulted in slag deposition 
on the witness plate and failure to penetrate the 
plate. 

The addition of the energetic binder 
GAP did not appear to give a pyrotechnic 
composition with a higher heat output than one 
containing a conventional binder.  
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ABSTRACT 
 

The conventional military thermate incendiary grenade contains an iron-thermate and pyrotechnic 
additions such as sulfur and barium nitrate to improve its thermal effect by directing the released energy 
and reducing ignition temperature.  As a result, it has the capability of producing molten iron in flame to 
destroy military equipment, weapon systems, and vehicles.  However, safety related deflagrations of 
theAN-M14, the US Army incendiary hand grenade, were experienced within the current inventory at 
cold temperatures.  A product improvement program was initiated to eliminate the cold deflagrations by 
improving the thermate formulation, as well as removing the lead material in the thermate igniter as part 
of an environmental clean-up initiative.  An additional effort was executed to improve the system 
performance by investigating the incendiary fill configurations: top-down burning solid pellet vs. core 
burning center-hole pellet.  Presently the AN-M14 uses a solid pellet design. This paper describes the 
improvements, down-selection, optimization, and performance verification on the thermate formulations 
and system configurations through a series of manufacturing and testing of the prototype and full-up 
hardware.  Results indicate the improved, lead–free AN-M14 grenades functioned reliably and were free 
of cold deflagration. 
 
 
BACKGROUND 
 

The AN-M14 is a hand emplaced incendiary munition that provides approx. 4000°F for 
destruction of military equipment, weapon systems, and vehicles. Typical burn time ranges from 30 to 45 
seconds, which is adequate to provide destruction for any target area of interest. When the entire grenade 
is functioned it is totally consumed thus only leaving behind molten slag. The AN-M14 uses an M201A1 
fuze, which is a pyrotechnic delay fuze with a first fire mixture primer.  This fuze only allows between 
0.7 to 2 seconds before it functions. [1]  Historically, this item has performed reliably in ambient and hot 
conditions; however at cold temperatures deflagrations became evident. Figure 1 on the left shows a 
violent cold deflagration during functioning and a normal functioning of the AN-M14 takes place on the 
right. 
 
 

 
Figure 1. a) Deflagration of AN-M14 b) Normal AN-M14 

A B
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During further investigation 11 exploded and 70 had violent reactions out of the 402 conditioned 
at cold temperatures [3]. These cold deflagrations combined with a short fuze delay time pose a risk to the 
safety of the user since the item is hand emplaced.  As a result, the ARDEC AN-M14 Integrated Product 
Team initiated an engineering program in 2007 to improve the existing formulations and system 
configuration.  In addition, the current igniter contains red lead so an effort was also conducted to replace 
it with a lead free version that will perform reliably to ignite the thermate mixture. 

 
Figure 2 shows a computer rendering of the AN-M14 of 

both the internal components and external components.  The 
location of the starter and thermate incendiary mixture are 
pinpointed in the figure with the current formulations for both 
shown in Table 1 and 2 respectively. 
 
 
 
 
 

Figure 2. AN-M14 Grenade 
 

Table 1. Current Incendiary Formulation 

Ingredient and Specification Parts by Weight 
Aluminum Powder, Grade D 1166  
Aluminum Powder, Grade C 99  
Black Iron Oxide  44 
Barium Nitrate  29 
Sulfur  2 

 
Table 2. Current Igniter Formulation 

Mixing Parts Ingredient and Specification Parts by Weight 
Red Lead  25 
Synthetic Red Iron Oxide 25 
Silicon Powder 25 32 
Titanium Powder 25 
Nitrocellulose Binder  4.5 

9 Acetone 36.75 
 

 
OBJECTIVE 
 

The product improvement plan proceeded through two major phases. Candidates were evaluated 
for phase one through a lab-scale approach.  The lab-scale focused on the improvements on the current 
formulation: such as addition of a binder, variation of  loading pressure, use of a non-lead igniter, 
reconfiguration of the incendiary fill, and variation of types of aluminum powder.  Various confined 
prototypes with different vent-hole sizes were indentified to control gas output during functioning in this 
phase. The selection of candidates for full-scale testing in phase two was based on the two optimal 
formulations from the lab-scale phase.  Focus on performance optimization for the whole system design 
was used in determination of the final design. 
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IMPROVEMENTS 
 
Igniter  
 

Currently toxicological and environmental issues are well known when using lead containing 
formulations, therefore an alternate lead free igniter is of need. In order to replace the current lead igniter 
with a non lead igniter, three viable formulations were identified.  Both igniter formulation 1 and 2 
contain aluminum therefore aiding in a hotter ignition temperature for initiating the main charge. While 
formulation 3 provides a proven longer burn rate. The baseline igniter composition was tested against 
these three igniter formulations in order to determine the optimal igniter for use in the system. Reliability 
of ignition was targeted in this lab-scale phase to ensure ignition of main charge composition with no 
failures.  Tables 1, 2, and 3 shows the three igniter formulations[2] selected.   
 

Table 3. Igniter 1 Formulation 
Ingredient and Specification Parts by Weight 
Potassium Nitrate  66 
Titanium Powder 11 
Aluminum Powder  8 
Silicon Powder 6 
Sulfur  2 
Charcoal  5 
Vinyl Alcohol Acetate Resin Binder (VAAR) 2 
 

Table 4. Igniter 2 Formulation 
Mixing Parts Ingredient and Specification Parts by Weight 

Silicon Powder 26 
Potassium Nitrate  35 
Charcoal 4 
Iron Oxide, Black 22 83.3 
Aluminum Powder  13 
Nitrocellulose Binder  6 

16.7 Acetone 94 
 

Table 5. Igniter 3 Formulation 

Ingredient and Specification Parts by Weight 
Silicon Powder 18.96 
Potassium Nitrate  25.57 
Charcoal  2.86 
Stearic Acid 2.6 
Gum Arabic 4 
Water 46 
 

Each igniter was tested on the baseline main charge composition that was pressed into 1.5” pellets 
with a center-hole and solid pellet design. Igniters 1 and 2 were pressed as a second increment onto the 
pellets, while igniter 3 was applied using a slurry patch. Reliable ignition with no failures was achieved 
with igniter 2 in both pellet configurations studied. 
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Incendiary Charge  
 

The current incendiary formulation was altered with the focus on the addition of a binder and 
variation of aluminum with respect to particle size, grade, and class. Integrity of the consolidated material 
was of concern in this item, therefore the addition of Vinyl Alcohol Acetate Resin Binder (VAAR) will 
give the material the required mechanical strength for such integrity.  Additionally, changing aluminum 
from Type II, Grade C, Class 4 to Type II Grade E, Class 6 was investigated.  Particle Size results showed 
that the Grade E, Class 6 had a slightly smaller particle size and also finer particle size distribution than 
the Grade C, Class 4.  The effect of this finer smaller particle size gave a slight increase in burn time and 
a slight increase in the heat of the reaction thus aiding in better destruction of the targets.  It showed the 
most consistent burn characteristics along with penetration characteristics through a ½“ 1018 steel plate.  
Another point of interest was variation of loading pressure for each formulation within the configuration. 
Adjustments of loading pressure between 4100 and 5500 psi took place. Results showed that 4200 psi was 
adequate to give the most consistent burning of main charge in both configurations. The current AN-M14 
uses a loading pressure of approximately 6,000 psi. The improved formulation[2] is shown in Table 6. 
 

Table 6. Improved AN-M14 Incendiary Formulation 
Ingredient and Specification Parts by Weight 
Aluminum Powder, Grade D 15.53 
Aluminum Powder, Grade E 8.74 
Black Iron Oxide  42.72 
Barium Nitrate  28.16 
Sulfur  1.94 
Vinyl Alcohol Acetate Resin Binder (VAAR) 2.91 

 
 
Incendiary Fill Configuration 
 

Various design configurations were also studied to eliminate the cold deflagrations and improve 
the system performance. All configurations produced and tested along with formulations for each are seen 
in Table 7 (end of paper) that also includes the data and penetration observation. The three features in the 
system configuration that were investigated were use of grenade body insulation, center-hole design, and 
vent-hole size. Use of insulation would maximize the effectiveness of thermal output by minimizing the 
heat loss to the environment. Various types of insulation were studied from graphite to ceramic. However, 
adding this insulation to the grenade cans did not result in any different penetration characteristics and 
burn time as compared to the configurations without insulation. Therefore, it was concluded the insulation 
used at this time did not enhance penetration or burn time.   
 

The second improvement is aimed at having a center- hole design rather than the current solid 
pellet design. A study of center-hole size took place to see if this variance played a role in burn time along 
with penetration capabilities. Variation of the center-hole diameter between 0.3” to 0.5” did not play a 
significant role in burn characteristics. Decision of a center-hole design with a 0.5” diameter throughout 
was chosen for both the pellet and the bottom of the grenade body.  This aids in directing the flow of 
energy through the entire grenade, in which the downward reaction is jetted out the bottom immediately 
rather than be pushed out from the top as in the solid pellet design.  The jetting propulsion of molten slag 
allows for faster destruction, although the total burn time is significantly shortly in comparison to the 
solid design as seen in figure 3. 
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Figure 3. Comparison of solid-pellet versus center hole configuration burn time 

 
Based on the configuration testing, both the solid pellet and center-hole design performed 

consistently with causing destruction of molten slag through a piece of a ½“ 1018 steel  plate and no cold 
deflagrations. Figure 4 shows the penetration characteristics on the bottom of the ½” steel plate and 
complete penetration through a ¼” steel plate.  
 

  
Figure 4. a) Red spot from solid pellet design b) cherry red spot from center-hole design and  
c) complete penetration by center-hole design 
 

The ability to control gas escape during system functioning is essential since it facilitates in 
producing the penetration capability and burn rate.  Manipulating vent-hole design allows for balancing 
gas escape and distributing force through the center hole allowing for a consistent release rate of molten 
slag.  Variations of vent-hole size focused on 3 vent holes ranging from 0.201” to 0.234” and 4 vent holes 
ranging from 0.150” to 0.328”.  Design variables chosen were based on calculations relating orifice 
diameter, number of vent-holes, and vent diameter.  Results based on the design matrix showed the center 
hole configuration with 3 vent holes at 0.234” and the solid pellet configuration with 4 vent holes at 
0.312” provided maximum output for each system.  
 
Full System Prove Out 
 

Two configuration candidates with the improved incendiary charge and lead-free igniter (igniter 
2) were selected for the AN-M14 full-up system prove out: the center-hole pellet design (4A) and the 

A B C
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solid pellet design (2).  Three other center- hole configurations 4B, 4C, and 4D were all viable candidates 
with good performance results but were not chosen based on manufacturing difficulty at production 
facility and dud issue. Although configuration 4C produced good penetration, recurrent problems pressing 
with a 0.3” pin as the center-hole caused bottoming out of the pin.  Configuration 4D with a higher 
consolidation pressure caused rippling on the outer can from consolidation of the 4 slugs.  One dud 
occurred during testing of 4B and decision was made not to proceed with this configuration. Upon 
completion of mixing the incendiary charge, pre-pelletization occurred using a Stokes press. The 
formulation weight per grenade for configuration 4A was approximately 540 g of charge plus 20 g of 
igniter.  While formulation weight per grenade for configuration 2 was approximately 580 grams plus 20 
grams of igniter. These charge weight were determined during the incendiary fill configuration study. 
Four pre-pelletized slugs, as seen in Figure 5, were placed into each grenade and reconsolidated using a 
hydraulic press.   

 
After reconsolidation of all pellets into the grenade bodies, igniter 

was applied to each grenade in a slurry form, instead of pressing onto the 
pellet.  Pressing the igniter during reconsolidation resulted in the igniter 
chipping and cracking off thereby being an issue for ignition reliability. 
The full-up prove-out test matrix is summarized in Table 8. 
 
 

Figure 5. Pre-Pelletized Slugs 
 

Table 8. Full-up prove-out testing matrix 

Configuration 

Stokes 
Tooling 
Diameter 
(inches) 

Amount of 
Main 
Charge per 
Pellet (g) 

Height of 
Pellet 
(inches) 

Diameter of 
Reconsolidation Pin 
(inches) 

Loading 
Pressure 
(lbs) 

4A 
(center hole) 2.235 135 - 138 0.85 - 0.87 0.503 15,900 
2 
(solid pellet) 2.235 142 - 148 0.85 - 0.87 ------- 16,700 
 

Each configuration was tested at both ambient and cold temperatures.  Cold testing was 
conducted -50°F for 24 hours with the fuze in place for both configurations.  Testing concluded with no 
cold deflagrations occurring in both configurations.  It was also found that the center hole produced more 
repeatable and consistent results during testing.   
 
SUMMARY 
 

Two configurations for the AN-M14 along with incendiary mix and lead-free igniter have been 
developed and proven out.  The improved incendiary formulation contains the addition of Type II Grade 
E, Class 6 Aluminum giving an increased burn time and heat of reaction. In addition, VAAR was also 
added as a binder for the increased integrity to the incendiary charge during pressing and thus avoiding 
cold deflagrations. In order to maximize system performance two improved incendiary fill configurations 
were proven out. The solid pellet design displayed the longer burn time as compared to the center-hole 
design. A center-hole design has recurrently showed evidence during testing of producing penetration 
marks through the ½” 1018 steel plate and causing faster destruction with molten slag. These changes 
have proved out a lead-free version of the AN-M14 that performed reliably with no cold deflagrations and 
consistently caused destruction with molten slag produced. 
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Table 7. Experimental matrix of configurations and formulations 
  Ambient Cold Ambient Cold 

 Configuration Burn Time (s) Penetration Mark on Bottom 
of 1/2" 1018 Steel Plate 

1A 10.81 12.18 No Red 
1A 12.45 13.20 No No 
1A Grenade Fell Off of Testing Stand 
1A 11.13 11.56 Cherry Red Red  
1A 11.04 13.38 No Cherry Red 
1A 11.97 14.43 No No 
1A 12.26 12.59 No Cherry Red 
1A 11.73 13.81 Started to bubble Red Spot 
1A 10.91 13.19 Cherry Red  Cherry Red 

Baseline Formulation 
with VAAR, Igniter 2,  
0.5-inch center hole,  
pressed at 4100 psi,  
with 3 vent holes at  

0.234 in. 
1A 12.66 11.54 No No 

1B 14.26 12.30 No No 

1B 13.31 12.25 No No 

1B 13.70 14.39 No No 

Baseline Formulation  
and igniter 2 with 
VAAR, 0.5-inch 

center hole, pressed at 
4100 psi, with 3 vent 

holes at 0.234”. 1B 12.12 13.17 No No 
2 28.61 30.07 No No 
2 27.58 28.49 No No 
2 28.07 28.64 No No 
2 28.59 29.01 Cherry Red  No 
2 28.02 29.76 No No 
2 26.58 30.88 No No 
2 27.77 30.23 No No 
2 27.81 27.83 No No 
2 28.16 30.17 No No 

Baseline Formulation 
with VAAR, Igniter 2 
Solid pellet, pressed at 
4200 psi,  with 4 vent 

holes at  0.312” 
2 27.51 32.07 No No 
3 14.59 13.02 No Heat  
3 13.33 13.23 No Red Spot 
3 12.81 12.69 No No 
3 12.25 13.43  Red  Red Spot 
3 11.28 11.52 Red Cherry Red 
3 12.49 13.47 No No 
3 12.51 12.95 No Red Spot 
3 12.27 12.16 No No 
3 12.31 12.38 Cherry Red  No 

Baseline Formulation 
with VAAR, Igniter 2  

insulation in can 
0.5-inch center hole, 
pressed at 4100 psi, 
with 3 vent holes at  

0.234” 3 13.59 14.13 No Faint Heat 
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Table 7. Continued 
4 13.71 14.63 No Red Spot 
4 13.45 14.23 No No 
4 13.91 13.99 No Red Spot 
4 12.06 14.09 No Cherry Red 
4 12.49 11.20 Red No 
4 15.06 12.02 No Cherry Red 
4 12.84 13.12 Cherry Red  No 
4 12.09 12.69 Cherry Red  Cherry Red 
4 15.64 11.06 No Heat Mark 

Baseline Formulation 
with Class 6 

Aluminum and 
VAAR, Igniter 2, 0.5-

inch center hole, 
pressed at 4100 psi, 
with 3 vent holes at  

0.234” 
4 11.41 12.70 Red  No 

4A 11.11 14.6 Cherry Red  No  
4A 12.3 14.1 Tiny Red  No 
4A 10.9 14.77 Cherry Red Tiny Red  
4A 10.49 14.39 Cherry Red  Tiny Red  

4A 11.32 14.26 

Grenade fell off 
stand  

when ring was 
pulled Tiny Red  

Baseline Formulation, 
Igniter 2, 0.5-inch 

center hole, pressed at 
4100 psi, with 3 vent 

holes at 0.234”. 4A 11.01 11.91 Red  Faint Heat  
4B 13.87 13.82 Tiny Red  Tiny Red  
4B 13.93 12.78 No  Tiny Red  
4B 17.68 14.92 No  Tiny Red  
4B 13.27 11.27 No  Cherry Red 
4B 13.71 11.07 Tiny Red  Cherry Red 

Baseline Formulation, 
Igniter 2, 0.5-inch 

center hole, pressed at 
4100 psi, with 3 vent 

holes at 0.300”. 4B 11.24 13.39 No burn  Tiny Red  
4C 13.97 14.99 Cherry Red  No 
4C 13.86 15.22 Tiny Red  Tiny Red  
4C 13.52 14.65 Tiny Red  Tiny Red  
4C 13.31 10.86 Tiny Red  Cherry Red 
4C 14.72 11.96 Tiny Red  Cherry Red 

Baseline formulation,  
Igniter 2, 0.3-inch 

center hole, pressed at 
4100 psi, with 3 vent 

holes at 0.234”. 4C 12.58 11.81 Cherry red  Cherry Red 
4D 13.77 11.62 Red Mark Cherry Red 
4D 13.82 11.59 Tiny Red  Cherry Red 
4D 13.92 11.49 Tiny Red  Cherry Red 
4D 13.5 12.17 Tiny Red  Cherry Red 
4D 13.07 13.97 Tiny Red  Tiny Red  

Baseline Formulation,  
Igniter 2, 0.5-inch 

center hole, pressed at 
5000 psi, with 3 vent 

holes at 0.234”. 4D 11.47 11.88 Cherry Red Cherry Red 
5 12.49 13.3 No  No 
5 13.81 14.25 No No 
5 12.62 21.06 No Tiny Red  
5 11.69 14.63 No Cherry Red 

Baseline Formulation, 
Igniter 2, insulation, 
0.5-inch center hole, 
pressed at 4100 psi, 
with 3 vent holes at 

0.234”. 5 12.16 14.13 No No 
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ABSTRACT 
 

With the recent adoption of the Battlefield Effects Simulator (BES) systems for force-on-force 
and force-on-target training simulation, no suitable black smoke pyrotechnic composition was available 
for integration. The US Army has had an outstanding training requirement for pyrotechnic black smoke 
since 1999 when the M26 Target Kill Simulator was removed from inventory. The requirement for a 
black smoke simulator in the BES is a signature black smoke cloud, with smoke duration of 10 to 30 
seconds and daytime visibility at 1800 meters. To meet this need, an environmentally benign alternative 
to the naphthalene-based systems was developed by the Pyrotechnics Research and Prototyping Division 
of Armaments Research, Development, and Engineering Center (ARDEC) and demonstrated in the force-
on-target BES system.  The effort of ARDEC to develop black smoke proceeded in three phases after the 
concept development phase. In Phase 1, two environmentally benign black smoke formulations were 
manufactured in a prototype plastic cartridge, conditioned at ambient, cold, and hot temperatures, and 
fired with a BES system training device. Both candidates produced the desired results. To ensure the 
safety and reliability of the black smoke simulator, two more phases of improvement with focus on 
production and testing were conducted. These efforts incorporated production changes and configuration 
alterations, as deemed necessary in the initial phase. Due to the inherently environmentally benign nature 
of the ARDEC developed black smoke, the formulation has the potential to be integrated in smoke 
grenades or commercial applications.  
 
 
BACKGROUND 
 

In order to effectively train both soldiers and homeland security forces, pyrotechnics to simulate 
battlefield effects have been developed.  With the inception of these pyrotechnics, came various 
Battlefield Effects Simulator (BES) systems for force-on-force and force-on-target battlefield training 
exercises.  Two such simulators compatible with the force on target system are a hostile fire (Fig 1.1), 
simulating a tank gunfire by a flash – bang, and a target kill white star (Fig 1.2), simulating a round on an 
armor target by sound and white star cluster.  Another simulator, the M26 target kill, simulating a target 
has been hit and disables by a black smoke cloud, was removed from inventory for environmental 
concerns and the system it was compatible with was phased out of usage. The environmental concerns 
included, and were not limited to, the classification of naphthalene as a possible human carcinogen and 
the increasing concern over the long term health effects of potassium perchlorate. The lacking of a black 
smoke replacement drove the requirement for a force-on-target Black Smoke.  Currently, these simulators 
are compatible with the force-on-target (Fig. 1.3), with the ability to be integrated into other simulator 
bodies; therefore rendering a larger range of launchers (force-on-force) useful.  

 
The Omega 60 Simulator System (force-on target) is a training device which ignites pyrotechnic 

cartridges on command.  It can be used in both day and night range exercises for visual and/or acoustic 
target recognition in combination with Automatic Tank Target System, Armor Moving Target Carrier, 
and numerous other training devices / systems.  In addition to the simulators described above, there are 
others available for varied battlefield curing effects.  The Omega 60 can be used in conjunction with 
various other training devices / systems, and can be installed at either stationary range position in 
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conjunction with target mechanism or mounted on a moving target platform.  This System has multiple 
firing modes programmed into its memory and contains a 60 shot capacity.  The force-on-target systems 
also contain a 36 shot and a single shot.  Currently, the Omega 60 and its associated cartridges are being 
fielded for use at various ranges throughout the United States. 
 

 
 

 1.1 – Hostile Fire 1.2 – Target Kill 1.3 – Force on Target System 
Figure 1:  Pyrotechnics and System 

 
The cartridges themselves are of proprietary design and consist of essentially a plastic cup with 

two conductive plastic pins that act as a spark plug.  The cartridges contain no fuse or metal parts.  The 
pyrotechnic charge is placed into the chamber of the cartridge and then the lid is sealed in place through 
the use of an adhesive.  In order to initiate the pyrotechnic charge, a specific high frequency current is run 
through the conductive plastic pins causing a spark to jump across the gap inside the cartridge.  This spark 
then ignites an initiating charge which sets off the main pyrotechnic charge. 
 
PROTOTYPE DEVELOPMENT 
 

As documented in previous publications [1], [2], components and weight ranges were determined 
from testing of the half-inch diameter pellets and center-holed pellet pressed into cardboard. Any 
formulation within the operating ranges met the desired performance requirements in these specific 
configurations; however, additional testing was required to achieve optimal results when fully integrated 
into the BES hardware. The BES cartridges are constructed of plastic and the smoke pellets are fully 
enclosed when assembled, whereas the previous configurations are open to the atmosphere.  
 

Before production at the contractor facility, several assessments were performed in the BES 
hardware. In this transitioning effort, the smoke pellets were pressed without a fiberboard liner. It was 
found to be not feasible to press the pellets directly into the cartridge due to the shape of the plastic 
needed for the ignition system to be contained. A single pellet system was evaluated initially. The 
preferred ignition system is that of an igniter impregnated fabric patch. Felt is a preferred patch material 
as it is easily cut and retains its shape well. However, the results of the single pellet system were not 
favorable; the burn was too long and the smoke quality was too thin. Although the smoke pellets are 
enclosed in the BES cartridge, this configuration did not produce the desired smoke quality and quantity. 
As a result, splitting one pellet into two half-sized pellets with an additional igniter patch between was 
developed to aid the burning propagation to generate the desirable smoke.  
 

The smoke pellets were ignited from the base of the cartridge with FFFg class black powder. The 
center hole of the pellet was coated with the same igniter as impregnated patch; this igniter is easily 
ignited by the black powder. The patches burned slowly, providing a source of heat to aid the pyrotechnic 
base reaction and sublimate the dye within the smoke pellet. Unfortunately, the force of the black powder 
ignition was sufficient to eject the pellet from the cartridge. The pellets are much smaller than the 
tolerances of the cartridge due in part to a tapered inner diameter (smallest at the top) of cartridge. In 
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order to secure the pellet in place, a silicone sealant is used as a seal around the base and the top of the 
pellet. This sealant also reduces the effect of the pellet burning from the outside inward. A lid secured 
with epoxy was also used to seal off the contents of the cartridge. Another concern was with the pressing 
of the pellets. In order to prevent the pellets from sticking to the press tooling, as well as continue to meet 
the environmentally benign criteria, a food-grad silicone spray lubricant was used.  
 
PROTOTYPE DEMONSTRATION 
 

Phase 1 
 

At the contractor facility, Phase 1 of evaluation involved the manufacture of two formulations 
within the previously established operating ranges, but at opposite ends of the spectrum. The formulations 
consisted of the extremes for the weight percent of dye. All of the other chemicals are in consistent ratios, 
excluding the dye. Part of this development process was to discover the actual methods used in 
production and to determine the best possible method of manufacture to guarantee the desired results of 
black smoke. Some procedures were completely different than anticipated at the research level. For 
example, production of smoke rounds at the ARDEC laboratory was done by applying the silicone sealant 
to the pellet, and then inserting into the cartridge. At the contractor facility, the silicone was applied into 
the cartridge first and then the pellet was loaded. Both of these procedures were followed with applying a 
second silicone sealant ring onto the top of pellet within the cartridge. Both methods have logical 
explanations as to why they are preferred. To apply the silicone into the cartridge first ensures that the 
silicone is completely adhered to the cartridge, in turn preventing the side burning. However, applying the 
silicone to the pellet ensures a complete coverage against the pellet, especially if the pellet is not perfectly 
circular.  
 

For each formulation of Phase 1, ninety double pellets (90 complete rounds) were fabricated. A 
quantity of 30 each formulation were conditioned for 24 hours at cold, ambient or hot conditions before 
testing. Table 1 summarizes the results of Phase 1.  

 
Table 1: Summary of Phase 1 Testing 

 
Formulation Temperature Burn Time (s) Number of Failures 

-20 °F 23.4 0 
Ambient 23.63 0 #684 
120 °F 21.40 0 
-20 °F 25.37 0 

Ambient 25.79 2 #844 
120 °F 24.84 5 

 
Of the failures on the #844 formulation, one item was recovered to indicate that the silicone sealant was 
applied in too great of an amount and the silicone had prevented the black powder igniter from 
functioning as designed. Instead of igniting the pellet from the inner core, the pellet, the silicone sealant 
rings, and the lid were ejected. All of the failures noted occurred as ejections. That no ejection occurred 
for the #684 formulation is considered to be an anomaly. The ejections are not caused by changes in the 
formulation. 
 

Of the two formulations, #844 had the best black smoke signature and was selected for further 
improvement; however, both formulations exceeded the desired burn time. In order to increase the rate of 
smoke production, a substitution for a finer particle size of potassium chlorate was assessed on this 
formulation, namely #855. The promising formulations: #731, #748, and #751, that produced black 
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smoke [1] in a small pellet configuration were also reassessed in the BES cartridges at this time.  In 
addition, the finer potassium chlorate was used in #751 to create #854 for comparison.  The results show 
that all the sample groups for #731, #748, and #751 exceeded 40 seconds burn time. Although the burn 
times of #854 and #855 were not a reduction from the Phase 1 data as summarized in the Table 2, the 
smoke signal was intensified. These two formulations produced the darkest, thickest black smoke cloud of 
yet. It should be noted that due to the variances (type of mixer, amount of solvent for mixing, etc.) in 
production via the laboratory and the contracting facility, the burn time of pellets produced at ARDEC 
was longer than that observed at the contractors. 
 

Table 2: Reduced Size Potassium Chlorate 
 

Formulation Burn Time 
#854 (#751 with smaller potassium chlorate) ~ 30 seconds 
#855 (#844 with smaller potassium chlorate) ~ 23 seconds 

 
Phase 2 
 

Although the formulations for the Phase 2 effort at the contracting facility had been determined, 
the ejections have not yet been solved. Other than the one recovered expelled pellet, there was no single 
explanation for the incidence of failures by ejection. An assessment between the ejection rates of Fg 
versus FFFg black powder used for ignition was performed. Twenty cartridges were assembled. At no 
point was there any indication that the failures were correlated or caused by the formulation of the smoke 
pellet. Of the 10 loaded with the FFFg black powder, 2 ejected. Of the 10 loaded with Fg black powder, 
there were no ejection, but one failure by non-ignition. These results were too ambiguous with which to 
draw a substantial conclusion and both configurations were incorporated into the effort at the contractor 
in Phase 2.  
 

For Phase 2, one hundred-fifty pellets each of formulations #854 and #855 were produced. Half 
of the pellets were loaded with Fg black powder and the other half FFFg. Twenty-five of each formulation 
were conditioned at cold, ambient and hot temperatures. Table 3 shows the conditions and the number of 
failure by ejection as well as misfires.  
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Table 3: Variation of Ignition Black Powder 
 

Formulation Black 
Powder Conditioning Amount of 

Cartridges 
Failures by 

Ejection 
Mis-
Fires 

Number of 
Failures 

Ambient 25 2 0 2 
Hot 25 4 0 5 

FFFg 
(.35g) 

Cold 25 1 0 1 
Ambient 25 0 4 4 

Hot 25 0 2 2 

#854 

Fg  (.30g) 

Cold 25 0 4 4 
Ambient 24 0 0 0 

Hot 25 2 0 2 
FFFg 
(.35g) 

Cold 25 0 0 0 
Ambient 25 1 2 3 

Hot 25 1 5 6 

#855 

Fg  (.30g) 

Cold 25 0 3 3 
 

There was a striking trend in these results. The misfires only occurred with the Fg black powder. 
This was easily explained by the increase in particle size between the FFFg and Fg. Though the rate of 
ejection was much reduced, the number of misfires was too great to deem this as an acceptable solution. 
Concurrently, the number of ejections was approximately 6 % of the total number tested. However, the 
burn times were much closer to the desired times. Formulation #854 had an average burn time of less than 
16 seconds. Formulation #855 had an average burn time of less than 14 seconds. These burn times were 
within the preferred burn time threshold for a black smoke signal for training simulations. These burn 
times were the direct result of the addition of a reduced particle size potassium chlorate. 
 

Although the formulation was performing at the standard (?) necessary for system demonstration, 
the failures by ejection were not acceptable, even at a reduced frequency.  The only identifiable causes for 
the failures were unable to account for all of the failures by ejection. The next stage of this effort was to 
address the manufacturing processes that may be causing the failures. Several configurations of excess 
silicone sealant and epoxy were created and tested. Failures by ejection occurred at a higher rate than 
previously seen. The frequency of failures suggests an improvement would be related to the proper 
application of the silicone sealant and epoxy. Multiple brands of epoxy and silicone sealant were 
compared. Also, the 2-part epoxy was replaced with another 2-part epoxy from the same manufacturer to 
improve the bond strength of the lid to the cartridge. It was believed that even if the pellet moved as a 
result of ignition, a sufficient adhesion of the lid to the cartridge would prevent the ejections. After the 
comparison, the same brand of RTV silicone sealant was also used. However, a sealant with pigment was 
preferred to the clear counterpart. The pigment reduced the effects of operator error based on uneven 
application.  

 
Phase 3 

 
At the beginning of the Phase 3 effort at the contractor facility, a confirmation test was performed 

on the configuration of silicone sealant and epoxy chosen at the end of Phase 2. The formulation used 
#0307 was the mid point of #855 and #854. One hundred cartridges were produced for this test with Dow 
Corning Black 732 Multi-Purpose Sealant and Hexion Specialty Chemical’s EPON TM 826 (100 parts) 
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and Epi-cure 3274 (42 parts). Table 4 shows the results of this test at ambient and hot conditions. This 
configuration was not tested at cold due to the comparative failure rates of the previous tests of cold 
versus hot and ambient.  
 

Table 4: Preliminary Results of Phase 3 Test 
 

Conditioning Amount of 
Cartridges  

Failures 
by 
Ejection 

Average 
Burn 
Time (s) 

Std 
Deviation 

Decibel 
Level 

Ambient 50 1 15.27 1.87 79.95 

Hot (120°F) 50 0 13.89 1.34 78.96 

 
 
The ejection failure rate had been reduced from 6% to 1% occurrence.  
 

Upon the conclusion of the test results from Phase 3, the remaining prepared mixture of #0307 
was pressed and loaded to the aforementioned configuration to confirm the producibility. One hundred-
sixteen cartridges of the three temperature conditions were demonstrated to a representative of the 
potential user for use in U.S. Army battlefield training simulations. The results of the test are provided in 
Table 5. The ejection failures occurred below 2%. Figure 2 is a time-lapsed still frame capture of one of 
the prototypes of the demonstration.  

 
Table 5: System Demonstration Results 

 

Conditioning Amount of 
Cartridges 

Failures 
by 

Ejection 

Average 
Burn 

Time (s) 

Std 
Deviation 

Ambient 39 0 13.14 1.15 

Hot (120°F) 39 0 13.09 0.98 

Cold (-20°F) 38 2 13.68 1.33 
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Figure 2:  Burn Profile of a Black Smoke Cartridge 
 
CONCLUSION 
 

After 3 Phases of production at the contractor facility, ARDEC produced and demonstrated 116 
prototype black smoke simulator cartridges for use in the BES training devices. This environmentally 
benign alternative to the naphthalene-based black smoke producing pyrotechnics was developed at 
ARDEC laboratory prior to the transition to the contractor facility. During this transition, it was 
determined that a dual pellet-patch configuration would aid the burn time and meet the desired 
requirements for a black smoke signature. Throughout the three phases of prototyping, ARDEC evaluated 
the configuration of the pellets within the BES cartridge as well as continued the optimization of the black 
smoke cloud. One highly successful change was the reduction of particle size of the potassium chlorate, in 
turn significantly reducing the burn time as well as improving the quality of the smoke produced. 
Additionally, part of the Phase 2 effort determined the best manufacturing practices for the loading of the 
black smoke pellets into the BES cartridges. The rate of failure of ejection was reduced to less than 2% 
occurrence. The demonstrated black smoke meets the US Army training requirements and will be 
integrated into the BES family of pyrotechnics. 
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ABSTRACT 
 

Color smoke pyrotechnic systems currently in use which contain or produce chemicals are 
potentially hazardous to the environment. The Environmental Acquisition and Logistics Sustainment 
Program of the US Army Research, Development and Engineering Command (RDECOM-EALSP) leads 
the initiative to mitigate the hazards associated with the red and violet smoke formulations, specifically of 
the M18 Color Smoke Grenades, by developing environmentally benign smoke systems. The Pyrotechnic 
Research & Development and Pilot Plant Operations Branch of Armament Research, Development, and 
Engineering Center (ARDEC) has been assessing the hazards of the Red and Violet M18 Smoke 
Formulations and has been developing environmentally benign replacements. To reduce the 
environmental impacts of the M18 smoke formulation, sulfur, the main fuel in the composition, must be 
replaced with an organic fuel. In red and violet formulations, sulfur is an undesirable component due to its 
combustion products which are precursors to acid rain. Previous attempts of a simple substitution, sugar 
for sulfur, yielded smoke formulations for red smoke in which the dye combusted, which resulted in poor 
quality smoke or no smoke. Therefore, a complete reformulation was needed to produce an 
environmentally benign composition. The goal of the new formulation was to meet or exceed the 
performance requirements of the sulfur based formulation, which include burn time, smoke color, smoke 
thickness and smoke volume. Figure 1 shows an alternate formulation alongside a standard M18 
formulation. 

 

  
 

Figure 1: Left to Right: Sucrose Formulation, Sulfur Formulation 
 
INTRODUCTION 

 
M18 Color Smoke Grenades are used for ground-to-ground and ground-to-air signaling, target 

and landing zone marking, and screening for unit movement. These signals may be used for 
communication, such as indication of a location for a potential rescue mission.  They are also used 
commercially when incorporated into firework displays. 
 

Colored smokes are produced by rapid vaporization and then condensation of a singular or 
multiple dyes. A pyrotechnic fuel and oxidizer combination is used to generate heat, to melt the dye, and 
gas, to expel the vaporized dye particles. Once the dye vapor enters the atmosphere, the rapidly cooled 
particles condense and form a smoke cloud. A chemical coolant can also be included to reduce the heat 
produced by the pyrotechnic base reaction as well as alter the rate of reaction. The type of dye or dyes 
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used, and in what quantity and ratio, affects the color of the smoke, and to a lesser extent the burn time, 
volume and thickness. The latter are more heavily affected by the oxidizer and fuels used, and in what 
ratio and quantities. The color of the smoke is not easily assessed by the color of the dye in solid or 
solvated forms. Unlike pyrotechnic flares which rely on the spectrum emitted to determine color, colored 
smokes are generated from the light spectrum absorbed by the particles suspended in the air. [1] 

 
Smoke formulations currently in use may contain health or environmental concerns. A leading 

concern of the M18 Color Smoke Grenade, specifically red and violet, is the component sulfur. The 
combustion products of a sulfur-based smoke grenade include SOx, sulfur oxide gases. Sulfur oxide gases 
are water soluble and will merge with water in the atmosphere to form acids, such as sulfuric acid, in turn 
leading to acid rain. Sulfur dioxide, a common sulfur oxide gas, is a known respiratory irritant as well as a 
major contributor to acid rain and smog. Sulfur naturally occurs in the resources of the earth, especially of 
mined ore and fossil fuels. Burning coal for energy accounts for the majority of sulfur entering the 
atmosphere as sulfur oxide gases. However, any negative impacts to the environment are unwelcome in 
the pollution prevention initiative and any detrimental effects to human health are unacceptable.  
 
EXPERIMENTAL  
 

The purpose of this study was to determine feasible environmentally benign fuel replacements for 
sulfur without negative impacts on the smoke quantity or quality. The desired burn characteristics of the 
M18 smoke grenade are a burn time of 50-90 seconds of visible smoke and a distinct (red, violet, yellow 
or green) color obtained. [2] Fuels chosen were selected for the environmentally benign designation, for 
the commercial availability and also for the expected performance. Sucrose, lactose and terephthalic acid 
are utilized in known smoke formulations and were given special consideration. The candidate fuels are 
listed in Table 1, with the properties of sulfur as a reference. The melting points were obtained from the 
manufacturers of the chemicals used. 

 
Table 1: Candidate Fuels and Selected Information 

 
 MW (g/mol) Chemical Structure Melting Point °C CAS 

Sulfur 256.48 S8 114 7704-34-9 
Sucrose 342.2992 C12H22O11 160-186 57-50-1 
Dextrin n/a (C6H10O5)•nH20 n/a 9004-53-9 

Splenda® Combination of sucralose and maltodextrin 
Sucralose 397.6326 C12H19Cl3O8 130 56038-13-2 

Maltodextrin n/a (C6H10O5)n n/a 9050-36-6 
Maltitol 344.315 C12H24O11 144 - 147 n/a 
Mannitol 182.173 C6H14O6 164 - 169 69-65-8 
Sorbitol 182.173 C6H14O6 110 - 112 50-70-4 

Ascorbic Acid 176.1241 C6H8O6 192; Slightly decomposes 50-81-7 
Dextrose 180.1559 C6H12O6 146 50-99-7 
Lactose 342.2965 C12H22O11 202 63-42-3 

Terephthalic Acid 166.1308 C8H6O4 300 100-21-0 
 
Each candidate fuel was analyzed by using a dye protocol against ORCOSMOKE Red 3B dye, more 
generally known as Red Disperse 9 (or Disperse Red 9) dye. All of the fuels except for sucralose produce 
water, carbon dioxide and carbon monoxide as the main combustion products. 
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In order for a candidate fuel to be successful, it must combust with the oxidizer, potassium 
chlorate, at a temperature sufficient to sublime the dye as well as produce a sufficient amount of gas to 
dispel the vaporized dye particles. If the fuel – oxidizer reaction produces too much heat, the dye will 
combust and produce no smoke. The thermodynamic properties of one dye do not correspond to other 
dyes. Unfortunately, an assessment with the Red 3B dye may not produce the same results as the same 
dye (Red Disperse 9) from a different manufacturer. It is extremely unlikely that a completely different 
dye, for example Disperse Blue 3, will have the same burn time or produce vibrantly colored smoke at the 
same TR levels as Red Disperse 9. Different dyes will also behave differently with different fuel to 
oxidizer ratios. The dye protocol will outline the different fuel/dye iterations. An explanation of dye 
protocol follows. 
 

DYE PROTOCOL 
 

Standard formulations of the organic fuels were prepared as discussed in J. Domanico’s, “Using a 
Standard Test Protocol to Qualify Candidate Low Toxicity Colored Smoke Dyes” also in these 
proceedings. Domanico established a suitable working range of these chemicals for the examination of 
potential replacement dyes. Known smoke formulations fall within the weight percent boundaries of the 
fuel, oxidizer and coolant listed below. A smoke formulation can be constructed with these three 
chemicals and a dye or dyes. The same formulations were used for the examination of each organic fuel. 
The parts by weight of the components are listed in Table 2.  
 

Table 2: Dye Protocol (parts by weight) 
 

 Fuel Potassium 
Chlorate 

Magnesium 
Carbonate 

TR1 20 60 20 
TR2 20 50 30 
TR3 30 50 20 
TR4 30 40 30 
TR5 30 30 40 
TR6 40 50 10 
TR7 40 40 20 
TR8 40 30 30 

 
The fuel, potassium chlorate, and magnesium carbonate equal 100 parts by weight in the table above. 
Each test ratio (TR) level of the three chemicals represents 70 parts by weight of the formulation; the 
other 30 parts by weight are dye. All of the formulations presented in this paper used nitrocellulose (NC) 
or vinyl alcohol acetate resin (VAAR) as a binder and stearic acid as a mixing aid. A summary of the 
formulation is shown in Table 3. This was the standard dye protocol formulation for analysis at ARDEC. 
 

Table 3: ARDEC Dye Protocol Formulations 
 

Chemical Parts By Weight 
Fuel: 

Potassium Chlorate: 
Magnesium Carbonate 

70 

Dye 30 
Binder (NC or VAAR) 1 

Stearic Acid 1 
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The weight percent of dye can be varied to assess this protocol at other levels. For example, 40 parts by 
weight dye would correspond to 60 parts by weight of the fuel, potassium chlorate and magnesium 
carbonate. The binder and stearic acid remained constant at 1 part by weight throughout this analysis.  
 

EXPERIMENTAL PROCEDURE 
 

For each candidate fuel, a 10-gram mixture was produced at all 8 TR levels. The candidate 
mixing order was: 1. binder, stearic acid, and solvent, 2. fuel, 3. dye, 4. magnesium carbonate, and 
potassium chlorate. The mixing process was to mix until homogenous before adding the next chemical. 
When all of the chemicals were in the solution, the mix was stirred until most of the solvent had 
evaporated. Mixtures were dried for a minimum of 4 hours to evaporate the remainder of acetone solvent 
in nitrocellulose mixtures or the remainder of ethyl acetate in VAAR mixtures. Then, the mixtures were 
pressed into a metal canister with center hole approximately the same diameter as the inner hole of the 
smoke pellet with an igniter patch loaded first, closest to the center hole of the canister. The igniter patch 
was terry cloth with potassium nitrate, charcoal and gum arabic permeated through the fabric. This is a 
low temperature, slow burning igniter reliable for initiating and propagating smoke charges. This 
configuration is not a to-scale reduction of the M18 Color Smoke grenade. It does not simulate ignition 
by a fuze, as this configuration is ignited with an electric match. However, with the metal canister and 
center holed design, it is suitable to assess formulations for potential integration into the M18 hardware. 

 
DISCUSSION OF RESULTS 

 
The criteria with which to evaluate smoke were: burn time, smoke color, smoke thickness, and 

smoke volume. Burn time refers to the duration of time for which the pyrotechnic composition is burning 
and producing visible smoke. The smoke color is an arbitrary judgment by the human eye as to the 
general color of the resulting smoke. Color charts and other methods can be used to identify and / or 
quantify the color. Smoke volume refers to how large the cloud of smoke is. Smoke volume ranges from 
Light to Medium to Heavy and the rating is based on a comparison to the current standard formulation. 
Smoke thickness varies from Very Thin to Medium to Very Thick. Smoke thickness is the measure of how 
dense the smoke cloud is, and is also based upon comparison to the current standard formulation. If the 
backdrop is visible through the smoke cloud, the smoke would be classified as Light, at best. If it were 
possible to summarize the performance of the smoke thickness, or any other characteristic, over the entire 
burn time, the data would read “Thick to Thin.” This means that there was a distinct deviation of the 
quality or quantity of smoke over the duration of the burn. For the result “No appreciable smoke,” this 
indicates that the pyrotechnics were discernibly burning but no smoke was produced. If the dye 
completely combusts, often thermal convections are visible.  

 
The goal of the study at ARDEC was to determine a suitable replacement for sulfur for use in the 

M18 smoke grenade. Tables 4a and 4b (End of Paper) compile the results of dye protocol for all of the 
candidate replacement fuels. Figure 2 and Figure 3 (End of Paper) show the smoke profile for the fuels 
sucrose and lactose at all eight TR levels, respectively. Figure 2 and Figure 3 are screen captures of a 
video recording of the smoke. The color reflected in these screen captures is dependent on the hues of the 
viewing media. It has been noted that the shade of red smoke may appear vastly different from one 
computer monitor to another. In order to determine the color of smoke, a reference pellet of the standard 
M-18 formulation was tested. The output of the standard formulation was used as a baseline reference. 
The standard M18 Red formulation produced in the same configuration burned for 50-70 seconds with a 
distinct red color, show in Figure 1. Of the candidates tested, only lactose and sucrose have the desired 
results with respect to color quality. Although the burn times are much less than needed, the color, 
quantity, and quality are the most promising for improvement. The expected next stage of development 
was to analyze the dye protocol for sucrose and lactose at increasing weight percent of dye.  
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For the remaining candidates, only sucralose contained an element other than hydrogen, carbon, 
or oxygen. The actual weight ratio of sucralose to maltodextrin was not known. For these two reasons, 
Splenda® was not a viable candidate. The color of the smoke produced with dextrin as a fuel was too 
pink to be considered as red smoke. However, it should be noted that some manufacturers of Disperse 
Red 9 blend up to 15% dextrin into the dye for a variety of reasons. Splenda®, maltitol, and mannitol 
produced undesired colors as well, orange and peach. Sorbitol, ascorbic acid, glucose, and terephthalic 
acid produced the correct color, but the fuel was not versatile over the entire evaluation range. Therefore, 
these fuels would only produce red smoke at a specific burn time. Attempting to increase the fuel and 
oxidizer, simultaneously reducing the coolant, in an effort to decrease the burn time would most likely 
result in white smoke or no smoke.  

 
CONCLUSIONS 
 

An environmentally benign fuel should be used instead of sulfur for colored smoke pyrotechnics 
to prevent the formation of sulfur oxide gases and other problematic combustion products. For use as a 
slow-burning smoke grenade, sucrose or lactose would be the preferred fuel based on the results of 
experiment. This experiment is relevant to the thermodynamic properties of the ORCOSMOKE Red 3B 
dye. The operating range for a particular dye / fuel system can be assessed quickly using the formulations 
specified in the dye protocol. This assessment should be performed for any change in formula or 
manufacturer of a dye. 

 
Although the present study has resulted in the viable red smoke formulations with sucrose or 

lactose, further study is needed to improve the burn rates to a range comparable to that for the existing 
sulfur-based composition. The study could include the variation of the standard dye protocol, fuel and 
oxidizer particle size, smoke slug press density, etc. In the event that a sucrose-Red Disperse 9 
formulation is not suitable, an appropriate environmentally benign dye with sucrose or lactose should be 
evaluated. 
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Table 4a: Results 
 

  Burn Time Smoke Color Smoke Volume Smoke Thickness 
TR1 20 Pink/peach Heavy Very light 
TR2 20 Light red Medium Medium 
TR3 15 Light red Heavy Medium to Heavy 
TR4 20 Pink/light red Heavy Medium 
TR5 30 Pink/light red Medium Medium 
TR6 20 Red Heavy Heavy 
TR7 15 Red Heavy Heavy 

Sucrose 

TR8 30 Pink/red Light Thin 
TR1 15 Pink to Yellow Medium Thin 
TR2 15 Pink/white Light Thin 
TR3 20 Pink Heavy Thin 
TR4 35 Pink Medium Medium 
TR5 10 Pink Light Thin 
TR6 25 Pink Heavy Medium 
TR7 30 Red Medium Medium, spurts 

Dextrin 

TR8 120 Pink, light red Light Thin 
TR1 32 Pink/peach Medium Thin 
TR2 35 Pink Light Thin 
TR3 23 Pink Heavy Thin 
TR4 50 Pink Medium Medium 
TR5 8 Pink Light Thin 
TR6 30 Pink Medium Medium 
TR7 30 Pink/Red Medium Medium 

Splenda® 

TR8 15 Pink Very Light Very Thin 
TR1 22 Orange Medium Medium 
TR2 35 Light to Red Medium Thin 
TR3 30 Orange/pink Heavy Medium-thick 
TR4 45 Pink Medium Medium 
TR5 8 Pink Light Thin 
TR6 35 Pink Heavy Medium 
TR7 40 Light to Red Medium Medium 

Maltitol 

TR8 8 Pink Light Thin 
TR1 24 Orange/peach Medium Medium 
TR2 30 Pink/peach Medium Medium 
TR3 30 Pink Medium Medium 
TR4 50 Pink Light Thin 
TR5 7 White Light Thin 
TR6 55 Pink Medium Thin 
TR7 70 Pink/Red Light Thin to Medium 

Mannitol 

TR8 10 Pink Light Thin 
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Table 4b: Results 
 

  Burn 
Time Smoke Color Smoke Volume Smoke Thickness 

TR1 33 Pink Heavy Thin 
TR2 35 Pink Medium Thin 
TR3 40 Pink/red Medium Medium 
TR4 63 Pink light Thin 
TR5 10 White Very light Very Thin 
TR6 55 Pink Medium Medium 
TR7 80 Red Light Thin, not consistent 

Sorbitol  

TR8 8 White Very light Very Thin 
TR1 15 Light Red Heavy Medium 
TR2 20 Light Red Medium Thin 
TR3 15 Light Red Heavy Medium, spurts 
TR4 24 Red Medium Medium 
TR5 n/a n/a n/a No appreciable smoke 
TR6 10 Light Red Heavy Thin to Medium 

TR7 10 Light Red Light to 
Medium Medium 

Ascorbic 
Acid  

TR8 30 Red Medium Thick, spurts 
TR1 20 Light Red Heavy Medium 
TR2 30 Light Red Medium Thick 
TR3 25 Red to Light Red Heavy Medium 
TR4 35 Red Medium Thick 
TR5 n/a n/a n/a No appreciable smoke 
TR6 misfire Red n/a n/a 
TR7 25 Red Medium Thick 

Glucose 

TR8 60 Red Light Thin then Medium 
TR1 18 Very light Red Medium Thin 
TR2 25 Light Red Medium Medium 
TR3 20 Light Red Heavy Thick 
TR4 30 Red Medium Medium, spurts 
TR5 n/a n/a n/a No appreciable smoke 
TR6 30 Red to Pink Heavy Thick 
TR7 20 Red Heavy Thick 

Lactose 

TR8 50 Red Light to 
Medium 

Wisps to Medium 
spurts 

TR1 25 Light Red and White Medium Thin, spurts 

TR2 25 Red Heavy to Light Medium to Heavy, 
spurts 

TR3 15 Red to Light Red Medium Medium, spurts 
TR4 n/a n/a n/a No appreciable smoke 
TR5 n/a n/a n/a No appreciable smoke 
TR6 15 Red to Light Red Medium Thin to Heavy, spurts 
TR7 25 Red Light Thin, spurts 

Terephthalic 
Acid 

TR8 n/a n/a n/a No appreciable smoke 
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Figure 2: TR Levels of Sucrose 
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Figure 3: TR Levels of Lactose 
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ABSTRACT 
 

In this study, we have prepared several kinds of reactive thin films by using high energetic 
materials with an inert material as a binder. In order to manufacture thin film of reactive material, safe 
method of pouring solvent of energetic and inert materials into fixed tray as well as the bar coater method 
are employed. Diazodinitrophenol (DDNP), Lead stephnate (LS) and Pentaerithritoltetranitrate (PETN) 
are used as a high explosive material and Cellulose triacetate (CTA), Nitro cellulose (NC) as a binder. 
These three kinds of high energetic materials were prepared as an air-standing film by bar coater method 
or pour and dry process. Structure of the obtained films is found to depend on two different preparation 
methods. We have studied the combustion characteristics of the reactive thin film ignited by direct Q-
Switched Nd:YAG laser ablation. Resultant reaction processes were observed by high-speed imaging 
systems using a time resolved ICCD camera and by a high-speed video camera. From high-speed photos, 
it is found that combustion process can be divided into three stages: (i) ablation induced shock and film 
fragment production, (ii) long period of fragment burn, and (iii) film body ignition in the case of 
DDNP/CTA combination. Combustion process takes place by the residual heat created by laser ablation 
and combustion of explosive particles ejected at the ablation. Reactive thin films of LS/CTA or 
DDNP/NC both have higher sensitivity than DDNP/CTA films which cause faster reaction rate or merge 
of reaction stages. 
 
1. INTRODUCTION 
 

It is well known that smaller size and 
small amount of high explosive materials change 
their properties due to size effect. Original 
performance of explosives would change if the 
explosive is confined into small volume for 
example in the form of a thin film. 1-4 In such 
cases, it is natural that the sensitivity of reaction 
decreases. Therefore, larger energy input is 
required to ignite or to initiate. Possible use of 
smaller amount of energetic materials is desired, 
however, for the application to the thruster of 
very small space objects. It is therefore strongly 
desired to control the reaction of high energetic 
materials of small amount. 

In this study, we have prepared several 
kinds of thin films consisting of high energetic 
particles and investigated their reaction 
characteristics. We have been studying thin 

layered high explosive as a primary device of 
initiating high explosive charge.6)-11) We are 
aiming at laser based initiation of high explosive 
based on the enhancement of laser energy 
absorption by intentionally roughened 
surface.6)-8) In this study, reactive thin film 
consisting of primary explosive material has 
been prepared.5) Purposes of the present study 
are threefold; (i) to establish a safe method to 
fabricate thin film of primary explosive with 
appropriate binder, (ii) to know the reaction 
characteristics induced by pulse laser ablateon, 
and (iii) to study the dependence of ignition 
characteristics on the material composition. 
 
2. PREPARATION OF REACTIVE THIN 
FILM CONTAINING HIGH ENERGETIC 
MATERIALS 
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All the energetic materials are provided 
by Asahi Kasei Chemicals Corporation and they 
are prepared as micron sized particles. In the 
present study, we adopted DDNP, and lead 
stephnate (LS), nitrocellulose (NC) and 
pentaerithritoltetranitrate (PETN) as energetic 
component and cellulosetriacetate (CTA) and 
nitrocellulose (NC) as a binder material with 
dichloromethane as a solvent. Since specific 
gravity of DDNP, lead stephnate or PETN 
particles is larger than that of dichloromethane 
solution, explosive particles are sinking to 
bottom surface. 

Reactive thin film was manufactured by 
the following procedure. At first inert binder 
material is solved into the solvent. Then 
energetic material is mixed to have the 
homogeneous solution. Solution is then poured 
into a tray-shaped frame made of Teflon sheets. 
To obtain thick film, pouring the solution again 
after the solution is dried out. In this procedure, 
thick film is a laminated structure. 

Materials chosen in the present scheme 
as a solvent and solute are chosen by the 
following reason: solvent is chosen so that 
explosive particles have little solubility and 
therefore, explosive particles are suspending in 
the solution and sinking to 
bottom. 
 

 
(a) (b) 

Fig.1 Typical microscope picture of prepared 
reactive thin film. (a) DDNP:CTA film of 84μm 
thickness and (b) LS:CTA film of 200μm, 
respectively. 

Table 1 Specification of manufactured reactive 
thin film 
 
Mixture Composition Thickness 

(μm) 
DDNP:CTA 9:1 250, 750 
 8:2 ＜100, 
  150,250,750 
 7:3 350 
 1:1 350 
DDNP:NC 9:1 250 
 8:2 250 
LS:CTA 9:1 200 
 8:2 200 
 8:2 250 
PETN:CTA 9:1 450 
 

Figure 1 shows typical micrographs of 
the manufactured thin film made of DDNP/CTA 
and LS/CTA. As shown in the figure, surface 
structure depends on the material. The 
sensitivity for igniteon is found to have 
dependence on the structure. Table 1 shows 
summary of the manufactured thin films in the 
present study. 
 
3. HIGH-SPEED FRAMING 
SHADOWGRAPHY OBSERVATION 

One of our aims is to find experimental 
condition for the manufactured reactive thin film 
to burn at very fast rate. For this purpose, we 
have tried to initiate it by pulse laser ablation. 
We have used an Nd:YAG laser of fundamental 
frequency and of 10 ns duration. Laser energy of 
100-400 mJ per pulse was used. By the 
instantaneous energy deposition on a small 
amount of reactive material, we will expect to 
control the combustion (deflagration) process 
except for the case of possible detonation 
reaction. 

We have made extensive experiments of 
highspeed camera observation on the reaction 
process of thin films ignited by direct pulse laser 
ablation of the sample surface. High-speed 
camera of Cordin 220 was used, which can 
record six frames by image-intensified CCD 
cameras with 10ns exposure time and arbitrary 
delay time. Near parallel light source was used 
as an illumination. 
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Figure 2 shows the schematic 
illustration of the optical layout. We used two 
observation conditions by inserting or removing 
aperture 2 in Fig.2. By doing so, we can observe 
the heated gas flow field without light emission 
from burning film material, and the high-
temperature emitting region indicating 
temperature distribution of the flow field. These 
recording cannot be possible simultaneously in 
an experiment, and we made experiments of the 
same conditions with and without aperture 2 in 
Fig. 2. 

We have conducted a series of 
experiments to investigate the combustion 
phenomena of the reactive thin film. Phantom 
V4.2 high-speed video camera was also used to 
observe the relatively slow burning process. 
Experimental conditions by using high-speed 
video camera are set to 2�s exposure time and 
123 �s frame interval. 

 

 
Fig.2 Optical layout for the observation of 
combustion process of manufactured reactive 
thin film. Multi-frame high speed photography 
was recorded by two ways with and without 
aperture 2. 
 
3.1 COMBUSTION OF DDNP:CTA AND OF 
DDNP: NC 

Laser beam is focused onto the bottom 
or Upper surface of the specimen, since ablation 
and /or combustion phenomenon was found to 
be dependent on the beam irradiation direction. 
In case of multi-layered film, only the bottom 
surface of the film is found to be sensitive to 
pulse energy input. Figure 3 show typical high-
speed photographs for DDNP:CTA thin film 
experiment. We cut the manufactured film into 
ribbons, which are seen as a slender dark vertical 
layer in Figs.3. One may note that Fig.3 contains 
pictures of short and very long delay time after 

laser ablation. In order to reach the 
understanding of the whole burning process, 
many try-and-error experiments were needed 
due to long time process with several stages of 
different characteristics. Pictures included in the 
figures are not from one experiment, but 
collected from several experiments with the 
same initial conditions. Reproducibility of the 
phenomenon is good enough to understand the 
process by using pictures of different 
experiments with the same initial condition. 

From Fig.3, it is seen that pulse laser 
ablation of the film produces massive fragments 
of the material as small particles together with 
air shock wave. These fragments are seen in 
both figures, which are moving to the laser 
focusing and also the opposite directions. This 
behavior should be attributed to the laminated 
structure of the present thin film, since cohesive 
strength between each layer is not considered to 
be very high. Photos (b) and (c) in Fig.3 are 
recorded independently in order to observe the 
flow field generated by fragment motion and 
reaction. In Fig.3(a), pulse laser ablation 
produces air shock wave to the laser irradiated 
direction followed by the stream of small 
fragments of the film to the same direction. 

Most strange of the properties of the 
present combustion process is that film body 
ignites long after the fragment burning. Timing 
of the onset of film body burning depend on the 
experimental conditions, such as film thickness, 
laser fluence, etc. In order to identify the film 
burn out timing, we first observe the phenomena 
by high-speed video and precise burning process 
is then re-observed by the high-speed CCD 
camera 

Velocity of reaction front of 
DDNP:CTA films were measured by the 
observation of high-speed video or by ICCD 
camera. Figure 4 shows the thickness 
dependence of reaction front velocity. Figure 4 
includes all the data for DDNP:CTA films with 
mass ratio 8:2. Fig.4 shows that the reaction 
front velocity increases with increasing film 
thickness. Data scatter will also increase with 
thickeness. For thicker films, faster reaction is 
realized by the larger heat content produced by 
the combustion of DDNP fragment particles. It 
is plausible that random nature of the reaction 
velocity for thicker films stems from the spatial 



-426- 

modulation of particle combustion due to the 
laminated structure. It is apparent that 
combustion of particles near the film will give 
larger effects on the ignition of the film. 
 

(a) 

 

(b) 

 

(c) 

 

(d) 

 
 
Fig.3 High-speed photographic records 
DDNP/CTA reactive film combustion process. 
Film specifications are as follows: 
DDNP:CTA=9:1, and have 250μm in thickness. 
Pulse laser fluence is 15 J cm-2. Delay time of 
each frame is (a)5μs, (b)100μs, (c)100μs and 
(d)7ms, respectively. These pictures are taken at 

separate experiments, and photos (b) and (c) are 
taken with and without aperture 2 in optical 
setup of Fig.2. 
 

Ignition of the film body takes place 
after the long duration burning of fragments 
especially of them close to the film surface. By 
such photographs as well as the above-
mentioned consideration, one may lead to the 
following conclusion; i.e., combustion of 
DDNP:CTA reactive thin film by pulse laser 
ablation takes place by three-stage process; 
(i) at the 1st stage, laser ablation induces air 

shock and fragments of DDNP particles. 
This stage lasts until less than several tens of 
μs, 

(ii) at the 2nd stage, ejected DDNP particles 
burns in ambient air seen in a picture as a 
light emission region shown in Fig.3(c) and 
also in a picture of the similar delay time as 
a hot expanded flow field shown as a density 
variation shown in Fig. 3(b), and this stage 
lasts until several hundred μs, and finally 

(iii) due to these hot ambient flow field ignites 
film body shown in Fig.3(d) at more than 5-
7 ms long after laser irradiation. 

 
Figure 5 compares the difference in 

combustion process for films with different mass 
ratio of DDNP and CTA. Pictures, Figs. 5(a) or 
(b) and (c) correspond to the combustion of 8:2 
film and 9:1 films, respectively. It is found that 
with decreasing CTA content and increasing 
DDNP content, reaction velocity increases. 
From Fig.5 (b), combustion of DDNP particles 
for 9:1 film continues longer than that for 8:2 
film. Although increase in DDNP content leads 
to higher reaction velocity, but film quality or 
surface smoothness is getting worse. It seems 
also natural that ignition probability decreases 
with decreasing DDNP content. By the 
comparison of Fig. 5(a), or Figs. 5(b) with (c) 
gives the change in ignition property of the film 
by the change in laser fluence. 
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Fig.4 Reaction front velocity of DDNP:CTA 
reactive thin film as a function of film thickness. 
Data of zero velocity stands for no combustion. 
Mass ratio DDNP:CTA and DDNP:NC is 8:2. 
Laser fluence is 30 J cm-2 for DDNP/CTA, 15 J 
cm-2 for DDNP/NC, respectively. 
 

(a) 

 

(b) 

 

(c) 

 
 
Fig.5 High speed photographic records of the 
combustion process of DDNP/CTA reactive film 
with different mass ratios. Film thickness for all 
cases is 250μm. Mass ratio DDNP:CTA is 8:2 
for cases (a), and 9:1 for cases (b) and (c), 
respectively. Laser fluence is 15 J cm-2 for cases 
(a) and (b), and 30 J cm-2 for case (c), 
respectively. 
 

 
Fig.6 High-speed photographic records of the 
combustion of DDNP/NC reactive film. Film 
thickness for all cases is 250 μm. Mass ratio of 
DDNP: NC is 8:2. Laser fluence is 15 J cm-2. 
 

We have also tested material 
dependence of the resultant film properties. CTA 
is replaced by nitro cellulose (NC), i.e., 
DDNP/NC film. It is expected that DDNP/NC 
films may be more combustible than 
DDNP/CTA films due to the heat release by 
both DDNP and NC reaction. Typical results are 
shown in Fig.6. For these films, it is found that 
fragments by laser ablation with high fluence 
have wide spatial distribution, and ignition of 
film surface area at various points ahead of the 
reaction front, and this behavior prevents from 
measuring reaction front velocity precisely. By 
this reason, reaction velocity data for this film is 
performed for lower laser fluence of 15 J cm-2. 
Reaction front velocity for DDNP/NC films is 
faster than that for DDNP/CTA films. 
 
3.2 COMBUSTION OF LEAD STEPHNATE 
(LS): CTA 

We have also tried to prepare reactive 
thin film containing lead stephnate (LS) primary 
explosive, since it may be more sensitive than 
DDNP. Combustion process is found to be 
shorter than that for DDNP/CTA films. Figure 7 
shows high-speed photograph of LS/CTA 
combustion process. Ignition of film body takes 
place during fragment particle combustion. As 
seen in Fig.7, emission by the reaction of 
LS/CTA film is more intense than that for 
DDNP /CTA films, and reaction is faster. 
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(a) 

 

(b) 

 
 
Fig.7 High-speed photographic records of the 
combustion process of LS/CTA reactive film. 
Film thickness is 200 μm. Laser fluence is 30 J 
cm-2. (a) LS: CTA with mass ratio of 8:2, and 
(b) LS: CTA with 9:1, respectively. 
 

Compared with the three stage 
combustion found for DDNP/CTA films, 
particle combustion at the second stage and film 
body ignition of the third stage merges for 
LS/CTA film combustion. Bright emission from 
particle combustion masks the emission from 
film body reaction. Reaction front velocity 
estimated by the propagation of the film 
deformation is several tens of meters per second. 
 
4. CONCLUSION 

Use of inert binder is one of the keys for 
the reaction sensitivity against various energy 
deposition. In this case, pulsed energy is 
deposited on the material, and the energy 
deposition rate is very short of several ns 
duration, possible transition of reaction to 
detonation is expected. In the present 
experiments, however, no evidence of 
detonation reaction was evidenced. This is 
plausible in that small thickness of the material 
and mixing the inert binder might greatly reduce 
the reaction sensitivity. Burning velocity is a 
function of film composition, laser fluence and 
film thickness. 

Within the experimental conditions 
tested in this study, following conclusions are 
obtained; 
1. Ignition sensitivity decreases with 

decreasing laser fluence and/or mass ratio of 
explosive. 

2. Burning velocity is a function of film 
thickness. 

3. Ignition sensitivity depends on laser 
direction and fabrication method. 

4. Higher sensitivity was observed for lead 
stephnate (LS):CTA film. 
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ABSTRACT 

 
Initiators and explosive trains are found in virtually all weapons and munitions. One way of 

improving Insensitive Munitions compliance is through the miniaturisation of these systems. 
Miniaturisation reduces the amount of sensitive energetic material present and makes the systems easier 
to protect with mitigation techniques. 

For some munitions, for example fuzes, there is also a requirement to develop miniature and 
Micro Electro Mechanical System (MEMS) detonators so that reductions in both the weight and volume 
of the initiator and explosive train can be achieved. The space saved can be utilised for improved ‘on-
board’ guidance and control systems. An additional advantage is that MEMS detonators can be integrated 
directly with an electronic safety and arming unit.  

Although research on MEMS containing energetic materials is still at a very early stage, a range 
of MEMS detonators were successfully filled with an initiatory material using a specially designed press 
and tooling. A range of explosive loadings was examined. The detonators were functioned and the power 
output determined by the degree of damage to the witness plates. Several of the systems examined gave 
sufficient output to reliably initiate further components of an explosive train. 

Further research to improve the solids loading, density and consistency of MEMS filling is 
required along with work on shutter design, alternative measurement techniques and modelling of 
detonation transfer in MEMS. 

 

Introduction 
Initiators and explosive trains are found 

in virtually all weapons and munitions. The 
requirement for improved Insensitive Munitions 
(IM) compliance increases the need for IM 
initiators and explosive trains. One way this can 
be achieved is through miniaturisation of these 
systems. This reduces the amount of sensitive 
energetic material present and makes them easier 
to protect with mitigation techniques. 

For some munitions, for example fuzes, 
this has the added advantage that both the weight 
and volume of the initiator and explosive train 
can be reduced. The space saved can be utilised 
for improved ‘on-board’ guidance and control 
systems. These miniature and Micro-Electro 
Mechanical systems (MEMS) have been 
postulated as being suitable for use in a range of 
military applications including actuators, 
detonators and microthrusters. 

Miniature or MEMS detonators have an 
additional advantage since they can be integrated 
directly with an electronic safety and arming 
unit (ESAU). MEMS actuators are required for 
moving miniature shutters out of line or 
explosive fillings in line during the weapon’s 
arming sequence. 

Experimental 
The MEMS detonator bodies (tiles) 

were manufactured by Precision Ceramics, the 
substrate used was Macor®. Three cavity depths 
were investigated, 1.0, 1.5 and 2.0 mm all with 
an internal diameter of 1.0 mm. A nichrome wire 
(0.03 mm diameter, 1590 Ωm-1) was placed 
across the centre of the cavity and held in place 
by Kapton tape (Figure 1 (a)). 

The MEMS tiles were initiated using a 
24 V DC power supply. This caused resistive 
heating in the nichrome wire, which initiated the 
filling. 
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 Energetic 
Material 

Macor Tile Nichrome Wire 
Kapton  Tape  

(a) 

 
(b) 

Figure 1; MEMS detonator a) schematic, b) 
inert filled 1mm diameter by 1 mm depth 
MACOR® tile 

Two energetic materials were 
investigated, silver azide (AgN3) and 
hexanitrohexaazaisowurzitane (CL-20). Initial 
investigations examined a two-component 
device where an increment of AgN3 was pressed 
onto the wire followed by an increment of 
CL-20.  

The amount of AgN3 and CL-20 used 
were adjusted to optimise the output from the 
tile. The output from the tile was recorded on a 
polymethylmethacrylate (PMMA) witness plate 
which allowed the depth of penetration as well 
as the area of the shock front to be determined.  

A number of experiments were 
performed where an inert filling was pressed 
onto AgN3. The aim of these experiments was to 
determine the effect of a non-detonative material 
on the PMMA witness plate. 

The optimised MEMS tile was then 
selected and its ability to initiate an explosive 
train was investigated. 

The filling of the MEMS detonators 
required the development of a highly 
reproducible technique that would be suitable for 

filling extremely small cavities or micro-wells. 
They were initially filled by hand stemming but 
as the research evolved, a dead load press to fill 
the micro-wells was designed and built. 

For this work, the energetic materials 
were filled into the MEMS detonators using this 
press fitted with a 1 mm diameter drift. A dead 
load weight of 1450 g and a dwell time of 10 s 
were used. 

Results and discussion 
Precise depth of fill for the individual 

materials could not be achieved even when the 
dead load press was used. In some cases, the 
combined height of the filling was greater than 
the depth of the cavity. This is due to three 
possible factors:  

• Pressing the AgN3 may have distorted the 
Kapton base. 

• The CL-20 increment was proud of the 
cavity 

• Errors from the measurements given by the 
needle measuring gauge. 

The increment heights of the AgN3 and 
the CL-20 are therefore only approximate 
values. 

AgN3-inert filled detonators 
Three tile depths of 2.0, 1.5 and 1.0 mm 

were investigated. Each detonator was filled 
with the appropriate quantities of AgN3 and the 
inert material. 

Table 1 Firing AgN3/Inert filled Macor tiles 

Mean Filling 
Height (mm) 

Cavity 
Depth 
(mm) AgN3 Inert 

Damage to PMMA 
witness 

2.0 1.0 1.1 

1.5 0.9 0.6 

1.0 0.6 0.3 

All witness plates 
exhibited minor 

peripheral damage 
due to fragmentation 

of Macor® body 

 



-177- 

 
Figure 2. Peripheral damage from an 

AgN3/inert MEMS tile 

The results of triplicate determinations 
on each tile are recorded in Table 1. The results 
from each set of three detonators were 
consistent. There was no evidence of a 
detonation or any indication of a shock front in 
any of the witness plates. The only observable 
damage was caused by fragmentation of the 
MEMS tile when the AgN3 detonated. The 
results show that the inert material protected the 
witness plate from the output of the AgN3 
(Figure 2). 

MEMS detonator - 2 mm 
The firings carried out on the AgN3 - 

CL-20 system filled into 2 mm deep cavities are 
summarised in Table 2. Five firings at each 
increment height were carried out to determine 
the output from each ratio of AgN3 and CL-20. 

Table 2 Firing Results for 2 mm deep tiles 

Mean Fill 
Height (mm) 

AgN3 CL-20 
Output 

Mean Depth 
of Shock 

Front (mm) 

1.6 0.4 Detonation 2.2 

1.0 1.0 Detonation 2.4 

0.5 1.5 Detonation 2.6 

1.5 mm AgN3:0.5 mm CL-20 (nominal height) 

The results were consistent with the 
CL-20 undergoing detonation. Three witness 
plates were damaged with a central crater and 
the fourth had a central crater and peripheral 
damage from the fragmentation of the tile. The 
shock fronts were visible in the witness plates 
and three were measured between 1.9 and 
2.2 mm and the forth at 2.8 mm below the 

surface of the witness plate. The heating wire 
broke during the assembly of one experiment. 

 
a 

 
b 

Figure 3 a) Damage to witness plate b) shock 
front 

1.0 mm AgN3:1.0 mm CL-20(nominal height) 

Five results were obtained with no 
misfires. The reproducibility of the output was 
good with the witness plates all showing 
evidence of a central crater (Figure 3a). Four had 
peripheral damage due to fragmentation of the 
tile. A shock front was observed in all the 
witness plates (Figure 3b) and these were 
recorded with depths between 2.3 and 2.6 mm. 

0.5 mm AgN3:1.5 mm CL-20 (nominal height) 

Five results were obtained, however the 
outputs observed on the witness plate were 
variable. Three firings produced central craters 
with peripheral damage from fragmentation and 
a shock front in the witness block, the remaining 
two firings both produced witness plates with 
peripheral damage and a shock front but no 
central crater (Figure 4). However, the measured 
shock fronts in the five firings were all 
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consistent and measured between 2.5 and 2.8 
mm. This indicates that detonation had occurred 
in all of the tests. 

 

 
Figure 4 Peripheral damage to witness block 

with central column remaining  

The cause for the difference in the 
damage of the witness plates needs further 
investigation. 

MEMS detonator - 1 mm 
The firings carried out on the 1 mm deep 
Macor® tiles are summarised in Table 3. Five 
firings at each increment height were carried out.  

Table 3 Firing Results for 1.0 mm deep tiles 

Filling Height 
(mm) 

AgN3 
CL-
20 

Output 

Mean 
Depth of 

Shock 
Front (mm) 

0.77 0.23 5 Detonations 2.0 

0.52 0.45 5 Detonations 2.15 

2 Deflagrations 0 
0.25 0.75 

2 Detonations 2.35 

0.75 mm AgN3:0.25 mm CL-20 

The outputs from all five firings were 
consistent. Each produced a crater on the surface 

of the witness plate with a shock front 
penetrating between 1.9 and 2.1 mm below the 
surface. 

0.5 mm AgN3:0.5 mm CL-20 

Only four results were obtained for this 
set of detonators as the nichrome ignition wire 
broke during handling of one MEMS detonator. 
The damage to the witness plates was consistent 
with a central crater and a shock front 
observable in the witness plate. The shock front 
penetrated between a depth of 2.1 and 2.2 mm 
below the surface. 

0.25 mm AgN3:0.75 mm CL-20 

Only four results were obtained as the 
wire broke in one detonator during assembly. 

The results showed two distinct events 
were occurring on the initiation of the AgN3.  
Two witness plates gave evidence that a 
detonation had occurred with a crater and shock 
front being observable to a depth of 2.3 and 
2.4 mm. The other two firings resulted in very 
little or no damage to the witness plate. There 
was no crater or shock front; the surface of the 
witness plate was undamaged except for a small 
amount of scorching caused by the output from 
the CL-20. 

The most likely cause results is that the 
AgN3 did not impart a sufficient shock to the 
CL-20 to cause it to detonate, instead it 
deflagrated which produced a lower output and 
caused little damage to the PMMA witness 
block. These results indicate that the reliability 
of a 0.25 mm column of AgN3 to detonate 
CL-20 is approximately 50%. 

The results on the 1 and 2 mm cavities 
allow the optimum output from the minimum 
amount of AgN3 and CL-20 to be established. 
As the length of CL-20 was reduced from 
1.5 mm to 1.0 mm there was very little change in 
the penetration distance of the shock front in the 
witness plate 2.5-2.8 mm and 2.3-2.6 mm 
respectively. On reducing the CL-20 content 
further, the shock front penetration decreased, 
and with 0.5 mm of CL-20 it had reduced to 
between 1.9 and 2.2 mm in seven of the firings. 
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The optimised MEMS detonator to 
achieve reliable detonative output is therefore 
0.5 mm AgN3 and 1.0 mm CL-20. 

Conclusions 
The filling of the MEMS detonators 

using the dead load press produced variability in 
the depth of fill of the energetic materials. 

Reliable detonation of other components 
in an explosive train can be achieved using a 
MEMS detonator. 

The optimised MEMS detonator based 
on a two-component system can be achieved 
using a cavity of 1.0 mm diameter and 1.5 mm 
in depth filled with AgN3 and CL-20. 

To achieve a reliable detonative output 
for this two component system a column length 
greater than 0.25 mm AgN3 must be used. A 
column length of 0.5 mm was sufficient to 
reliably initiate CL-20. 

To maximise the power output from the 
two-component detonator a column length of 1.0 
mm CL-20 is required. 

Using a single component system may 
reduce the size of the MEMS detonator further 
and should greatly simplify the manufacturing 
process and reduce other problems such as 
compatibility issues. 
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ABSTRACT 
 
We report work on characterization of nanostructured reactive multilayer films consisting of alternating 
layers of Ti and B produced by planar magnetron sputtering.  This system is of great interest due to the 
high combustion enthalpy and low vapor pressures of the constituents, thus allowing relatively gasless 
combustion.  Total film thickness was maintained at ca. 1.6 μm, while the bilayer thickness was varied to 
manufacture films with different properties.  Pulsed laser ignition thresholds were measured as a function 
of bilayer thickness.  Maximum reaction velocity of 39.7±1.1 m/s was measured by high-speed 
photography with variations observed as a function of bilayer thickness. 
 
Introduction* 
 

The Ti/2B reactive system has one of 
the highest negative enthalpies of mixing (-280.5 
kJ/mol atoms) and adiabatic combustion 
temperatures (3200 K) of all the intermetallic 
reactions.[1,2]  These favorable energetics make 
it an attractive candidate for research into 
combustion mechanisms at small scales where 
thermal losses significantly affect reaction 
propagation.[3-5]  Combustion synthesis of the 
Ti/2B system has received much attention for 
the bulk production of the refractory product 
TiB2, with or without the addition of binders.[6, 
7]  Our interest in the Ti/2B system is for use as 
a transient thermal source for joining 
applications where it can potentially provide the 
heat to melt a solder or braze.[8, 9] 
 

Reactive multilayers are a class of 
energetic materials (EMs) in which alternating 
layers of two or more materials (elements or 
compounds) are deposited to form a film that 
                                                 
*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. 
SAND2008-3144C 

can react in a self-propagating combustion mode 
with sufficient ignition stimulus.  The first 
instance of a self-propagating reaction in 
reactive multilayer films was reported by Floro 
et al. as “explosive crystallization” in a system 
of little pyrotechnic interest.[10]  The 
phenomenon of explosive crystallization has 
been known in amorphous materials for some 
time,[11] and was studied in detail by 
Wickersham, eventually leading to his research 
in reactive multilayer films.[12]  More recently, 
much work has been conducted on these 
materials for thermal sources,[8,9] ignition 
sources,[13-15] and for general pyrotechnic 
interest.  Laser ignition of reactive multilayer 
films has been demonstrated for the Pt/Al 
system.[16]  In addition, it has been shown that 
reactive multilayer films can be machined 
without ignition using a pulsed femtosecond 
laser.[17]  As such, the interaction of pulsed 
lasers with reactive multilayers is of interest for 
both fabrication (e.g., patterning and cutting) 
and ignition purposes. 
 

The work discussed in this paper maps 
the laser ignition thresholds and reaction 
velocities of Ti/2B reactive multilayers as a 
function of bilayer thickness.  Bilayer thickness 
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is defined as the sum of the thicknesses of a 
titanium layer and a boron layer, with the total 
film thickness being the product of the bilayer 
thickness and the number of bilayers.  Because 
the anticipated TiB2 product is 
thermodynamically more stable than the 
reactants and magnetron sputtering is an 
energetic process, a thin intermixed zone exists 
between the reaction pair in each bilayer.  While 
we did not specifically investigate it, this 
intermixed zone is anticipated as it has been 
observed in other reactive multilayer films, such 
as Al/Ni.[18]  Over a range of bilayer 
thicknesses, the reaction velocity in reactive 
multilayer films is observed to increase with 
decreasing bilayer thickness, because as the 
bilayer thickness is decreased, more intimate 
layering of the reactants occurs.  This trend of 
increasing velocity with decreasing bilayer 
thickness occurs only to a point, after which the 
intermixed zone begins to affect propagation 
velocity in films of very small bilayer thickness.  
In films of constant total thickness, with 
decreasing bilayer thickness, the number of 
intermixed zones increases and this eventually 
leads to a decrease in velocity due to an 
increasing amount of intermixed material that 
contributes less to the reaction propagation. 
 
Experimental 
 

Ti/2B reactive multilayer films were 
produced by planar magnetron sputtering in a 
similar manner as described in Picard et al.[16]  
The thickness ratio of Ti to B was maintained at 
1.16:1.0 to achieve a stoichiometric ratio of 
Ti/2B.  All films were deposited such that the 
total film thickness was 1.57 µm, but the number 
of bilayers deposited was varied to achieve 
different thicknesses of the individual layers.   
Silicon wafers with 4000-Å (400-nm) oxide 
coatings were used as substrates.  Thick oxide 
coatings were chosen as a high temperature 
barrier layer so to avoid trace intermixing of hot 
TiB2 with Si.  A single wafer provided sufficient 
samples such that the laser ignition thresholds 
and velocity determination could be conducted 
using identical samples from the same 
deposition run, thus eliminating concerns 
regarding deposition run-to-run inconsistencies. 
 

The pulsed laser ignition thresholds for 
Ti/2B multilayer films were determined for both 
femtosecond (fs) and nanosecond (ns) laser 
pulses.  A commercially available Ti:sapphire 
laser was used for all experiments.  The laser 
typically operates in the fs mode producing 
pulses approximately 100 fs in duration; 
however it can be operated in a ns mode by 
shuttering the seed pulse from the regenerative 
amplification cavity, thereby only allowing the 
ns pump laser to establish lasing within the 
cavity.  In the nanosecond mode, pulses of 
approximately 30 ns are produced.  In each 
mode of operation, the output wavelength is 800 
nm, and the laser beam exhibits a Gaussian 
spatial intensity profile.  Furthermore, the laser 
was operated in a single pulse output mode for 
all experiments.  The laser beam was focused 
onto the sample surface with a 10-cm focal 
length lens, producing a focused spot on the 
sample surface with a Gaussian beam diameter 
of 27.2 ± 0.4 μm.  
 

The ignition threshold was determined 
for a particular film by exposing the surface of 
the multilayer to a single laser pulse and 
checking for ignition of the film through in-situ 
monitoring via a CCD camera.  Ignition was 
clearly observed, both audibly with a sudden 
“pop,” and visually with a change in the film 
reflectivity.  The energy of the laser pulse was 
controlled with a combination of a quarter 
waveplate and a linear polarizer.  The pulse 
energies used to produce ignition ranged from 1 
– 50 μJ.  Once ignition was observed, the pulse 
energy was measured at the “Go” and “No Go” 
rotation settings on the quarter waveplate.  It 
should be noted that for each laser pulse 
exposure, the sample was translated at least 0.2 
mm such that each pulse encountered virgin 
material, and the laser was incident onto a Ti 
surface for all measurements. 
 

For velocity measurements, the reactive 
multilayer films were ignited by a single pulse 
from a Q-switched Nd:YAG laser (YQL-102, 
Laser Photonics, Orlando, FL) at 1064 nm 
delivering a 15-ns pulse (full-width at half-
maximum).  This pulse width was measured 
with a 350-MHz, 200 to 1100-nm, high-speed 
silicon photodetector, (DET210, Thorlabs, NJ).  
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A 400-µm-diameter fiber optic (Thorlabs Inc., 
NJ) was used to deliver the laser pulse to the 
sample and focusing optics were used to 
collimate the beam and focus it to a small spot 
on the sample.  To achieve different ignition 
fluences, the power was attenuated internally at 
the laser prior to launching the beam into the 
fiber optic.  The laser energy was measured at 
the output of the fiber optic and at the terminal 
optic by a laser energy meter (RJ-7100 with 
RJP-734 detector, Laser Precision Corp., Utica, 
NY).  Values of laser energy were determined 
either as a direct measurement at the output of 
the terminal focusing optic or as an adjusted 
measurement taking the losses into account 
introduced by the collimator (F810SMA-1064, 
Thorlabs, NJ) and focusing lens (30-mm focal 
length achromat, Thorlabs, NJ) in-between the 
output from the fiber optic and the sample.  The 
spot size of the laser was determined by 
postmortem analysis of two of the samples with 
a color microscope and Image-Pro Plus 
software. 
 

Figure 1 shows the experimental 
arrangement for velocity measurements.  
Reaction progress was observed in the samples 
by simultaneously using an Imacon 200 framing 
camera and either a Shimadzu Hyper Vision 
HPV-1 high speed video camera or an Imacon 
500 streak camera (DRS Technologies, Inc., 
NJ).  The streak camera data are not presented 
here.  Imaging relied entirely on self-
illumination from the reactive multilayer films.  
The samples were fired at room temperature.  
Light from the sample was split using a cube-
mounted, polarization-insensitive 50:50 
beamsplitter, and focused on the imaging planes 
of the framing camera and high-speed video 
camera by using a 105-mm lens (Nikon Nikkor 
1:2.8), with ~50 mm of lens tubes, and a 100-
mm lens (Nikon) with ~150 mm of lens tubes, 
respectively.  The cameras were protected from 
the intense laser pulse with a short-pass colored 
glass filter (FSQ-KG3, Newport Corp., Irvine, 
CA).  The framing camera recorded 16 total 
frames and was operated at nominal values of 
16,000-66,667 frames/second (1/(15-61 µs)) 
with a 1 or 2 µs exposure time.  The high speed 
video camera recorded a total of 102 frames 
with a 312×260-pixel resolution and was 

operated at nominal values of 62,500-250,000 
frames/second (1/(4-16 µs)), with a 2, 4, or 8 µs 
exposure time.  Length calibration was 
performed using a 1-mm grid optic that was 
imaged prior to the experiment series.  Reaction 
front position error was estimated to be ±100 
µm, based on registration errors between frames 
and uncertainty in reaction front identification.  
Timing calibration was not performed and was 
used as reported by the framing camera 
software, however the monitor pulse was 
recorded by an oscilloscope and this was used to 
verify timing. 
 

 
 
Figure 1.  (a) Top view and (b) side view of 
experimental arrangement for ignition and 
high-speed imaging of reactive multilayer 
films. 
 
Results and Discussion 
 
 Pulsed laser ignition threshold 
measurements 
 

The pulsed laser ignition thresholds for 
Ti/2B multilayer films as a function of bilayer 
thickness are presented in Figure 2.  The ignition 
threshold ranged from 0.34 - 6.87 J/cm2 for fs 
laser pulses, and 0.29 – 6.33 J/cm2 for ns laser 
pulses.  The values for the ignition threshold 
were reduced according to the linear optical 
reflectivity coefficient of Ti at a wavelength of 
800 nm (RTi = 0.557 at 800 nm).[19]  The trend 
and values of the ignition threshold as a function 
of bilayer thickness were very similar for both fs 
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and ns laser pulses.  The reflectivity corrected 
single-pulse fs ablation threshold for Ti is ~0.12 
J/cm2,[20] so it is apparent that the laser fluence 
required to induce ignition exceeds that required 
to remove material from the surface.  This in 
turn suggests that the Ti/2B films could be 
micro-machined with the fs laser while avoiding 
ignition. 
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Figure 2.  Pulsed laser ignition threshold 
fluence (J/cm2) as a function of bilayer 
thickness for Ti/2B reactive multilayers. 
 

The fs laser ignition threshold values for 
the Ti/2B system were determined to be 
relatively lower than a different energetic pair - 
Pt/Al (ΔHo = -100 kJ/mol atoms).  For Pt/Al, the 
threshold fluence ranged from 3 – 7 J/cm2 for 
bilayer thicknesses between 30 and 50 nm,[16] 
while for Ti/2B, the threshold was less than 1 
J/cm2 for the two films in this bilayer thickness 
range. Furthermore, the Pt/Al system exhibited 
an increasing fs ignition threshold with 
increasing bilayer thickness. Films possessing 
greater bilayer thickness than those investigated 
here (9.3 – 59 nm) will have to be explored in 
order to identify whether a similar trend exists 
for the Ti/2B system.  
 
 Ignition for velocity measurements 
 

The ignition laser spot size was 
determined by postmortem imaging of two 
samples that easily show the area over which the 
laser interacted with the sample (Figure 3).  The 

laser spot size was determined as an average 
diameter, but the actual spot was elliptical due to 
the laser focusing optics being at an off-normal 
angle.  The area of laser interaction was 
determined by thresholding these two images to 
outline the laser spot interaction area and using 
convex hull area determination.  The laser spot 
diameter was 736 and 650 µm, respectively for 
these two shots.  Thus the average spot size for 
all shots was determined to be 695±117 µm, and 
fluences were calculated from this value.  Laser 
energies of 1.3±0.2, 2.2±0.3 and 4.4±0.5 mJ 
were used for ignition and thus the fluences 
were 0.3±0.0, 0.6±0.3, and 1.2±0.6 J/cm2 
(corrected for titanium reflectivity, RTi = 0.55 at 
1064 nm).[19]  While these ignition fluences at 
1064 nm were very close to, or below, the 
ignition fluence thresholds at 800 nm 
determined in other experiments (Figure 2), the 
laser spot size was much larger here and thus a 
larger area of material was heated to the ignition 
temperature and reliable ignition was achieved 
in all samples. 
 

 
 
Figure 3.  Fired Ti/2B samples with 42.5 
bilayers used to calculate the laser spot size 
for the velocity measurement experiments. 
 
 Velocity measurements 
 

Immediately after laser ignition, a 
luminous reaction front was observed in the 
reactive multilayer films such that only self-light 
from the reaction was necessary for high-speed 
imaging of the reaction front.  In typical 
experiments, the entire sample ignited and was 
transformed, however at the largest bilayer 
thicknesses (bilayer thickness > 600 Å), some 
unreacted portions of the film were seen after 
testing.  Framing camera images from a typical 
reaction are shown in Figure 4.   
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Figure 4.  Framing camera images from reaction propagation in a Ti/2B reactive multilayer film 
with a bilayer thickness of 14 nm. 
 

In Figure 4, the first frame is a static 
image of the sample given for size reference.  
The laser ignited the sample in the second frame 
and the reaction front propagated from bottom to 
top.  The camera interframe time was 15 µs 
(except for no data at 105 µs).  In the initial 
frames a star-shaped pattern can be seen in the 
film and this is believed to be due to the laser 
mechanically disrupting the film at the ignition 
site.  This effect was localized at the ignition site 
and the reaction propagated cleanly through the 
sample at some distance away from the ignition 
site.  Based on the velocity analysis below, 
igniting the sample with excessive laser fluence 
did not seem to induce a velocity transient near 
the ignition site, which is a concern in 
overdriven explosive velocity 
measurements.[21]  It is possible that with 
higher magnification at the ignition site a 
velocity transient could be detected, but it did 
not appear to affect the velocity measurements 
discussed below. 

 
The velocities of the reactions were 

determined by using the individual frames of the 
camera images.  The vertical position of the 
reaction front was measured referenced to the 
bottom boundary shown in framing camera 
images.  An x-t plot for each experiment was 
plotted and a linear regression of the data was 
performed.  The velocity and velocity error of 
each film design were determined from this 
linear regression.  A typical x-t plot of the 
reaction front in a Ti/2B reactive multilayer film 
is shown in Figure 5.  This plot shows a constant 
velocity, with only slight deviations from the 
linear slope induced by registration errors in the 
multiple camera heads and detection of the 
position of the reaction front. 
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Figure 5.  Plot of reaction front position 
versus time (x-t) for combustion in a Ti/2B 
reactive multilayer film with a bilayer 
thickness of 14 nm. 
 

Velocity measurements as a function of 
different bilayer thicknesses are shown in Figure 
6 and listed in detail in Table 1.  Each 
measurement represents data from multiple 
experiments.  These data show a variation in 
reaction velocity with bilayer thickness.  A 
maximum velocity was detected in the film with 
a bilayer thickness of 14 nm.  To the right of this 
position, the velocity decreases with increasing 
bilayer thickness due to diffusion limitations.  
To the left of this position, the velocity 
decreases with decreasing bilayer thickness due 
to intermixing. 
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Figure 6.  Graph of velocity (m/s) versus 
bilayer thickness (Å & nm) for Ti/2B reactive 
multilayers.  The dashed line is to guide the 
reader’s eye to trends in the data. 
 
Table 1.  Table of velocity versus bilayer 
thickness for Ti/2B reactive multilayers. 
 

Number 
of 

Bilayers 

Bilayer 
Thickness Velocity 

Velocity 
Error 
(2×σ) 

 nm m/s m/s 
26.5 59.2 10.9 0.0 
31.5 49.8 12.0 0.2 
42.5 36.9 13.2 0.6 
60.5 26.0 19.9 0.8 
84.5 18.6 24.4 0.9 
112.5 14.0 39.7 1.1 
145.5 10.8 20.0 0.2 
168.5 9.3 20.2 0.9 
336.5 4.7 0.0 0.0 

 
This velocity versus bilayer thickness 

relationship is similar to trends reported for 
different reactive intermetallic systems, such as 
Co/Al[22] and Ni/Al.[18]  This expected trend 
shows the variation in velocity with effective 
“particle size” and demonstrates how the ability 
to deposit extremely well-controlled layers can 
provide model systems for understanding 
combustion mechanisms with respect to 
variations in the intimacy of mixing.  Much 
work has been done on variations of particle 
sizes in typical pressed pyrotechnic powders, but 
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variables such as density present problems in 
making comparisons between experiments.  The 
reactive multilayer films described in this paper 
provide a model system for future work studying 
combustion in the Ti/2B reactive system. 
 
Conclusion 
 

The pulsed-laser ignition thresholds at 
800-nm for both ns and fs pulse widths have 
been determined to be less than 10 J/cm2 for 
Ti/2B reactive multilayer films with most values 
near 1 J/cm2 for different multilayer designs.  
Because the ignition thresholds appear to be at 
higher fluences than the ablation threshold, 
femtosecond laser micromachining could 
potentially be used to pattern these films.  
Velocity measurements on Ti/2B reactive 
multilayer films were conducted and show a 
dependence on bilayer thickness.  We have 
observed the expected trend, as seen in other 
intermetallic reactive systems, where velocity 
decreases from a maximum value with both 
decreasing and increasing bilayer thicknesses.  
As the bilayer thickness is decreased, the 
velocity decreases due to an increased amount of 
intermixed material that contributes less to 
reaction propagation.  As the bilayer thickness is 
increased, the velocity decreases due to diffusion 
limitations.  Reactive multilayers of Ti/2B 
present a promising thermal source for potential 
joining applications due to both their high 
negative enthalpy of mixing and high adiabatic 
combustion temperature. 
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ABSTRACT 

 
It is the aim of this presentation to discuss the sensitivity of certain pyrotechnic compositions applied in 
countermeasure stores based on data from the literature. It is recommended to investigate the IM 
properties of in-service pyrotechnic ammunition. 
 
Introduction 
Today pyrotechnic ammunition is of paramount 
importance when it comes to the protection of 
the warfighter against sophisticated threats. 
IRCM-flares protect airplanes, helicopters and 
naval vessels [1-2]. Obscurants mainly based on 
red phosphorus protect both marine and land 
targets [3]. Finally signaling and illumination 
ammunition is necessary for illumination of the 
battlefield and perimeter protection. 
Due to the catastrophic accidents in the 1960s 
involving explosives on the aircraft carriers USS 
Oriskany and USS Forrestal the US Navy started 
the development of explosives that would be less 
vulnerable to unplanned stimuli such as fuel 
fires and bullet impact than conventional 
explosives in use at that time. The result is now 
a large array of insensitive and also extremely 
insensitive detonating substances (EIDS) which 
in recent times are applied in a constantly 
increasing number of articles. Based on the US 
Navy standard MIL-STD-2105A the STANAG 
4439 Ed. 2 and AOP 39 Ed 2 have been 
developed which describe in detail the test 
methods to evaluate insensitive munitions [4]. 
The public perception of insensitive munitions 
focuses on high explosives and propellants 
nearly exclusively. However the importance of 
pyrotechnic countermeasure ammunition as part 
of the soft-kill concept in protecting the troops 

requires consideration of the vulnerability of 
pyrotechnic ammunition. Contrary to high 
explosives and propellants which have been 
developed to detonate, to deflagrate and to burn 
fiercely pyrotechnic compositions most often are 
designed to burn in slow fashion. It is perhaps 
hence that catastrophic reactions of pyrotechnic 
ammunition are not expected in general upon 
subjection of pyrotechnic ammunition to 
unplanned stimuli such as fast heating or bullet 
impact. Within the context of this presentation 
catastrophic reactions are considered Type I – 
IV reactions according to STANAG 4439 Ed. 2, 
that are detonation, partial detonation, explosion 
and deflagration. 
 
Figure 1 Reaction Types according to M. Held 
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According to STANAG 4439 the following stimuli will be performed on the munitions under 
consideration: 
No. Potential Threat Test and Specification IM Requirement 

Goals 
1 Magazine, Store, Aircraft or Vehicle 

fuel fire 
Liquid Fuel External Fire, 
STANAG 4240 

Type V 

2 Fire in Adjacent Magazine, Store or 
Vehicle 

Slow Heating, 
STANAG 4382 

Type V 

3 Small Arms Attack Bullet Impact, 
STANAG 4241 

Type V 

4 Fragmenting Munitions Attack Fragment Impact, 
STANAG 4496 

Type V 

5 Shaped Charge Weapon Attack Shaped Charge Impact, 
STANAG 4526 

Type III 

6 Detonation in Magazine/Store/Aircraft 
or vehicle 

Sympathetic Reaction, 
STANAG 4396 

Type III 

 
The ideal IM-Signature of an insensitive ammunition is given in the following Fig. 2. 
 
Figure 2 Ideal IM-Signature 

 
 
Pyrotechnic countermeasure ammunition 
includes obscurants such e.g. vehicle discharge 
grenades, mortar artillery rounds and smoke 
pots, infrared countermeasure flares and ballistic 
as well as propelled naval decoys. These 
munitions may be subject to a number of 
unplanned stimuli including 

• Fire caused by tire overheating on 
transport vehicle 

o Fast-cook-off in logistic 
packaging 

• Attack of transport vehicle 
o Fragment Impact in logistic 

packaging 
o Bullet-Impact in logistic 

packaging 
o Shaped Charge Impact in 

logistic packaging 
• Attack of loaded dispenser (aircraft, 

naval vessel, land vehicle) 
o Fragment impact 
o Bullet impact 
o Shape charge impact 

• Fire at loaded dispenser 
o Fast Cook-Off of loaded 

ammunition 
Magnesium/Teflon/Viton 
(MTV)-Payloads 
Payloads based on metal/fluorocarbonpyrolants 
have been investigated thoroughly with respect 
to both safety and performance [5 - 8]. 
Typical countermeasure payloads contain 
between 55 – 65 wt-% magnesium and 
according to the processing technique variable 
amounts of both polytetrafluoroethylene and 
vinylidene fluoride hexafluoroisoprene 
copolymer (Viton®) binder. Adding graphite to 
MTV reduces the sensitivity towards 
electrostatic discharge significantly and 
increases its burn rate [9]. 
 
Table 1. General composition of MTV-
payloads 
Magnesium X 
Polytetrafluorethylen X 
Viton X 
 
Table 2. Safety data on MTVpayload 
Parameter Unit  
Friction sensitivity N > 360 
Impact sensitivity Nm 10 
Thermal decomposition °C 263 
Ignition temperature °C > 360 
electrostatic discharge J 0,05 
 
Fuel rich stoichiometries yield high burn rates at 
atmospheric pressures between 5 – 40 mm s-1. 
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Due to the high amount of PTFE used in MTV it 
is virtually friction insensitive (> 360 N). The 
impact sensitivity varies with Viton content 
between 7 – 20 Nm. MTV is prone to accidental 
ignition in the processing. Thus there are 
numerous reports on fires and explosions from 
pressing and cutting MTV [10, 11]. 
In general it is assumed that shear forces yield 
charge separation and thus cause electrostatic 
discharges that eventually ignite the 
composition. 
Loose MTV in amounts of equal or more than 3 
kg yield DDT [12]. In unpublished 
investigations it could be shown that 118 MTV 
pellets may propagate a detonation [13]. 
Bullet Impact iaw. STANAG 4241 on 218 Mk 2 
MTV decoy flares in logistic packaging yields 
type III reaction - explosion. Sympathetic 
reaction in packaging yields type IV reaction - 
deflagration [14]. 
Recommendation 
The significant sensitivity of MTV against BI 
and SR requires the investigation of introduced 
ammunition based on MTV. 

Figure 3. Bullet Impact on 218 Mk 2 Flares 

 
 
Spectrally Matched IR-Payloads 
 
Another important class of pyrotechnic payloads 
are spectrally matched compositions. These 
yield a selective emission spectrum suitable to 
match the actual signature of a platform to be 
protected. Typical formulations are listed in 
Table 3. 

Table 3. General Composition of Spectrally Matched IR-Payloads 
 1 2 3 4 5 6 
Potassium perchlorate X X X    
Ammonium perchlorate    X   
HTPB    X   
KratonTM  X     
VitonTM X  X    
Benzene tetracarboxylic anhydride  X     
Potassium benzoate X      
Boron   X    
TeflonTM   X    
Red Phosphorus     X  
Polyvinyl acetate     X  
Diethylenglykol dinitrate      X 
Nitrocellulose      X 
Nitroglycerine      X 
References [15] [16] [16] [17] [18] [19] 
 
Table 4. Safety data of spectrally-taylored payloads 
Parameter Unit 1 2 3 4 6 
Friction sensitivity N 240 80 n.a. 40 120 
Impact sensitivity Nm 4.5 7.5 n.a. 2-3 2 
Thermal decomposition °C n.a. 219   n.a. 
Ignition temperature °C > 300 > 328  230 166 
Electrostatic discharge J 0.07 2 n.a. 0.125 5 
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Table 5. Typical Amounts in Aerial decoy 
flares 
Calibre MTV RP-Spectral Spectral 
1x1x8 Inch 110 g -- 110 g 
2x1x8 Inch 295 g 150 g 260 g 
2x2.5x8 Inch 900 g -- -- 
55 mm short 450 g -- -- 
70 mm 1400 g -- -- 
55 mm 970 g -- -- 
 
Spectrally matched payloads in general have to 
yield large amounts of carbon dioxide upon 
combustion. Thus there are many different 
systems available which meet these 
requirements. Hence a unified evaluation of their 
safety features is impossible. 
So far the following compositions have been 
adapted for use in spectrally matched payloads 

• Whistling compositions, 1 
• Ignition Compositions, 3 
• Composite Propellants, 4 
• Double Base Propellant Powders, 6 

In addition to these flares based on polyimide 
coated with red phosphorus polyvinyl acetate 
composite are used as low temperature emitters. 
Although these payloads cannot be considered 
explosives they require a pyrotechnic flash 
charge for their dissemination 
In the past years there have been some accidents 
with spectrally adapted payloads In the UK with 
one manufacturer a spectral payload has been 
categorized as HD 1.1 for the state of being 
dried in an oven [20]. The subsequent explosion 
killed one man and severely injured several 
other people. Neither the exact cause nor the 
composition of the payload have been released 
so far by the HSE. 
Figure 4. Spectral Flare in Action on F-16 

 
 
Whistling compositions such as 1, are known to 
have caused dramatic explosions in the past. In a 

certain case in 1997 in Germany the composition 
was modified after the incident with small 
amounts of graphite to account for the high 
electrostatic susceptibility of it. 
No reports on IM test according to STANAG 
4439 on spectrally matched IR decoy flare 
ammunition have been published so far. There is 
information available on some of the payload 
types that are used in their original field such as 
rocket propellant or double base propellant. 
Composition 6 which is used as L-1 powder in 
tank guns [21] is known to yield type III reaction 
– explosion upon bullet impact at – 40 °C. 
Likewise the propellant does sustain a 
detonation at -40°C in a 2’’ steel tube. These 
properties are quite relevant when considering 
the vulnerability of flares in an aerodynamically 
cooled dispenser. 
 
Recommendation 
 
The IM properties of spectral decoy flares 
should be determined. 
 
IR-Obscurant-Payloads 
 
State-of-the-art IR - obscurant payloads are 
based on red phosphorus. 
 
Table 6. General composition of obscurants 
 7 8 9 
Red Phosphorus X X X 
Polyvinyl acetate X   
Polychloroprene  X  
VitonTM    X 
Magnesium X  X 
Zirconium  X  
Potassium nitrate X X  
TeflonTM   X 
 
Table 7. Safety data of RP based obscurant 
compositions 
Parameter Unit 7 8 9 
Friction 
sensitivity 

N 80 360 360 

Impact 
sensitivity 

Nm 5 10 7 

Ignition 
temperature 

°C 283 320 492 

Electrostatic 
discharge 

J n.a. 0.084  
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Table 8. Typical masses in obscurant 
ammunition 
VDG 66 mm 0.6 kg 
Artillery 105 mm 1.4 kg 
Artillery 155 mm 8.2 kg 
 
Payloads based on red phosphorus are 
characterised by their high flammability, both 
the high impact and friction sensitivity, as well 
as the high electrostatic sensitivity. [22]. 
The author witnessed some explosions with 
obscurant ammunitions based on red phosphorus 
which were not expected at first glance. 
These explosions occured with 

• Ejection trials with RP-based subunits 
from mortar and artillery shells 

• Expulsion trials with vehicle discharge 
grenades 

• Ignition of obscurant hand grenade 
Although these incidents were unexpected a 
further investigation in all cases made clear that 
a too strong pressure built-up was responsible 
for the explosive reaction. 
Upon combustion of RP-based oxygen deficient 
payloads (≥ 40 wt-% RP) no true linear burning 
occurs. Instead the combustion yields porous 
carbonaceous structures with the approximate 
dimensions of the applied pellets. The cause of 
this is the organic binder applied in the 
composition. The binder carbonizes upon the 
high heat of combustion but is protected from 
further oxidation by highly oxophilic 
phosphorus. Thus upon RP-payload combustion 
a continuous increase in surface area takes place 
thus further increasing the mass consumption 
rate. In a confined combustion chamber the 
pressure than rises causing improved heat 
transfer and further increasing the mass 
consumption rate. Finally if the pressure rise 
goes on the combustion chamber will be 
destroyed. 
This aspect has to be considered when designing 
new RP-based munitions [3]. 
On the same reasons the vulnerability of 
conventional RP-based ammunition can be 
explained. Thus an accidental ignition of an 
enclosed payload may cause a catastrophic 
reaction. 
However treatment of the payload and special 
design of the combustion chamber will 
effectively prevent any catastrophic reaction 

with RP based ammunition in order to allow 
successful performance of the STANG 4439 
tests [23]. 
 
Figure 5. RP Based Mortar Ammunition in Action 

 
 
The IM-properties of RP based ammunition 
have been reported by Elphick [14] and Koch 
[24]. 
Elphick did sympathetic reaction trials on 66 
mm Vehicle discharge grenades filled with 
RP/butyl rubber composition. However only 
Type V reaction occurred with this ammunition 
as the composition does not contain an oxidizer. 
In 2005 Koch reported about a floating smoke 
pot with ~ 8 kg RP based composition similar to 
8, which passes both Bullet-Impact and Fuel 
Fire with a type-V reaction [18]. 
 
Recommendation 
 
As RP-based ammunition may deflagrate upon 
ignition of the composition under insufficient 
venting conditions there is a significant hazard 
associated with RP based ammuntion. Thus 

• Vehicle discharge grenades 
• Mortar rounds 
• Artillery rounds 
• Smoke an grenades 

should be tested for their IM signature. 
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How to reduce the vulnerability of 
pyrotechnic ammunition 
 
In 2001 the author sketched how to 
renderpyrotechnic ammunition less sensitive and 
hence less vulnerable. [25]. Vulnerable 
ammunition in general can be protected from 
some stimuli by choosing suitable packaging 
materials that would minimize the influence 
from bullet / fragment impact by absorbing 
kinetic energy. Applying an intumescent paint 
on a wooden ammo box will alter the thermal 
response of the ammunition. Upon the 
development of new ammunition it should be 
investigated if it is possible to apply energetic 
materials that behave less vulnerable than 
common ones. There are many examples of 
reduced sensitivity pyrotechnic formulations 
such as the reduced electrostatic sensitivity of 
igniter formulations from using partially 
hydrated Titanium powder (TiHx) instead of 
common Ti sponge material [26]. The author 
showed that it is possible to obtain insensitive 
and thermally stabilized flare compositions 
using melt-castable energetic binders based on 
nitroaromatic compounds such as DNAN and 
TNT [27]. 
 
Figure 6. Levels of Implementation 
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ABSTRACT 

The competitive reactivity of solid propellant most common stabilizers and ballistic modifiers has 
been thoroughly investigated during aging of nitrocellulose- nitroglycerine film. Comparing the effect of 
lead and copper based ballistic modifiers salts on the rate of depletion of stabilizers have shown that these 
salts differ in their reactivity, lead β-resorcylate, lead salicylate and basic copper salicylate having the 
significant effects. The purpose of such investigation is to gain some information on the reactions that 
would take place during aging of double base rocket propellants containing similar stabilizers and 
modifiers. The bases of such effects were defined such that the chemical interaction of ballistic modifiers 
significantly affects the chemical stability of nitrocellulose and nitroglycerine. The important role of the 
organic moiety of the ballistic modifiers in influencing the rate of stabilizers depletion has been clarified. 
Comparison of the effect of lead and copper based salts clearly shows the dramatic effect of copper salts 
on the stability of the investigated nitrate acid mixtures. 

1. Introduction 

Mixed stabilizer systems are used in most 
double base rocket propellant formulations, 
where they have been found (1) to prolong the 
safe storage life of these propellants during 
storage. Stabilizer systems of this type consist of 
two stabilizers, it being assumed that the more 
reactive one (secondary stabilizer) reacts rapidly 
with the propellant decomposition products 
during the early stages of aging, with the other 
(primary stabilizer) reacting more slowly, and 
independently, in the period following complete 
depletion of the first stabilizer. The results (2-4) 
of accelerated aging on DB propellant 
compositions containing the stabilizers para-
nitro-N-methylaniline (pNMA) and 2-
nitrodiphenylamine (2NDPA) have shown that 
the success of the total system in both reducing 
nitrate ester decomposition and decreasing 
stabilizer depletion rates was seen in terms of a 
balance between kinetically and 
thermodynamically controlled stabilizer 
reactions, and it may be envisaged that other 
combinations of stabilizers might be more 
effective than pNMA/2NDPA is conferring 

improved storage properties on double base 
propellants. 

In an attempt to assess the effectiveness of 
other potential dual stabilizer systems for use in 
double base propellants, the behaviour of 
pNMA, the structurally related secondary 
amines 4-nitrodiphenylamine (4NDPA), and 
resorcinol, in combination with 2NDPA in 
nitrocellulose (NC) containing nitroglycerine 
(NG) thin film has been examined. 

Ballistic modifiers are used in double base 
propellants to modify the burning rate-pressure 
relationship of propellant, reducing the 
variability in motor performance over the 
operational temperature range. A number of 
ballistic modifier combinations, such as 
mixtures of lead β-resorcylate (LBR) with lead 
salicylate (LS), and LBR with basic copper 
salicylate (BCS), were developed to improve 
platonizing ability of double base propellants. 
Some research (5-7) has indicated that the 
chemical stability of double base propellants is 
influenced directly by different ballistic 
modifiers. 
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It has been assumed that ballistic modifier 
combinations remain in the propellant, 
essentially as they were added, until required to 
catalyze combustion process. Here systematic 
investigations were carried out to study the 
effect of these ballistic modifiers, individually 
and in combinations, on the reactions of 
propellant stabilizers pNMA and 2NDPA, and 
also to obtain a deeper insight into an interaction 
phenomenon of these ballistic modifiers which 
may occur during both propellant manufacture 
and aging. 

2. Experimental 

2.1 Preparation of Reaction Formulations 

All of the reaction formulations shown in 
Tables 1-2 were prepared in acetonitrile. In 
general, the required concentration of the 
primary stabilizer was dissolved in NG (8 g l-1) 
and NC (12 g l-1) solution in acetonitrile. The 
required amounts of the secondary stabilizer 
solutions were introduced into separate 50 ml 
volumetric flasks, and the volumes were then 
made up to the mark with the NG/NC solution 
containing the primary stabilizer and the internal 
standard. Each flask was mixed well and 5 ml of 
the resultant solutions was added to 10 ml vials 
one for each aging period. After evaporating the 
acetone, the vials were sealed and then aged 
directly without storage. At the end of each 
aging period extract the soluble constituents 
with dichloromethane (DCM) in an ultrasonic 
bath for 20 minutes, evaporate the DCM under 
vacuum for 1 hr at 60°C, and then dissolve the 
remaining part in acetonitrile for HPLC analysis. 

The reaction formulations for the ballistic 
modifiers were prepared as follows: the required 
amounts of the ballistic modifiers solutions were 
introduced into separate 50 ml volumetric flasks, 
and the volumes were then made up to the mark 
with the NG/NC solution containing the primary 
stabilizer and the secondary stabilizers. Each 
flask was mixed well and 5 ml of the resultant 
solutions was added to 10 ml vials one for each 
aging period. After evaporating the acetone, the 
vials were sealed and then aged directly without 
storage. At the end of each aging period extract 
the soluble constituents with dichloromethane 

(DCM) in an ultrasonic bath for 20 minutes, 
evaporate the DCM under vacuum for 1 hr at 
60°C, and then dissolve the remaining part in 
acetonitrile for HPLC analysis. 

2.2 Reaction Conditions 

All of the reaction formulations shown in 
Tables 1 and 2 were aged at 75°C in a fan 
assisted oven for different aging periods, as 
indicated in each table. 

2.3 HPLC Quantitative Analysis 

At the end of each reaction period, the 
solutions were filtered through 0.2 µm filters 
and then injected onto the HPLC. The HPLC 
conditions were as previously described.(2) The 
data obtained from the HPLC were statistically 
analysed in order to obtain data for stabilizer 
consumption and for formation of their 
corresponding derivatives. 

3. Results and Discussion 

3.1 Effect of the Secondary Stabilizers on the 
Consumption of the Primary Stabilizer 2NDPA 

The formulations shown in Tables 1 were 
aged at 75°C for 5, 11 and 21 days. The results 
obtained for the consumption of both the 
secondary and primary stabilizers are shown in 
the Tables. The efficiency of the individual 
secondary stabilizers in reducing the depletion 
of the primary stabilizer 2NDPA, which can be 
used to give an estimate of the efficiency of the 
stabilizer mixture in retarding the autocatalysis 
of NG/NC decomposition, will be discussed. 

Analysis of the results presented in Table 1 
shows that: 

(i) pNMA significantly reduced 2NDPA 
consumption. Addition of an equimolar amount 
of resorcinol to the pNMA as a secondary 
stabilizer mixture caused a significant decrease 
in 2NDPA consumption during the three 
reaction periods, compared to that observed in 
the absence of resorcinol. 

(ii) 4NDPA decreased 2NDPA consumption 
when compared to the control 
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formulation (2NDPA based formulation), but to 
a lesser degree compared to pNMA. Addition of 
an equimolar amount of pNMA to 4NDPA as a 
secondary stabilizer mixture caused a significant 
decrease in 2NDPA consumption during the 
three reaction periods, equal to that observed in 
the pNMA resorcinol secondary stabilizer 
mixture. 

(iii) Resorcinol caused the most significant 
decrease in 2NDPA consumption, compared to 
the other secondary stabilizers, especially during 
the early aging periods. 

(iv) In all of the formulations (Table 1) 2,4`-
dinitro-diphenylamine (2,4`-DNDPA) was the 
major product derived from reaction of 2NDPA, 
and its rate of formation mirrors the rate of 
consumption of 2NDPA. 2,2`-Dinitro-
diphenylamine (2,2`-DNDPA) was only formed 
in trace amounts, whilst no evidence was found 
for the formation of the N-nitroso-derivative 
(N.NO.2NDPA). For simplicity these data were 
not presented in the table. 

(v) Table 1 also shows the rate of depletion of 
the secondary stabilizers pNMA and 4NDPA. 
The rate of depletion of resorcinol was not 
determined because of the side reactions of 
resorcinol which was difficult to be monitored 
using HPLC technique. In such case it was 
sufficient to study the effect of resorcinol in 
decreasing the consumption of 2NDPA during 
aging of NC/NG esters. 

The table shows that pNMA is faster to be 
consumed compared to 4NDPA. Addition of an 
equimolar amount of pNMA to 4NDPA as a 
secondary stabilizer mixture caused a significant 
depletion in pNMA compared to 4NDPA, the 
latter started to be consumed only during the 
third aging period. 

Both pNMA and 4NDPA react with the 
NC/NG decomposition products to form their N-
nitroso-derivatives as the major product. Aging 
for 21 days caused the complete consumption of 
pNMA, and the further reaction of some of the 
N.NO.pNMA, with the formation of traces of 

N.NO2.pNMA (4) and 2,4-DNMA. By contrast, 
4NDPA reacted with the NC/NG decomposition 
products to form 4,4`-DNDPA as the major 
product, together with some 2,4`-DNDPA. 
2NDPA behaved similarly to 4NDPA and 
formed 2,4`-DNDPA as the major product, 
together with traces of 2,2`-DNDPA. 

(vi) Although resorcinol gave negligible 
consumption of 2NDPA during the first aging 
periods, the consumption of 2NDPA during the 
last aging period was significant compared to the 
early stages of aging, in contrast to the cases of 
pNMA and 4NDPA based formulations. These 
observations may be rationalised either in terms 
of a reaction of resorcinol with NC/NG 
decomposition products to give another reactive 
species (1)

 which may, in turn, enhance the 
nitrosation/nitration reactions of 2NDPA, or the 
reaction of resorcinol with its own degradation 
products, enhancing the consumption of 
resorcinol itself. In any case, the performance of 
resorcinol is only significantly better than that of 
4NDPA at short reaction times. 

Unfortunately, since the consumption of 
resorcinol was not followed during this 
investigation, it is difficult to say whether 
resorcinol would be suitable as a secondary 
stabilizer with 2NDPA in double base 
propellants. Clearly resorcinol is able to 
efficiently reduce 2NDPA consumption but this 
may not outway the disadvantages arising from 
its potential side reactions. The latter could 
seriously affect propellant characteristics during 
the later stages of aging. The above influence of 
resorcinol on 2NDPA consumption might cause 
serious problems in double base propellants 
during storage. Furthermore it is known (8) that 
resorcinol cannot be used in crosslinked, cast, 
double base propellants.  

From the above it is concluded that the 
formulation containing equimolar amounts of 
pNMA and resorcinol as a secondary stabilizer 
mixture, with 2NDPA as the primary stabilizer 
(at the same concentration as the secondary 
stabilizers), significantly decreased the 
consumption of 2NDPA.  
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3.2 Effect of the Ballistic Modifiers on the 
Reactions of Secondary Stabilizers and the 
Primary Stabilizer 2NDPA 

The formulations shown in Table 2 were 
subjected to the same preparation, aging, and 
analysis conditions as given in Table 1 
formulations. These formulations were based on 
the stabilizer mixture pNMA and 2NDPA. 
pNMA and 2NDPA were used in 0.02 and 0.01 
molar ratios w.r.t. NG respectively. The 
different ballistic modifiers and resorcylic and 
salicylic acids were added in equimolar ratio 
(0.02 w.r.t. NG).  

Analysis of the results presented in Table 2 
shows that: 

(i) In all of the formulations pNMA reacted with 
the NC/NG decomposition products and formed 
N.NO.pNMA as the major product, whilst 
2NDPA reacted and formed 2,4`-DNDPA as the 
major product together with traces of 2,2`-
DNDPA.  

(ii) During the first aging period all of the 
ballistic modifiers, except LBR did not show 
significant effects on the pNMA reactions, 
compared to those which occurred in the control 
formulation. LBR caused a significant decrease 
in pNMA consumption during both aging 
periods. LS caused a little decrease in pNMA 
consumption compared to the other modifiers. 
Thus the major attention will be directed 
towards investigating the effect of LBR and LS 
on pNMA reactions with NC/NG decomposition 
products. 

Any mechanistic investigation into the 
competing reactions of the different compounds 
pNMA, 2NDPA, LBR or LS, and their reaction 
products with the different NC/NG 
decomposition products, is likely to be very 
difficult. In the present context the main concern 
is to determine the effect of the different ballistic 
modifiers, commonly used in double base 
propellants, on the reactions of either pNMA or 
2NDPA, or a mixture of both in the double base 
propellant matrix.  

(iii) The presence of the secondary stabilizers 
and ballistic modifiers significantly caused 

unnoticeable consumption of the primary 
stabilizer 2NDPA. The order of efficiency of the 
different ballistic modifiers in decreasing 
2NDPA consumption, especially after the 
second aging period, was as follows: LBR >> 
LSt > LC & LP > LS > control. This order 
indicates that there is a significant difference 
between the effect of LBR and LS on 2NDPA 
reactions; the other ballistic modifiers did not 
show noticeable differences. LBR and LS 
produced different effects on 2NDPA reactions. 
LBR caused a significant decrease in 2NDPA 
consumption during both aging periods, whilst 
LS, although causing a significant decrease in 
2NDPA consumption during the first aging 
period, had no effect on 2NDPA consumption 
during the second aging period. It would be 
expected that consumption of 2NDPA would be 
much higher if the aging were to be continued, 
judging from the much higher rate of increase in 
2NDPA consumption during the second aging 
period w.r.t. that which occurred during the first 
aging period. 

As mentioned earlier, any mechanistic 
investigation of the reactions of the different 
compounds with the various NC/NG 
decomposition products is likely to be very 
difficult. Nevertheless, it seems that LBR and 
LS have high reactivity towards NC and NG 
decomposition products. The by-products of the 
reactions of LBR and LS with the decomposition 
products have different effects on the pNMA 
and 2NDPA stabilizers. Those produced from 
LS caused catalytic consumption of the 
stabilizers by enhancing the nitrosation / 
nitration reactions of both stabilizers. The reason 
for this between the effect of LBR and LS, 
although structurally related, may be related to 
the number of the hydroxyl groups in each. 

(iv) Resorcylic acid and salicylic acid gave 
approximately the same effect on both pNMA 
and 2NDPA consumption, and the formation of 
their derivatives, as that produced by their 
corresponding salts LBR and LS respectively. 
This provides an evidence that the organic 
moiety of lead salts plays an important role in 
the reactivity of these salts towards NC/NG 
decomposition products. 
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(v) Copper oxide (CuO) had a significant effect 
on pNMA and 2NDPA reactions, when 
compared to that which occurred in the control 
formulation (in the absence of ballistic 
modifiers). CuO increased both pNMA 
consumption and the formation of the 
corresponding derivatives, also increased both 
2NDPA consumption and the formation of 2, 4`-
DNDPA, especially during the second aging 
period. This indicates that CuO may promote the 
nitrosation / nitration reactions of pNMA and 
2NDPA with NC/NG decomposition products 
e.g. nitric oxide, nitrite ion, etc., none of which 
would react with these stabilizers in the absence 
of CuO.  

(vi) BCS had a more dramatic effect on the 
reactions of pNMA than CuO. During the first 
aging period BCS caused complete consumption 
of pNMA, with a corresponding increase in the 
formation of the other derivatives. In this 
formulation it was noticed that the N.NO.pNMA 
initially formed was rapidly consumed. This 
observation indicates that BCS has a high 
catalytic effect on the nitrosation / nitration 
reactions of pNMA. Although LBR decreased 
pNMA consumption compared to that which 
occurred in the control formulation, with the 
corresponding formation of N.NO.pNMA as the 
major product, the combination (LBR and BCS) 
caused rapid consumption of pNMA with 
subsequent formation of N.NO.pNMA and 
N.NO2.pNMA, together with traces of higher 
nitrated derivatives during the later stages of 
aging. 

(vii) Although BCS and LS are structurally 
related, the effect on the reactions of pNMA 
produced by the former was quite dramatic 
compared to that produced by the latter. LS 
caused lower consumption of pNMA compared 
to that which occurred in the control 
Formulation, gave N.NO.pNMA as the major 
product, and prevented the formation of the 
higher nitrated derivatives, whilst BCS caused 
catalytic consumption of pNMA with a 
subsequent increase in the formation of the 
higher derivatives. 

From the above it is concluded that the much 
higher reactivity of BCS over LBR and that of 

BCS over the structurally related LS, towards 
NC/NG decomposition products, leading to an 
enhance of the rate of nitrosation / nitration of 
the stabilizer, is due to the combined effect of 
both the copper ion and the associated anion. 
This is supported by results in the following 
sections. 

(viii) When the combination (LBR and BCS) 
was used, the presence of BCS caused a 
significant increase in 2NDPA consumption 
compared to that occurred in the formulation 
containing LBR alone. This observation clearly 
indicates that the effect of BCS on the reactions 
of 2NDPA outweighs that of LBR. On the other 
hand, when the combination (LBR and LS) was 
used, the presence of LS caused a significant 
decrease in 2NDPA consumption compared to 
that occurred in the formulation containing LBR 
alone. 

The mechanism of reaction of these copper 
salts with NC/NG decomposition products is 
beyond the scope of this investigation. 
Brackman (9) has found that copper complexes 
catalyze the reactions of nitric oxide, one of the 
possible NG decomposition products which are 
not a nitrosating agent itself, with secondary 
amines. Keefer (10) has explained the roles 
played by metal atoms in catalyzing the 
nitrosation reactions, and it is expected that 
copper atoms would fulfill most of these roles, 
thus enhancing the consumption of the 
stabilizers. 

From the above it may be concluded that 
copper salts greatly enhance the nitrosation / 
nitration reactions of stabilizers. This indicates 
that copper salts, commonly used as ballistic 
modifiers in double base propellants, greatly 
decrease the chemical stability of these 
propellants. This is in agreement with the 
observations (11) that double base propellants 
containing copper salt modifiers, especially BCS 
and the combination (LBR and BCS), have high 
rates of stabilizer consumption and high rates of 
gas evolution, with consequent lower crack-free 
lives. 

From the above it is concluded that since 
pNMA is more reactive than 2NDPA, the former 
is capable of competing with the ballistic 
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modifiers during the early stages of aging, whilst 
the latter is only affected by the catalytic 
behavior of the copper salts.  

4. Conclusions 

i. The order of efficiency for the different 
secondary stabilizers in reducing the depletion 
of the primary stabilizer may be taken as a 
predictor of the ability of the stabilizer 
formulation (secondary plus primary 
stabilizer) to retard NC/NG decomposition 
and hence improve the chemical stability of 
double base propellants. 

ii. The stabilizer formulation containing pNMA 
and 2NDPA may provide better chemical 
stability in double base propellants than the 
previously used 2NDPA. 

iii. The different stabilizers may exhibit quite 
different rates of reaction with the different 
NC/NG decomposition products. 

iv. LBR and LS, have a significant effect on the 
reactions of pNMA and 2NDPA, whilst the 
other modifiers, LSt, LP, and LC, do not have 
a noticeable effect. Although LBR and LS 
have approximately similar effects on the 
pNMA reactions, their effect on the 2NDPA 
reactions is quite different. The effect of LS is 
greater than that exhibited by LBR. LBR 
greatly reduces 2NDPA depletion, whilst LS 
increases the consumption of 2NDPA.  

v. The organic moiety of lead salts plays the 
important role in the reactivity of these salts 
towards NC/NG decomposition products. 
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Table 1. Effect of Secondary Stabilizers on 2NDPA Consumption 

Formulation 
Aging 
Period 
(days) 

2NDPA 
2NDPA 

+  
pNMA 

2NDPA 
 + 

4NDPA 

2NDPA 
+  

Res 

2NDPA  
+  

pNMA 
+ 

Res 

2NDPA 
 +  

pNMA 
+ 

4NDPA 
5 37 4.2 5.7 2 0 0 

11 67 14 18 5.2 0 0 
2NDPA 

Consumption 
(wt %) 21 100 31 33 31 25 25 

5  32   36 62 
11  89   81 100 

pNMA  
Consumption 

(wt %) 21  100   100 100 
5   36   0 

11   75   6.6 
 4NDPA 

Consumption 
(wt %) 21   82   78 

Table 2. Effect of Ballistic Modifiers on the Reactions of Secondary and Primary Stabilizers  

Formulation 2NDPA Consumption 
(wt %) 

pNMA Consumption 
(wt %) 

Aging Period (days) 6 15 6 15 
Control Formulation 
(pNMA + 2NDPA) 2.4 49 64 100 

Control + LBR 0.5 0.6 34 72 
Control + LS 0.7 40 59 92 
Control + LP 0 38 64 100 
Control + LC 1.9 37 64 100 
Control + LSt 0 12 48 100 
Control + BCS 100 100 100 100 
Control + CuO 15 88 87 100 

Control + LBR + BCS 0 48 72 100 
Control + LBR + LS 0 0 45 83 
Control + Res Acid 0 6.8 39 77 
Control + Sal Acid 1.4 23 31 78 

 



 

-277- 

 
 
 
 
 
 
 
 

Methods of Computational Chemistry 
in Search for Structure-Property Relationships among Energetic Materials 

 
1*T.S. Pivina, 1M.S. Molchanova, 1V.L. Korolev, 2Yu.N. Matyushin, 

3A.A. Porollo, 3V.P. Ivshin, and 4N.I. Zhokhova 
 

1Zelinsky Institute of Organic Chemistry, Russian Academy of Sciences, Moscow 119991, RUSSIA 
2Semenov Institute of Chemical Physics, Russian Academy of Sciences, Moscow 117977, RUSSIA 

3Mari State University, Yoshkar-Ola 424000, Mari El Republic, RUSSIA 
4Moscow State University, Department of Chemistry, Moscow 119999, RUSSIA 

*E-mail: tsp@ioc.ac.ru 
 
 

ABSTRACT 
 

An original strategy of computer-aided search for structures of energetic compounds with an optimum set 
of physicochemical characteristics (enthalpy of formation, molecular crystal density, thermal stability, 
etc.) is presented. At the first stage (molecular design), generation of structures with given molecular 
formulas is performed. At subsequent stages (molecular screening), feasibility of these compounds is 
estimated. This evaluation is based on calculation of physicochemical parameters using our original 
schemes. The resultant structures are identified as potentially effective energetic compounds for their 
future organic synthesis. To elaborate a scheme for computing the enthalpy of formation, the database of 
the Thermochemistry Laboratory (Semenov Institute of Chemical Physics, RAS) was used; the 
experimental results were obtained using original equipment. A summarized description of this research 
is given.  
 
 
INTRODUCTION 
 

Successful development of organic synthesis has resulted in creation of several thousand 
compounds that could serve as energetic materials (EMs) but are not actually used now, for one or 
another reason. These reasons are explained as follows: the prospects of using energetic materials are 
determined by the combination of their explosive and operating properties, and one of the problems 
emerging during development of new EMs is the existence of incompatible requirements to their 
physicochemical characteristics. For example, at the initial stage, the possible favorable properties of 
organic compounds are estimated on the basis of their high energy parameters; at subsequent stages 
(practical use), other properties are important: thermal and chemical stability, operation safety, etc., 
which, as a rule, decrease with increasing energy content.  
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Hence, theoretical prediction of EMs properties before the stage of their organic synthesis has 
formed as a separate direction during the last 15 or 20 years, and now development of this direction 
makes it possible to save time and money during design of potentially promising compounds [1].  

When we evaluate one or another substance that can be possibly used as a high-energy compound, 
there are a number of principal physicochemical characteristics determining its prospects. They are 
energy content, molecular crystal density, thermal stability, and sensitivity to various kinds of impact. For 
a number of years, our research group has been developing various schemes to search for relationships 
between the structures of compounds and these properties for energetic materials designed for various 
applications. Our investigations have resulted in creation of a general strategy for computer-aided search 
aimed at structures of high-energy materials with a balanced set of physicochemical parameters. In this 
paper, we present some results of this research.  
 
 
COMPUTER-AIDED SEARCH FOR STRUCTURES OF ENERGETIC MATERIALS 
 

In our studies [2-4], we present an original strategy for in silico search for structures of novel 
energetic compounds with a promising set of physicochemical characteristics. The first step is molecular 
design, i.e., automatic generation of all possible structural isomers corresponding to a given molecular 
formula reflecting the desired ratio between carbon, oxygen, nitrogen, and hydrogen atoms. This is 
achieved using the SMOG (Structural MOlecular Generation) software developed by one of the authors 
(Dr. M. Molchanova). The second step is computed-aided selection in order to eliminate infeasible and 
undesired chemical structures, that is, molecular screening. As the main criteria for estimating the 
prospects of one or another compound at the stage of screening, we consider their high calculated 
enthalpy of formation and molecular crystal density. We have created efficient schemes for theoretical 
estimation of these characteristics.   

Let us illustrate this part of research by the example of caged compounds. The choice of this class 
out of the variety of energetic compounds was not accidental: we wanted to find if there are caged 
compounds with more powerful characteristics than the widely known CL-20 (2,4,6,8,10,12-hexanitro-
2,4,6,8,10,12-hexaazaisowurtzitane). As is known, the caged polynitramine CL-20 [5] is an important 
energetic material with applications ranging from an explosive and rocket propellant to a component of 
automobile air bags [6, 7]; it has a high enthalpy of formation and also high molecular crystal density. 

To answer our question, we generated the structural frameworks of possible wurtzitane isomers 
С12Н18 (49 structures) and selected the most stable ones in accordance with the criteria formulated in [2]. 
Further, we analyzed these structures as to the possibility of forming highest-density molecular crystal 
packings, and six frameworks were chosen for subsequent estimation of their possible prospects. At the 
next step, we introduced six nitramine groups into each of these frameworks by analogy with CL-20, in 
such a way that the eigensymmetry would be preserved to the maximum extent, because it is only in this 
case that formation of highest-density molecular crystal packing is possible. Then, on the basis of the 
density functional (DFT) quantum chemical method with the hybrid potential B3LYP and the standard 
valence-split basis set 6-31++G(3df, 3pd), we estimated the enthalpies of formation for the resultant 
structures and selected four compounds with the highest predicted energy content (calculations were 
carried out using the GAUSSIAN-98 program package [8] at the Computational Center of Zelinsky 
Institute of Organic Chemistry, Russian Academy of Sciences). 

At the next step, we calculated the sublimation enthalpies and the molecular crystal densities using 
the Atom-Atom Potential Functions (AAPF) method with the parameter set specified below (see section 
MOLECULAR CRYSTAL DENSITY CALCULATIONS).  

On the basis of the resultant data, we estimated important detonation parameters, such as 
detonation velocity D, heat of detonation Qex, Chapman-Jouguet detonation pressure PCJ, relative specific 
impulse I, as well as the coefficient of explosive composition Kex (which takes into account the ratio of 
combustible and oxidative elements in a molecule). For these purposes, we used the calculation scheme 
from [9]. The results of our calculations are listed in Table 1. 
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Comparing the detonation parameters of these compounds, one finds that the highest detonation velocity 
in this series is found for compound № 1 (D = 9765 m/s); the lowest, for compound № 3, which has a 
detonation velocity of 9512 m/s.  

The highest heat of detonation among this series is found for compound № 4 (Qex = 1575 cal/g), and the 
lowest heat is found for CL-20 (compound № 2, Qex = 1453 cal/g).  

For the relative specific impulse, the highest value corresponds to derivative № 1 and amounts to (I = 
139,4); the lowest, to compound № 3 (I  = 134,7).  

 
 

Table 1. Calculated detonation properties of hexaazahexanitro compounds. 
 

 
№ 

Structure 
Formula* 

d, 
g/cm3 

ΔHf, 
kcal/mol

D, 
m/s 

Kex Qex, 
cal/g 

I PCJ, 
kbar 

 
 
 

1 

 

1

2
3

4 5
6

7

8

9

10
11

12

 

 
 
 

2,04 

 
 
 

94,10 

 
 
 

9765 

 
 
 

0,025 

 
 
 

1467 

 
 
 

139,4 

 
 
 

466 

 
 
 

2** 

 

12

11

10

6

8732

1

5
4

9

 
 

 
 
 

2,00 

 
 
 

90,00 

 
 
 

9575 

 
 
 

0,025 

 
 
 

1453 

 
 
 

135,9 

 
 
 

443 

 
 
 

3 

 
1 2

3
4

5

6
7

8
9

10
11

12  
 

 
 
 

1,96 

 
 
 

118,67 

 
 
 

9512 

 
 
 

0,025 

 
 
 

1507 

 
 
 

134,7 

 
 
 

430 

 
 
 

4 

 

1

2

3

4
5

67

8
9

1011

12

 
 

 
 
 

1,94 

 
 
 

152,56 

 
 
 

9548 

 
 
 

0,025 

 
 
 

1575 

 
 
 

135,4 

 
 
 

429 

 
*   The circles indicate the positions of NNO2 groups in the hydrocarbon frameworks.  
**  Some experimental data for CL-20 are presented in section INVESTIGATING THE ENTHALPY OF 
FORMATION. 

 
The highest Chapman-Jouguet detonation pressure PCJ is characteristic of compounds № 1 (PCJ   = 466); 

the lowest pressure, of compound № 4 (PCJ   = 429).  
Thus, in the above series of structural isomers of CL-20, compound № 1 has the most powerful 

detonation characteristics. 
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INVESTIGATING THE ENTHALPY OF FORMATION  
 
 The main characteristic among all parameters of EMs is energy content, i.e., enthalpy of 
formation. A great amount of experimental data has been accumulated by now, and therefore a number of 
efficient calculation schemes have been created to estimate the energy content for compounds from 
various chemical classes (e.g., [10-13]).  

The methods currently used in theoretical thermochemistry can be divided into two groups 
according to their underlying ideas: (1) additive, molecular-mechanical, and quantum-chemical methods 
and (2) QSPR (Quantitative Structure-Property Relationships). 

Additive methods are widely used for calculating the energy content of energetic materials. 
Detailed descriptions of various approaches and numerical results can be found in original articles and 
widely known monographs. The basic assumptions for this group of methods are (1) transferability 
(characteristics of molecular fragments remain the same as we pass from one system to another) and (2) 
additivity of the system energy in relation to contributions of separate fragments. The second assumption 
can be rigorously grounded (for a given molecular system) even down to atomic fragments if the partition 
procedure is chosen correctly; the first assumption is purely empirical and far from being always correct. 
The simplest additive schemes yield satisfactory results only for "narrow" homological series, where 
transferability is observed even for the simplest fragments. In more general cases, environment-dependent 
corrections should be introduced for identical atom-and-bond fragments. These problems are very 
complicated in the general case, but their solution is not fundamentally difficult if the amount of 
experimental data is sufficient. In [14], we applied (more or less efficiently) the additive approach to 
calculation of sublimation enthalpy for nitro compounds from various chemical classes.  

Methods of molecular mechanics and semi-empirical methods of quantum chemistry are also largely 
based on the idea of transferable and additive parameters. Hence, this feature determines all disadvantages 
and problems that are also characteristic of “purely” additive schemes. Since the moment when hardware 
and software for molecular-mechanic and quantum chemical calculations became accessible to most 
researchers, these approaches have been so widely used for estimating enthalpies of formation that 
efficiency (or inefficiency) of some or other methods and schemes for compounds from various chemical 
classes just cannot be analyzed objectively and completely, if only in a separate and extremely time-
consuming study.  

However, the aspiration to create materials with a high energy capacity has led to organic synthesis 
of substances with nonadditive properties. Thus, creation of fundamentally different calculation methods 
and schemes was required. One of them is the QSPR approach, which is based on the search for 
“structure-property” relationships, i.e. on the construction of linear correlation models of form 

A = K0 + Σ Ki + Di + ε                   (1) 
 
on a group of compounds for which experimental values of the given property are known. In Eq. (1), A is 
a certain function of the target property, known for all the compounds of the set, and ε is an unknown 
function of the error. All coefficients Ki of this equation are chosen so as to minimized the absolute error. 
As is seen from Eq. (1), the structure-property correlation is not established directly but rather expressed 
as a relationship between the target properties and functions Di that are called structural descriptors and 
found from the structures of compounds according to a known algorithm. Various molecular 
characteristics that can be used as descriptors Di include so-called connectivity indices, structural and 
topological indices, indices based on atomic charges and electronegativities, etc. [15]. Note that, in 
contrast to quantum chemical methods, which provide the enthalpies of formation (ΔH0

f) for compounds 
in the gaseous phase, the QSPR approach makes it possible to consider this characteristic in various 
aggregation states. For example, using the QSPR approach in [16], we estimated ΔH0

f for diverse 
nonaromatic polynitro compounds in the solid state.  

To develop calculation schemes for the enthalpies of formation that would work for compounds 
from various chemical classes, we created a database on the basis of experimental results obtained at the 
Thermochemistry Laboratory (Semenov Institute of Chemical Physics, Russian Academy of Sciences). 



 

-281- 

High quality of these investigations is due to the original equipment developed at this laboratory, which 
has enabled the researchers to evaluate the physicochemical characteristics of EMs with an accuracy 
sometimes exceeding the one provided by many other laboratories and research centers. This 
improvement is associated with a number of engineering, technical, and design solutions used for creation 
of this equipment (calorimeters).  

An important parameter of a calorimeter as a measuring instrument is the measurement error. 
Analyzing the systematic component of the error, one can not only evaluate the reliability of the resultant 
experimental data but also reveal the directions for improvement of this equipment. Error minimization 
may be the criterion for choosing the parameters of the experimental setup. Therefore, for any 
engineering decisions during design of such instruments, analysis of measurement errors is necessary.  

Analysis of the heat balance equation for a calorimeter with an isothermal shell shows that there 
must be no systematic errors of thermal origin in measurement of surface-average temperature. Actually, 
the surface-average temperature is the only quantity that carries the entire information on the complex 
thermal process in the main period of the experiment. This is why direct measurement of this value is 
preferable. It will enable researchers to make allowance for various forms of heat liberation, different 
positions of heat liberation sources, etc., during measurements, because the effect of these conditions is 
manifested only in the main period of the experiment. Measurements of the surface-average temperature 
of the calorimetric vessel at a low heat exchange coefficient are easy. Usually simultaneous experimental 
measurements of the surface-average and volume-average temperatures are not performed, although 
presently it is technically possible. It is preferable to measure the surface-average temperature, since the 
design of the surface-distributed thermometer ensures minimum thermal resistance between the sensor 
and the surface, which is required, as is shown below, for high resolution in temperature measurements. 

We have established a relationship between the thermal characteristics and engineering parameters 
of the calorimeter. The volume of the calorimetric vessel may be regarded as a parameter that ensures the 
required accuracy of measurements. We have determined dependences relating the diameter of the 
calorimetric vessel to the measurement error, measured heat quantity, accuracy of thermostatic control 
over the shell, and specific heat liberation. The relationships between the parameters of main parts of the 
calorimeter, which have been established in our studies, determine the range of possible diameters of the 
calorimetric vessel depending on the parameters of the temperature measurement scheme, shell 
thermostat, and required accuracy of heat quantity measurements. In combination with the above 
requirement (measurement of surface-average temperature of the calorimetric vessel), these results make 
it possible to take well-reasoned decisions in calorimeter design.  

Figure 1 shows the scheme of a high-precision calorimeter for measuring the heats of combustion 
for energetic compounds.  
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Fig. 1. Scheme of calorimeter for measuring the heats of combustion. 
Here we list the specific features of our calorimeter: 
(1) Low heat equivalent and high bomb volume. Hence, one can use small weights of energetic 

compounds for measurements, ensuring complete combustion and safe experiment. 
(2) Simple installation of bomb in calorimeter. It is enough to take off the lids from the shell and 

the calorimetric vessel, to place the bomb into the vessel, and to close the lids. Further, the calorimeter 
will work in the automatic mode. The control system sets the initial temperature of the experiment in the 
calorimeter. After a regular temperature regime is established, temperature recording is started. After the 
10th reading, the compound is ignited, the temperature rise is measured, and after the end of the 
experiment the temperature measurement unit is switched off and the results are processed. The 
experiment lasts about 40 min. Over this time, the operator prepares the second bomb. After the 
completion of the experiment, the first bomb is taken out and the second bomb is placed into the 
calorimetric vessel. The cycle is repeated. 

(3) Continuous thermostatic control of the shell. There is no need to replace the heat-bearing 
agent in the thermostat after each experiment. Thermostatic control is continuous throughout the entire 
working day.  

(4) A vessel for liquid-phase calorimetry is permanently fixed in the shell.  An airproof 
calorimetric vessel is made in the form of a cylinder with hollow double walls. The constant amount of 
calorimetric liquid ensures its constant head capacity, i.e., constant heat equivalent over several years. 
Bomb 22 is slip-fitted into the interior chamber of calorimetric vessel 15, thus ensuring good heat 
exchange between them. On the outside surface of the calorimetric vessel, resistance thermometer 16 is 
double-wound. Stirring of the liquid in the shell and calorimetric vessel is performed by magnetic stirrers 
7 and 19, which are rotated by external magnet 8. 
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(5) High-precision measurements. The measurement error for the reference compound (benzoic 
acid certified at the Mendeleev Research Institute of Metrology in St. Petersburg) is 0.01%.  Devices of 
this design have been used to determine the enthalpies of formation for over 1000 energetic and model 
organic and organoelement compounds of various structures: linear, heterocyclic, caged nitro compounds, 
carboranes, etc. 

To illustrate the work of the calorimeter, let us present the thermochemical experiments we 
performed for CL–20.  

The weighted average enthalpy of CL-20 formation (ε-modification) measured on several batches 
of samples was 89.6±0.2 kcal/mol. No direct calorimetric measurements of vaporization enthalpy were 
performed for this compound. Calculation for a density of 2.044 g/cm3 yields a sublimation enthalpy of 
50.9 kcal/mol; for the sample with an X-ray density of 2.062 g/cm3, the corresponding value is 51.3 
kcal/mol. For the mechanism of polymorphic transformation from the ε modification of CL–20 into the γ 
modification, the measured activation energy of this transition is 54.2 ± 1.1 kcal/mol; actually, it is the 
energy of vaporization, because molecules of the initial modification are not bound to each other in the 
transition point (note the contrast with the enthalpy of transition, which is just the difference between the 
enthalpies of formation of both substances in the stable state). Considering the unusual nature of 
calculations for the case of a caged structure and the complications in measuring the precise activation 
energies, one can regard the discrepancy of 3 kcal/mol as quite satisfactory. The experimental activation 
energy of the phase transition, equal to 54.2 kcal/mol, is taken as the sublimation enthalpy of CL-20.  

 
 

MOLECULAR CRYSTAL DENSITY CALCULATIONS 
 
 Molecular crystal density is one of the principal characteristics of a substance. This parameter is 
included in almost all calculation formulas that characterize processes and phenomena in high-energy 
materials. Meanwhile, the structure of molecular crystals per se receives less attention than it should.  

Here, undoubtedly, the greatest advantages are provided by the theoretical method of close 
packing, or, as it is called more frequently, the method of Atom-Atom Potential Functions. There is no 
serious alternative to this approach at present. Only this method enables researchers to calculate 
molecular crystal densities for structural isomers (which is impossible for additive schemes) and, in 
principle, conduct calculations for polymorphous modifications; finally, this method has fine prospects 
for computer-aided structural simulation of extra-dense heteromolecular crystals, as well as for creation of 
composites from polymers and components of high-energy materials. The basic notions for calculations 
of molecular crystal densities for high-energy polynitrogen compounds were formulated in our studies 
[17-19]. 

We calculated the crystal structures and molecular crystal densities according to an original 
technique using the method of Atom-Atom Potential Functions (AAPF) [20]. These calculations were 
based on the following principles and methods. 

(1) Selection of probable space groups. 
Statistical data on structural classes for organic crystals [21, 22] from different chemical classes 

(including polynitro compounds), which we had collected specially for that study, and data on the inherent 
symmetry of molecules were used to select the typical space groups and site symmetries for constructing the 
initial models of unit cells, which can be used in a further search for the most stable molecular packing. Since 
approximately 95% compounds have packings [2] from one of four space groups, we used just these groups 
for search and calculations: P1¯, P21/c, Pbca, and C2/c.  

(2) Energy minimization.  
The symmetrically independent region was divided into separate parts; within each of these parts, the 

starting models were selected and local minimization of the lattice energy was performed.  The number of 
starting models considered for any crystal structure (for each structural class) was about 30. Minimization was 
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conducted using the PMS (Packing of Molecules in Crystals) program, which was developed by Dr. Alexander 
Dzyabchenko [23] on the basis of the AAPF method. 

(3) Selection of minima. 
As a result of calculations, we obtained several deep local minima at the potential energy surface for 

each compound. For each minimum, knowing the unit cell constants and the molecular weights, we calculated 
the density d of the corresponding packing. It would be natural to select the crystal structure corresponding to 
the deepest minimum as the most energetically favorable one. However, we decided to concentrate on the 
minima that corresponded to the highest-density packings rather than lowest-energy ones [24]. This decision is 
due to the fact that several deepest minima found by global search within a few most popular structural classes 
provide a fairly adequate estimate of the crystal density even if neither of these minima corresponds to the 
actual structure. So, although the absolute density values found in this study are not always the most probable 
ones, comparison of the highest-density packings seems more adequate than comparison of the lowest-energy 
ones, because the data set in question is more consistent.  

On the basis of our methodology, the molecular crystal densities of polynitramine frameworks (Table 1) 
were calculated.  
 
 
SIMULATION OF THERMAL DECOMPOSITION  
 
 To estimate the thermal stability, we employed an original approach consisting in mathematical 
simulation of thermal destruction mechanisms, which allows prediction of likely reactions during 
decomposition of organic compounds. On the basis of contemporary experimental data on decomposition 
of compounds from various classes, we formulated a set of semi-empirical rules for modeling the possible 
reaction pathways. Further thermochemical estimations of the most favorable decomposition pathways 
were carried out on the basis of the density functional theory (DFT) by calculating the activation energies 
of decomposition reactions. 

As is known, understanding of the thermal decomposition mechanism for explosives enables 
researchers to evaluate the stability of given compounds and, consequently, the stability of hypothetical 
structures as potentially promising explosives [25, 26].  

Thermal decomposition of high-energy materials, which, as a rule, are polyfunctional compounds 
and may undergo decay via different channels, is a complex multistep process. However, investigations in 
thermal decay are largely reduced to building of simple hypothetical schemes based on information on the 
final products and/or the initial decomposition step. Meanwhile, theoretical description of the thermal 
decomposition mechanism for high-energy materials is a complicated problem, which is difficult to 
formalize. This is why there are very few such investigations. To this end, it is extremely important to 
design effective approaches to solution of this problem. 

As a whole, the problem of studying decomposition of energetic materials has two aspects:  
(1) Formulation of possible chemical transformation schemes (i.e. assumed mechanisms).  
(2) Investigations concerning the thermodynamic and kinetic characteristics of reactions that 

compose this mechanism. 
The second aspect of the problem has been theoretically studied comparatively well: there are 

methodologies and computer implementations for estimating the thermodynamic characteristics of such 
processes with allowance for reaction conditions and phase states. As to the first aspect, prior to our 
studies there had been neither a methodology for ab initio simulations nor methods for obtaining the 
entire spectrum of thermal decomposition reactions. In an effort to solve this problem, we developed an 
original approach for mathematical simulation of thermal destruction mechanisms, which allows 
prediction of likely reactions in decomposition of organic compounds.  

On the basis of up-to-date experimental data on decomposition of different classes of nitro 
compounds [3-9], we have formulated a set of semi-empirical rules to simulate the possible destruction 
pathways. United together in transformation generators, these rules represent a system of expert 
formulations containing selection criteria for characteristics of chemical reactions in the decomposition 
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processes. The rules were used for building Recombination Reaction Networks (RRNs) [27, 28] with a 
definite number of intermediates and initial compounds. As a result, the entire spectrum of possible 
reactions during decomposition is generated.  

In our approach, the most likely mechanisms of thermal destruction are chosen according to 
thermochemically preferable elementary stages within each generated pathway of homolytic 
decomposition. In turn, the preferred stages are determined on the basis of activation energy (Eа) 
calculations. 

As is known for the free-radical mechanism, the activation energy (Ea) of a thermolytic reaction 
virtually coincides with the energy (D) of bond (R-A) cleavage [29]: 

 
Eа = D (R-A) + RT 

D (R-A) = ΔH°R + ΔH°A – ΔH°R-A, 
 
where ΔH°R, ΔH°A и ΔH°R-A are the enthalpies of formation for the reaction products and the initial 
compound, R is the gas constant, and Т is the temperature.  

Unlike reactions with the free-radical mechanism, the activation energies of molecular reactions 
cannot be estimated through enthalpies of their educts and products. The main problem in this case is to 
evaluate the structure and energy of the transition state, so that the activation energy could be calculated 
as the difference between the energy of transition state and the energy of the initial compounds.  

For this purpose, we carried out relevant calculations using the density functional theory (DFT) 
[30] with the B3LYP hybrid functional and the conventional split-valence basis set 6-31G*. It is 
important that calculations for a series of compounds in extended basis sets (6-31G** and 6-311++G**) 
yielded similar results, which enabled us to confine ourselves to the 6-31G* basis. The calculations for 
molecules and free radicals with heavy atoms were conducted using the LANL2DZ basis set. The location 
of stationary points was confirmed by analysis of Hesse matrices. The transition states were checked 
through calculating the intrinsic reaction coordinate. The diradical structures were assumed to be in triplet 
spin states. As for possible diradical conformers, preference was always given to the most 
thermodynamically stable ones. All calculations were carried out for compounds in the gaseous phase 
using the GAUSSIAN-98 program package [8] at the Computational Center of Zelinsky Institute of 
Organic Chemistry, Russian Academy of Sciences. 

To demonstrate computer simulation of thermal decomposition mechanisms for nitro compounds 
using our methodology, we selected generation of СL-20 thermal decomposition mechanisms as the case 
study. 

Earlier [33] we generated possible intermediates and reactions that lead to their formation. These 
were obtained at the first three steps of generating the CL-20 decomposition mechanism. Since the 
intermediates were too many in number to ensure generation of subsequent steps, this gave rise to a 
problem of thermo chemically preferable pathways. The calculations of activation energies (Еа) for 
probable reactions of the CL-20 decomposition were carried out and a set of favorable pathways of its 
destruction was obtained. 

At the third step in generation of CL-20 decomposition, product 1 was found among others: 
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 As follows from the thermochemical estimation [16], formation of compound 1 is preferable in 
comparison with the set of other likely intermediates. Simulation of subsequent transformations of the 
compound 1 enabled us to get the set of intermediates that appear during CL-20 thermolysis. Part of them 
are presented below:  
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 The appearance of intermediates was discussed in [31]. Structures 2 and 3 appear owing to free-
radical NO2 group cleavage in nitramine 1; compounds 4, 5, and 6, owing to intramolecular elimination of 
nitrous acid from the same compound. Further estimation of the activation energy for transformations of 
compound 1 into structures 2, 3, 4, 5, and 6 enabled the authors of [31] to give preference to thermal 
destruction of 1 via intramolecular HONO elimination (with Еа = 49.15 kcal/mol) with the formation of 
compound 4.  
 Free-radical NO2 cleavage with the formation of intermediate 2 (Еа = 32.67 kcal/mol, which is 
smaller by 16.48 kcal/mol) was ignored by the authors of [31] with the following motivation: for free 
radical 2, recombination of NO2 with the formation of the initial compound 1 is possible.  
 At the same time, in spite of the higher activation barrier, HONO elimination results in 
thermodynamically more favorable compound 4. Therefore, the latter process was regarded as preferable.  
 Moreover, the entire spectrum of second reactions in radical 2 transformations was disregarded in 
[31], just as reactions with other radicals and primary molecules. In other words, that study ignored the 
fact that CL-20 decomposition is represented by a highly complicated reaction network with a large 
number of intermediates, which can react with each other as well.  

Among compounds that arise during thermal decomposition of CL-20 at subsequent steps, structure 
6 repeatedly appears. Its formation was observed at the fourth generation step through intramolecular 
elimination; at the fifth step, through attack of free radicals (e.g. NO2 and/or OH) on intermediate 2. 
Hence, the reaction takes place not by way of N-N bond recombination up to formation of nitramine 1 but 
rather via another center in the vicinal position to the C atom. Transformation 2→6 takes place with 
energy liberation (the thermal effect Q is -22.9 kcal/mol for the NO2 radical attack and Q = -61.1 kcal/mol 
for the OH radical attack; see Scheme 1). 
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Scheme 1. 
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Subsequent decomposition of intermediate 6 is possible both through initial removal of the NO2 
radical and through elimination of nitrous acid. A fragment of in-depth step-by-step destruction of 
compound 6 is presented in [33]. The mechanism generated for CL-20 proposes formation of condensed-
phase products: cyanamide, dicyandiamide, urea, cyanuric acid, melamine, and derivatives of bis-
imidazopyrazines.  

The appearance of stable pyrazine-type compounds with C=O bonds can be explained by processes 
involving transfer of the radicalic center (after hemolytic removal of the nitro group) from the nitrogen 
atom to the C atom and subsequent attack of some intermediates by radicals ОН and ONO. The results of 
the study point to the formation of stable systems containing the nitramine fragment.  

There are comparatively few experimental investigations concerning products of CL-20 thermal 
decomposition. In [32, 34], rapid-scan IR spectroscopy showed that CO2, N2O, NO2 and HCN are the 
main products of thermolysis, whereas NO and CO are found in trace amounts.  

Our simulation of the CL-20 decomposition mechanism indicates that certain gaseous compounds 
that have not been experimentally detected (H2O, N2, O2, HNCO, ammonia, dicyanogen, methanol) can 
appear in the process of thermolysis.  

Among solid decomposition products [32], compounds with >C=O and >C=N– bonds are present. 
At the same time [35-36], the IR spectrum of the condensed residue indicates the presence of nitro 
groups. It is believed that five out of six nitro groups are lost during CL-20 thermolysis.  

The complicated and multifunctional structure of the residue suggests its possible polymeric nature, 
although it is a friable powder rather than a resin. As is evident from [37-40], decomposition of nitrogen-
containing compounds from various similar classes leads to the formation of triazine-type condensed 
products. That fact suggests the presence of fairly complicated molecular systems in the residue, 
including triazine and heptazine fragments.  
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Comparing these experimental data with our generation results [33], one can observe the presence 
of compounds with the same fragments at the final steps of CL-20 thermolysis. Thus, our study has 
revealed a wider set of possible final decomposition products than the experimental one.    

 
THEORETICAL INVESTIGATIONS OF SOME SENSITIVITY CHARACTERISTICS 
 
 Sensitivity of EMs has been extensively studied using experimental approaches; however, there 
are very few theoretical investigations concerning the study of structure–property relationships and 
sensitivity prediction on this basis. For example, several years ago we performed research [41] on 
revealing the relationships between the structure and impact sensitivity of explosives using some methods 
of computational chemistry (including the QSPR approach). 

Here we present some attempts to search for relationships between the structure and another 
sensitivity characteristic, namely, electric spark sensitivity (ESS), using Artificial Neural Networks 
(ANNs). All software products used in this study were created at the Chemistry Department of Moscow 
State University [42, 43]. 

We have formed a database [44] of compounds that had been experimentally studied and described 
in publications by Prof. S. Zeman and coworkers [45-47]. The database thus formed consists of fairly 
diverse groups of nitro compounds from various structural classes, including aliphatic O- and N-nitro 
compounds, cyclic and heterocyclic N-nitro derivatives, heteroaromatic and aromatic nitro and N-nitro 
compounds, and also a number of caged N-nitro derivatives. The database was divided into three parts: 
the training set (56 compounds), the validation set (7 compounds, one out of each ten) and the prediction 
set (8 compounds). As the objects of modeling, we used reciprocal property values (i.e., 1/Ees). To 
construct the model, we used a three-layered unidirectional feed-forward back propagation neural 
network (training method RPROP, 10,000 iterations). The input layer of the network contained 20 
neurons (and one bias pseudoneuron), in accordance with the number of descriptors preselected using the 
stepwise linear regression analysis. The inner layer had two neurons; a larger number of neurons leads to 
“over-instruction” in handling of our database, whereas a smaller number produces a model that is not 
essentially different from the linear regression model. The output layer consisted of one neuron, which 
corresponded to the best predicted model property.  

The best model (see Fig. 2) was obtained using 46 fragmental descriptors with up to 4 non-
hydrogen atoms and had the following statistical characteristics: R2

tr = 0.913, RMStr = 0.02, and RMSpr = 
0.219. The mean error of prediction was 1.316. The maximum absolute 1/Ees errors were obtained for the 
following compounds of the training set: 3.3'-dimethyl-2,2',4,4',6,6'-hexanitrobiphenyl (0.0923), 1,3-
dimethyl-2,4,6-trinitrobenzene (-0.0696), 2,2',4,4',6,6'-hexanitrobiphenyl (0.0631), and for the following 
compounds of the prediction set: CL-20 (-0.4034), 1,3-endomethylene-5,7-dinitro-1,3,5,7-
tetraazacyclooctane (-0.3348), and 1,3-dichloro-2,4,6-trinitrobenzene (0.2569). 
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Fig. 2. Correlation between the calculated and experimental values of 1/Ees  
for the training set of compounds. 

Analysis of experimental data (some of them are listed in Table 2) and calculations shows that 
spark sensitivity cannot be regarded as a “property” in the accepted sense of the word, i.e., as a certain 
characteristic of a compound depending on its molecular structure. Different instruments provide not only 
different Ees values but also values of different orders of magnitude. Sometimes even their arrangement in 
the monotonic order is different for different measuring instruments. Such variations are so striking that 
one cannot hope to explain them using any known topological indices. Thus, one can assume that spark 
sensitivity is not just a property depending on some structural factors but actually a phenomenon 
determined by a combination of many characteristics of the corresponding substance: packing of 
molecules in a crystal, lattice defects, experimental conditions, and even the actual instrument used for the 
measurements. 

 
Table 2. Electric spark sensitivities E*

es: (J) RDAD and (mJ) ESZ KTTV instruments. 
 

            Chemical name (J) Ref. mJ Ref. 
1,3-dinitrobenzene 3.15 4 256.7±14.4 2 
1,4-dinitrobenzene 18.38 4 403.3±14.4 2 
1,3,5-trinitrobenzene 6.31 5 108.2±7.8 2 
2,4-dinitroaniline 40.88    
1-hydroxy-2,4-dinitrobenzene   13.28    
1-amino-2,4,6-trinitrobenzene  6.85 5 156.7±7.2 2 
1-hydroxy-2,4,6-trinitrobenzene   9.98 4,5 115.5±6.8 2 

* Ees – sensitivities to electric spark required for 50% initiation probability. 
  

 
CONCLUSION 
 
 We have used the proposed strategy to search for structures of chemical compounds with an 
optimum set of physicochemical characteristics (enthalpy of formation, molecular crystal density, thermal 
stability, etc.). We conclude that our methods present an efficient approach to development of novel 
energetic materials with a ready-to-use design stage. 
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Abstract 
 

The present invention summarized the development of pyrotechnically releasable mechanical linking 
device which has the release characteristic without fragmentation and minimum pyro-shock. The locking 
means were constituted by at least two balls housed in holes arrange in a tubular sleeve integral with the 
first of the two mechanical elements that co-operate with a groove integral with the second mechanical 
element, said balls being held in place by the cap that is able to move so as to release the balls further to 
the pressure of the gases generated by the pressure cartridge. The aim of the invention is to propose a 
pyrotechnically releasable mechanical linking device for two mechanical elements that does not suffer 
from such drawbacks. The pyrotechnically releasable mechanical linking device according to the 
invention is simple, compact and inexpensive in structure. It is simple to implement and permit the use of 
only a reduced quantity of pyrotechnic composition, such composition possibly being devoid of any 
primary explosive at all. The present work was focused on the design, the interpretation of structure, the 
separation mechanism, separation force, and the results of various tests in the ball type bolt. 
  
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 applications 1). There must be no reconstruct between the separating bodies, no detrimental 
shock loads induced in the structure, and no excessive or harmful debris. 

Numerous different shapes and sizes of explosive bolts have been thus far developed for a great 
variety of applications. Very careful consideration 2) is required the design factors such as firing 
characteristics, shape and size, kind of explosive material, quantity of explosive material and 
environmental conditions under restraint during the time of design of explosive bolt. Two critical design 
considerations for a release device are the possible shock loading and the damage from debris to adjacent 
structure. Every effort should be made to select a proven design for a point release device because of the 
cost and time required to qualify a new design. The recommended type of point-release device is the non-
fragmenting assembly, which operates without producing gas and fragments that may damage other parts 
of the vehicle3,4). For maximum reliability, separation mechanisms using mechanical-explosive point-
release devices should be designed to contain as few components as possible. All pieces of the separation 
mechanism should be restrained or captured after separation. 

The disadvantage of explosive bolt lies in that it is based on the high explosive effect of a 
pyrotechnic charge. Indeed, one or several primary explosives are used possibly in association with one or 
several secondary explosive or energetic but highly confined substances. However, primary explosives are 
sensitive materials, which are thus difficult or hazardous to implement. So as to ensure the fracture of 
mechanical support parts the quantities of pyrotechnic charge necessary are also substantial (>100 mg), 
thereby further increasing the risks and the cost. When the explosive bolt is ignited, there is a risk of 
fragments of it remaining caught in the different elements thereby perturbing their detachment or 
separation. The separation effort of the two elements is thus non-reproducible and the device is not 
reliable enough unless an unacceptably large quantity of explosive is used. 
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The aim of the present work is to propose a pyrotechnically releasable mechanical linking device for 
two mechanical elements that does not suffer from such drawbacks. The pyrotechnically releasable 
mechanical linking device such as the ball type bolt according to the invention is simple, compact and 
inexpensive in structure. It is simple to implement and permit the use of only a reduced quantity of 
pyrotechnic composition, such composition possibly being devoid of any primary explosive at all. A 
standard pyrotechnic pressure cartridge can moreover be easily integrated inside the device according to 
the present work and this with no modification to its structure. Additionally, the device is reliable and 
ensures good reproducibility of the separation effects of the mechanical elements. 

 
2. Design of the ball type bolt 
 

The ball type blot is consisted of pressure cartridge, housing, body, piston and balls as shown in Fig. 
1.  The ball type bolt relates to a pyrotechnically releasable mechanical linking device between a first 
and second mechanical element, said first and second elements likely to be subjected tensile and/or 
compressive forces along an axis, said device comprising at least one pyrotechnic component and at least 
one locking means linking the two mechanical elements along at least one axis, here locking means able 
to be released when the mechanical elements are subjected to tensile and/or compressive forces along said 
axis and that is held in its locking position by retention means that are released by the pressure of gases 
generated by igniting the pyrotechnic component, wherein the retention means comprise a cap integral 
with a head carrying the pyrotechnic component. According to one characteristic of the present device, the 
device incorporates a chamber in which the gases generated by the pyrotechnic composition develop. 
According to a first embodiment, the locking means were constituted by at least two balls housed in holes 
arrange in a tubular sleeve integral with the first of the two mechanical elements that co-operate with a 
groove integral with the second mechanical element, said balls being held in place by the cap that is able 
to move so as to release the balls further to the pressure of the gases generated by the pressure cartridge. 
According to a second embodiment, the locking means are constituted by at least two jaws pressing on the 
first mechanical element and gripping one end of the second mechanical element.  

 

 
 

Fig.1. Shape of ball type bolt 

 
Pressure cartridge can be used several types of PC350, 800, 1000, 1400. The present invention is 

used PC350 pressure cartridge. Pressure cartridge can be acted when electrical power (5A) applied the 
bridge of pressure cartridge. When ball was applied compressive stress, the location of ball which ball 
always pull inside piston decided using ANSYS program. Fig. 2 shows the result of interpretation when 
compressive stress applied the ball.  
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Fig. 2 Result of interpretation using ANSYS 

 
3. Separation mechanism 
 

A separation mechanism of the ball type bolt includes ignition of pressure cartridge, cutting of shear 
pin, initiation of separation and finish of separation and can be explained below table. 

 
 

STEP 1 

pressure cartridge ignition 

 

operation force after ignition F1 = p1A1 = 1107 kgf   at ignition of pressure cartridge  

17500psi @0.2cc(initial volume)  A1 : piston area applied pressure (0.9cm2) 

STEP 2 

Separation initiation 

distance of piston moving 

(13.38mm)  

shear pin cut, operation force after distance of piston moving(13.38mm) F2 = p2A1 = 195 kgf 

p2 = 1/6.3 p1 = 2778psi (V2 = 6.3V1) 

STEP 3 

separation progress 
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STEP 4 

separation finish 

distance of piston moving 

(18.87mm)  

operation force after distance of piston moving(18.87mm) F3 = p3A1 = 129 kgf   

p3 = 1/8.6 p1 = 2034psi (V3 = 8.6V1) 

STEP 5 

separation finish 

distance of piston moving 

(25mm)  

separation finish 

 
 
4. Model of failure analysis 

The tensile test was carried out four different types of the ball type bolt according to KS B 0800 2003. 
Table 1 represents the tensile load of four different models when the ball type bolt is fractured.  
Materials used the present work were applied STS 630(ductile) and STS 420(brittle) for housing, body 
and piston. The ball material was used the super-alloy which has a higher than the ultimate tensile stress 
of STS 630.  

Table 1 Tensile properties of the ball type bolts 

Tensile Load [kgf]  
Test 1 Test 2 Avg. 

Test Method 

Model 1 
(STS630) 8,411 8,604 8,507 KS B  

Model 2 
(STS420) 9,908 10,651 10,279 KS B  

 
When the ball type bolt was tested the tensile load, the fracture was initiated at the housing part and 

fracture mode was appeared differently according to material used. Figures 3 and 4 show the fracture 
morphologies of the present samples resulted in tensile tests. 
 

Applying tensile test, the failure was occurred at contact plane between the housing section and the 
ball. The estimation of failure through the interpretation of FEM was carried out only the housing part in 
the ball type bolt, and the theory of failure estimation was applied differently according to materials. In 
the SUS 630 case (ductile), Maximum von-mises stress is used to failure stress which has been based on 
the theory of failure estimation for ductile material. The equation is as follows; 

1von mises

yield

σ
σ

− <            (1) 
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To predict the failure stress of the SUS 630 material, the level of applied stress in the fracture plane 
as shown in Fig. 4 exceeds. Assuming this material is fractured, the level of applied stress selected the 
yield stress of the SUS 630 material. 
 

    
 

Fig. 2 Standard of failure estimation in ductile material (STS630) 
 

In the SUS 420 material (brittle), the maximum normal stress was used to as the failure stress, which 
has been based on the theory of failure estimation for brittle material. The fracture is caused when reached 
the ultimate tensile stress of each component material. 

1 1
UTS

σ
σ

<                  (2) 

 
If the level of applying stress in the whole of fracture plane as shown in Fig. 5 exceeds completely, 

the material could be fractured. To predict the failure stress of the SUS 420 material, the level of 
applying stress selected the ultimate tensile stress of the SUS420 material. 
  

     
 

Fig. 3 Standard of failure estimation in brittle material (STS420) 
 

5. Interpretation of structure  

The interpretation was carried out the stress analysis of the ball type bolt to consider the linear static 
with contact between the part and the part. The mechanical properties5) used in the present work arrange 
in table 2. The interpretation was used the elastic modulus and ν of each material, the value of the 
ultimate tensile stress and the yield stress applied to estimate the failure stress. The elastic modulus of ball 
material is considered to be more than decuple those of the housing and the piston material. 
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Table 2 Mechanical properties of STS 420 and 630 materials 

Material E[Gpa] v UTS (Mpa) YS (Mpa) El (%) 
STS420 200 0.24 1702 1380 7 
STS630 197 0.272 1365 1262 15 

 
Creating a model of shape is used SolidWorks and whole assembly is made from a model of ball type 

bolt consists of individual item. Fig. 4 appears the assembly cutting one quarter to rotation direction, in 
model and they are also represented with the finite element method. 
 

 
 

Fig. 4 FEM modeling of model 
 
The condition of restriction used the present work applied the symmetrical condition to one quarter to 

rotation plane as shown in Fig. 5, the right side of the housing and pin was restricted completely. The 
condition of contact between the each parts was used basically point-point contact. 

 

 
Fig. 5 Condition of load and restriction 

 
    Interpretation of the ball type bolt was carried out using ABAQUS program to consider the condition 
of load boundary, condition of symmetry boundary at one quarter to rotation direction and the condition 
of contact at each part. The tensile force of ball type bolt corresponding assembly torque(400lbfin) is 
1,334kg and the friction coefficient(u) of between bolt and nut is 0,25. Fig 6 shows the result of 
transformation in whole model and Fig. 7 appears the distribution of equivalent stress in whole model.   

 

 

Fig. 6 Transformation of whole model at assembly torque 
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Fig. 7 Distribution of equivalent stress in whole model at assembly torque 
 
 
6. Separation force of ball type bolt 

6. 1 Force required separation of bolt body 
The force of separation of bolt body which include cutting of shear pin and overcome of ball and o-

ring friction obtained from the static tensile test. Force needed the cutting of shear pin is 30-32 kgf and 
the force of separation of bolt body in 400, 600 and 800 lbf in of assembly torque is 42, 65 and 86 kgf, 
respectively. 

Separation  

SB = force originated pressure cartridge Fball = friction force of ball 
FO-ring = friction force of O-ring Fsp = cutting force of shear pin 

 

Fsep  =  Fsp+ Fball+ FO-ring 
Fsep  :=  force needed bolt body 

 

Separation  ->  SB >  Fsep 
non separation ->  SB <  Fsep  

6. 2 Force originated pressure cartridge (PC 350) 

a) Pressure originated pressure cartridge (@10cc) : 340 psi - 430 psi 

 
b) Time needed the separation of bolt body is agreed to the time reached the maximum pressure in 

pressure cartridge. The loss of pressure in pressure cartridge could be ignored because the bolt body is 
separated within the 5 msec. as shown in Fig. 8. 
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Fig. 8 Pressure of pressure cartridge PC 350 

 
6. 3 Experimental results 

When the pressure cartridge applied actually inside bolt body, Force originated pressure cartridge 
measured using special equipment. Forces originated each pressure cartridges show as follow;  

SBmax = 280 ~ 310 kgf (PC 350 pressure cartridge) 
SBmax = 650 ~ 700 kgf (PC 800 pressure cartridge) 
SBmax = 650 ~ 800 kgf (PC 1000 pressure cartridge) 
SBmax = 1050 ~ 1100 kgf (PC 1400 pressure cartridge) 

The force of separation of bolt body in 400, 600 and 800 lbf in of assembly torque using static test (oil 
pressure test) is as follow;  

Fsep = 40 ~ 46 kgf (400 lbf in) 
Fsep = 62 ~ 68 kgf (600 lbf in) 
Fsep = 82 ~ 86 kgf (800 lbf-in) 

 
From the experimental results, the separation force originated pressure cartridge PC 350 is 280 kgf ~ 

310 kgf and the separation force of bolt body at 400 lbf-in of assembly torque is about 40 ~ 46 kgf. The 
margin of safety in separation force of ball type bolt is approximately 7. 
 
7. Pyro-shock 

 
To analyze the pyro-shock of ball type bolt, pyro-shock test was carried out convention explosive bolt, 

ridge-cut type explosive bolt and ball type bolt using special equipment. The result of pyro-shock test 
were 15000g in conventional explosive bolt, 7000g in ridge-cut type explosive bolt and 500g in ball type 
bolt respectively. From pyro-shock result, ball type bolt would be used the pyrotechnic item which 
required low level of pyro-shock. 

 
8. Future Work 
    
   The future work should be studied the structural condition of piston/body/balls under actual structural 
conditions of system and the analysis of pyro-shock in each component of system. 
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UNUSUAL BEHAVIORS OF LOW TEMPERATURE SILVER 
NITRATE/MOLYBDENUM BASED AUTOIGNITION MATERIALS 

 
C. W. Salafia, S. D. Hall, and G. D. Knowlton 

Nammo Talley, Inc. 
Mesa, AZ 85215 

USA 
 

In the mid 1990s, Talley Defense Systems, now Nammo Talley, Incorporated, developed 
and patented a variety of low temperature autoignition materials (AIMs).  The 
development, characterization, performance, and benefits of these materials were 
described in several papers presented at the 27th IPS Seminar held in Grand Junction, 
Colorado, in July 2000.  The most commercially successful of these AIMs were silver 
nitrate/molybdenum (AgNO3/Mo) based systems used primarily for automotive airbag 
inflator applications.  During the development, characterization, and production of the 
AgNO3/Mo based AIMs, a number of unusual characteristics/behaviors of these materials 
were discovered.  These behaviors include, but are not limited to variations in 
autoignition temperature caused by changes in moisture content or system pressure; 
autocatalytic decomposition in closed/sealed systems with little headspace; and 
autoignition of bulk material in contact with small quantities of water.  Some of these 
behaviors have been identified through studies, while other behaviors have been 
identified as a result of unexpected incidents. 
 
This paper will describe and discuss the unusual characteristics/behaviors of AgNO3/Mo 
AIMs with regard to their cause(s) and potential effect on system performance.  The 
results of studies performed to better understand the cause and effects of these unusual 
behaviors will also be presented.  In addition, incidents resulting from these behaviors 
will be described and discussed.  Finally, the actions that can be taken to mitigate the 
unusual behaviors of AgNO3/Mo AIM systems will be addressed. 

 
INTRODUCTION 
 
 During the 1990’s, Talley Defense 
Systems, now Nammo Talley, Inc., developed a 
non-azide gas generant for use in automotive 
airbag inflator systems.  As part of this 
development, Talley also developed a number of 
low temperature autoignition materials1,2 
(AIMs).  AIMs are compositions which 
autoignite well below the melting point of the 
gas generant, which allows for safe deployment 
of an automotive airbag inflator in non-standard 
situations, such as a car fire.  With the advent of 
non-azide gas generants, many of which melt 
below 200oC, an AIM which functions at lower 
temperatures was needed.  The formulation 
information for all TALI-40 series AIMs 
discussed herein is shown in Table 1 on the 
following page. 
 
 

TABLE 1 – TALI-40 Series AIM Formulations 
 TALI-

40 
TALI-

41 
TALI-

44 
TALI-

45 
SN/KN 
Comelt 

62.90%  34.65%  

Silver Nitrate  34.65%  34.65% 
Guanidine 
Nitrate 

 24.75% 24.75% 20.75% 

Molybdenum 37.10% 39.60% 39.60% 38.63% 
Cab-O-Sil M5  1.00% 1.00% 0.97% 
Cellulose    5.00% 
 

The initial AIM developed and patented 
by Talley (designated TALI-403) consisted of 
molybdenum powder mixed with a comelt of 
silver nitrate (SN) and potassium nitrate (KN).  
This AIM autoignited reliably in the 125oC to 
140oC range required for most non-azide gas 
generant systems.  Soon after, a new 
specification mandated that an automotive 
inflator be subjected to 135oC for 6 hours 
without functioning.  This led to the 
development of TALI-41.  TALI-41 consisted of 
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silver nitrate, guanidine nitrate, and 
molybdenum powders.  TALI-41was able to 
meet the 135oC for 6 hour requirement by 
increasing the autoignition temperature to 
approximately 144oC.  However, it was soon 
discovered that this AIM had unusual behaviors 
as well.  It was learned that the autoignition 
temperature varied greatly with moisture 
content, from approximately 144oC to 165oC.  In 
addition, TALI-41 did not age well in a sealed 
environment with minimal headspace.  When a 
“slow cook off” requirement was introduced for 
automotive airbag inflators, it was also 
discovered that TALI-41’s dependency of 
autoignition temperature on moisture content 
proved to be very detrimental. 

  
Shortly after the development of TALI-

41, a “hybrid” AIM, designated TALI-444, was 
formulated.  This AIM consisted of silver 
nitrate/potassium nitrate (SN/KN) comelt, 
guanidine nitrate, and molybdenum powders.  
This AIM combined the lower temperature 
autoignition “trigger” of the comelt melting 
point along with the increased thermal stability 
gained from the addition of guanidine nitrate to 
the composition.  This is not to say that TALI-44 
did not have its own unusual behaviors.  The 
autoignition temperature varied with moisture 
content, though substantially less than TALI-41.  
Additionally, TALI-44 exhibited increased 
ignition sensitivity in high pressure 
environments, such as those in hybrid inflator 
systems. 

 
Soon after the development of TALI-44, 

customer requirements necessitated the 
development of a pelletized AIM.  This led to 
the development of TALI-45, a compressible 
version of TALI-41.  Prior to the development of 
TALI-45, both TALI-41 and TALI-44 were 
tested in compressed form.  However, it was 
discovered that the increased intimate contact 
between the molybdenum fuel and the oxidizer 
resulted in severely depressed autoignition 
sensitivity of the AIM or autoignition of the 
AIM during the pressing operation.   

 
All of these behaviors can result in 

safety problems and/or performance issues if not 
properly mitigated.  Talley personnel spent years 

in developing, characterizing, and understanding 
these materials.  This research has resulted in a 
more complete understanding of the factors 
contributing to these unusual behaviors and how 
they can be mitigated and/or controlled to 
maintain effective and safe production, 
conditioning, and use of Talley’s AIMs. 
 
 
RESULTS AND DISCUSSION 
 
 Unusual behaviors in Talley’s AIMs can 
be produced by various factors.  These include: 
 

• Various levels of moisture absorption. 
• Powdered AIM contact with water. 
• High temperature aging in sealed 

environments. 
• High pressure (~5000psi) environments. 

 
Over the years Talley has implemented 

a number of process and storage controls that 
mitigate these behaviors, resulting in safe 
processing, conditioning, and use of these AIM 
materials. 

 
AIM Response to Moisture Absorption or 
Water Wet Environments 
 

Over the years it has been observed that 
the autoignition temperature of Talley’s AIMs 
can be sensitive to moisture absorption.  This 
was first studied during the development of 
TALI-41.   

 
TALI-41 was developed to replace 

TALI-40, which performed poorly in high 
temperature, long term thermal aging, and could 
not pass the industry required 135oC for 6 hour 
no-function test.  Initially TALI-41 performed 
exceptionally well.  However, before long, 
TALI-41’s autoignition temperature began to 
vary wildly, from 144oC to greater than 165oC.  
This began to severely impact the performance 
of the D60 inflator.  A study performed in 1997 
detailed the theories, response, and corrective 
actions to mitigate TALI-41’s sensitivity to 
moisture.  Figure 1 shows the general trend 
observed for TALI-41. 
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Figure 1 – TALI-41 Autoignition Temperature 

Versus Moisture Content 
  

Based on the melting point of the non-
azide gas generant in use in the D60 system, the 
AIM’s autoignition temperature was required to 
be between 140oC and 152oC.  As shown in the 
figure above, at an AIM moisture content of 
<0.075%, the autoignition temperature was 
either at, or well above, the high end of the 
needed performance range.   

 
The mechanism for this is not well 

understood.  However it appears that, depending 
on the reactivity of the molybdenum, a certain 
amount of moisture must be present to help 
initiate/catalyze the starting reactions.  These are 
hypothesized to be: 

 
AgNO3      Ag+ + NO3

- 
3Ag+ + Mo      3Ag + Mo3+ 

-and- 
3AgNO3 + Mo      3Ag+ + Mo(NO3)3 

 
The intermediate reaction species 

Mo(NO3)3 is extremely unstable and almost 
instantaneously decomposes into MoO2, MoO3, 
and NOx.   The actual decomposition reaction of 
Mo(NO3)3 is relatively complex due to the 
involvement of mixed oxidation states of 
molybdenum and a surplus of oxygen.  For 
example, consider the following reactions: 
 

2Mo(NO3)3      6NO2↑   + Mo2O5 + (O) 
-and- 

3Mo(NO3)3        9NO2↑   + Mo2O5 + MoO3 + (O) 
 
One of the combustion products that has 

been consistently observed that lends credence 
to this theory is Mo2O5 or “molybdenum blue”.  
This is a weakly bonded compound of MoO2 

and MoO3.  It is also important to note the 
creation of NOx compounds, as they figure 
prominently in another unusual behavior of AIM 
materials.   

 
In addition, TALI-41 is a fuel rich 

mixture, underoxidized by approximately 25% 
from a stoichiometric formulation.  This results 
in a predicted reaction equation for TALI-41 as 
follows: 

 
2AgNO3 + 2CH6N4O3 + 4Mo  

2Ag + 2CO↑ + 5N2↑  + 4MoO2 + 2H2O + 4H2↑ 
  
When TALI-44 was being developed, it 

was tested to determine if it would exhibit 
behavior similar to TALI-41.  Based on what 
was learned from TALI-41, the moisture content 
specification was set at a maximum of 0.5%.  
This level proved to be too high, because 
moisture levels at or near the 0.5% specification 
resulted in an AIM (TALI-44) with both a 
significantly depressed autoignition temperature 
and reduced energy output, as measured by Parr 
bomb calorimetry.  Conversely, TALI-45 does 
not exhibit any significant changes to 
autoignition temperature or energy output for 
moisture content levels up to 0.5%.    

 
Both the need to maintain the various 

AIM compositions below their maximum 
allowable moisture content and the sensitivity of 
the various AIMs to ignition based on moisture 
are significant, because it was during this time 
that the automotive industry had introduced a 
new inflator acceptance test known as the “slow 
cook off” test.  During this test, an inflator was 
subjected to a heat up rate of 3o-5oC per minute.  
When the ignition threshold was reached, the 
inflator was to function normally.  Inflators with 
TALI-41 could not consistently pass this test, as 
the slow heating rate allowed moisture to be 
driven off slowly, increasing the autoignition 
threshold temperature.  Talley’s main charge 
airbag gas generant had a melting point of 
approximately 154oC.  When the AIM 
autoignited at a temperature where the main 
charge gas generant tablets had softened and 
partially melted, a catastrophic overpressure 
event occurred.  The result of this unusual 
behavior and the need to pass the new inflator 
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acceptance test led, partially, to the development 
of TALI-44.  

 
While TALI-44 is similar to TALI-41, 

the substitution of the SN/KN comelt for silver 
nitrate adds a complex variable to the equation. 
It is thought that at higher moisture levels, the 
silver ions in the SN/KN comelt can become 
more mobile, similar to the increased mobility 
seen in TALI-41, resulting in a less stable 
formulation.  Moisture content drives the 
autoignition temperature in TALI-41, where the 
higher the moisture content, the lower the 
autoignition temperature.  This is because as 
more water is available, the greater the Ag+ 
mobility.  In the SN/KN comelt containing 
AIMs, that is not necessarily the case.  The pre-
melt softening and melting of the SN/KN 
comelt, releasing Ag+, drives the primary 
autoignition reaction.    This is not to say that 
moisture does not affect the autoignition 
temperature, because it does, just not as 
dramatically as in TALI-41.  The presence of 
moisture, along with the addition of guanidine 
nitrate, serves to reduce the autoignition 
temperature of the SN/KN AIMs below the 
135oC melting point of the comelt.  As the silver 
ions in the SN/KN comelt or SN begin to 
become mobile, the creation of NOx compounds 
from the Ag+/Mo reaction and subsequent 
decomposition of Mo(NO3)3 begins to occur.  
The release of NOx into the bulk AIM powder 
under the right set of temperature and moisture 
conditions can result in an autocatalytic ignition 
reaction for not only TALI-44, but TALI-41 as 
well.   

 
The levels of sensitivity/reactivity of the 

various AIMs, based on moisture content, 
clearly shows that silver nitrate/molybdenum 
based AIMs can be water reactive compositions.  
In order to further prove this theory, a small 
experiment was conducted to determine the 
degree of water reactivity of TALI-40 series 
AIMs.  Powdered samples of both TALI-44 and 
TALI-45 AIMs were mixed with water in 
varying ratios, and the resulting reaction(s) 
recorded, if visible.   

 
The results showed that TALI-44 will 

autoignite at an AIM:water ratio as low as 

50:1(w:w).  Table 2 on the following page 
details the results for TALI-44. 

 
Table 2 -  TALI-44 Water Wet Environment 

Testing Results 
 

AIM:Water 
Ratio 

Observed Results 

100:1 Sample offgassing for 2 min. 
90:1 Sample offgassing for 1 min. 
80:1 Sample offgassing for 1 min. 
70:1 Sample offgassing for 1 min. 
60:1 Sample offgassing for 1 min. 
50:1 Sample autoignited at 8 min. 
5:1 Sample autoignited at 8 min. 
3:1 Sample offgassed and generated 

heat w/o autoignition. 
2:1 Sample offgassed and generated 

heat w/o autoignition. 
1.5:1 Sample offgassed and generated 

heat w/o autoignition. 
1:1 Sample offgassed and generated 

heat w/o autoignition.  Free silver 
formed. 

1:2 Sample offgassed and generated 
heat w/o autoignition.  Free silver 
formed. 

1:20 Sample offgassed and generated 
heat w/o autoignition.  Free silver 
formed. 

 
The gasses produced by the TALI-44 in 

contact with water were yellowish-brown, 
indicating the presence of gaseous NOx species.  
This is different from normal autoignition, in 
which the color of the smoke is more 
blue/purple.  TALI-45 underwent the same 
testing and almost identical results to TALI-44 
were observed.  TALI-45 will also autoignite at 
an AIM:water ratio as low as 50:1 (w:w). 

 
There have been a number of incidences 

where TALI-40 series AIM powders have been 
improperly disposed of, resulting in unexpected 
fires.  AIM powder waste placed in a trash can 
and inadvertently partially water wetted can 
easily autoignite.  Autoignition of the wetted 
AIM due to the heat of the Ag+/Mo reaction can 
ignite adjacent dry AIM, as well as other 
contents of the trash can.  TALI-40 series AIM 
powders must be disposed of properly (dry or 
fully submerged in excess water) to avoid 
inadvertent ignition. 
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In 2001 there was an incident at an AIM 
customer’s facility which involved improper 
storage of TALI-40 series AIMs in vegetable oil.  
In addition to being water reactive, the MSDS’s 
for all of Talley’s silver nitrate based AIMs state 
that oils are incompatible with the AIM.  Silver 
nitrate has an affinity for double bonds, which 
are present in vegetable oil.  This improper 
storage resulted in heat and gas generation 
significant enough to soften and burst the 
polyethylene bottles the AIM was being stored 
in.  The energy of the reaction was indicated by 
the distance of several feet between the splatter 
where the bottle was stored and the final resting 
place of the bottle. 

 
Control of moisture exposure not only 

during production, but storage as well, is of 
utmost importance for TALI-40 series AIMs.  
Based on the results of all the moisture studies 
performed on these materials, Talley has 
implemented the following controls to mitigate 
the effects of moisture on TALI-40 series AIMs. 
 

• The raw materials for TALI-44 are dried 
overnight at 90oC and then for 4 hours at 
107oC between weighout and blending. 

• Once blended, materials are double 
bagged in velostat bags with desiccant 
packs and humidity indicator cards for 
storage. 

• Cans of TALI-40 series AIMs are 
marked with red flags indicating the 
material inside is water reactive. 

• Disposal of waste AIM powders in a dry 
environment or fully submerged in 
excess water. 
 
These actions have mitigated the 

possibility of material failure and/or inadvertent 
autoignition due to excessive moisture content 
or contact with water and other incompatible 
liquids. 

 
 
AIM Response to Sealed, High Temperature 
Environments 
 

While excessive moisture content can 
cause the material to autoignite at or below the 

preferred autoignition temperature range, some 
of the side reactions between moisture and 
TALI-40 series AIMs can be just as problematic.  
In particular, even with moisture content that 
meets specification limits, when subjected to a 
high temperature aging environment the creation 
of NOx species can either cause the AIM to dud 
or to autoignite.  This was one of the first 
unusual behaviors noticed following the 
development of TALI-40.   

 
Initially, automotive airbag inflator 

materials had to meet two high temperature 
aging criteria.  One was 1000 hours at 90oC, the 
other 408 hours at 107oC.  The AIM was tested 
in both open and closed containers at both 
temperatures.  These conditions were used to 
simulate 10 years in service inside an inflator.   

 
TALI-40 had substantial problems 

surviving the thermal aging regimen in both 
open and closed containers.  In some instances 
the aging sample autoignited in the oven 
(particularly in closed containers), while in 
others the sample would no longer function 
following aging (in both conditions).  TALI-40 
would occasionally pass thermal aging in open 
containers, but would fail aging in closed 
containers.  It was this behavior that led to the 
development of TALI-41. 

 
All TALI-40 series AIMs suffer from 

aging deficiencies in closed containers with 
minimal headspace volume.  The hypothesis is 
that the high temperature aging condition, in 
concert with inherent moisture in the blend and 
the creation of NOx species during aging, 
passivate the molybdenum by creating a layer of 
MoO3 on the surface of the particles.  Though 
not conclusively proven in the case of TALI-40 
series AIMs, MoO3 can be produced by heating 
molybdenum metal in air and nitric acid.  It is 
likely that an acidic environment is created 
inside of a closed aging container with the 
combination of water vapor and NOx species 
resulting in nitric acid in a vapor state which 
passivates the surface of the Mo metal particles. 

 
Another possible means of creating NOx 

species during aging is that the guanidine nitrate 
is partially decomposed in the presence of water 
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vapor and elevated temperature.  This 
decomposition results in the production of  nitric 
acid, water vapor, and various NOx species.  It 
should be noted that this reaction is thought to 
occur in both open and closed containers; 
however, closed containers with minimal 
headspace volume are of particular concern.  
This is because the gaseous products gather and 
concentrate in the headspace and have a greater 
decomposition/passivation effect on the bulk of 
the AIM being aged. 

 
Silver nitrate is extremely soluble in 

water, and at high temperatures such as those 
used for thermal aging, the solubility increases 
to somewhere between 7kg/l water and 19kg/l 
water.  In addition, molybdenum is readily 
soluble in dilute nitric acid, oxidizing to MoO3 
and evolving NO5.  This reaction is as follows: 

 
Mo + 2HNO3    MoO3 + 2NO + H2O 

 
Without strict control of AIM ingredient 

properties, AIM moisture content, headspace 
volume of the aging vessel, aging 
environment/conditions, and the amount of AIM 
being aged, it is quite possible that TALI-40 
series AIMs will undergo some level of 
decomposition during thermal aging/cycling.  If 
the required controls are not employed, TALI-
40 series AIMs exposed to the elevated 
temperatures of certain aging regimens can 
either: 

 
• Deactivate by passivation of the 

molybdenum surface, or, 
• Generate enough heat from the various 

redox/decomposition reactions to 
spontaneously ignite. 

 
Thermal aging results showed that when 

aged in closed containers with low headspace 
volume, TALI-41, TALI-44, and TALI-45 all 
can lose up to 80% of their energy.  In addition, 
the autoignition temperature of these materials is 
severely compromised in a manner similar to 
what was observed with TALI-40. 

 
The procedures implemented by Talley 

to mitigate the decomposition of TALI-40 series 
AIMs include: 

 
• Storing and/or drying AIM in open or 

vented containers only. 
• The use of breathable cotton wadding as the 

seal for the AIM cartridges used in airbag 
inflators.   

 
This allows the NOx species generated at 
elevated temperatures to dissipate instead of 
concentrating at the surface of the material, 
resulting in autocatalytic decomposition of the 
AIM. 
 

One of the more severe effects of these 
reactions resulted in a large oven fire on site.  A 
bulk quantity (~30 lbs) of TALI-44 was 
inadvertently placed in a non-vented container 
for final drying.  It was determined that drying 
the TALI-44 blend in the sealed container 
allowed the NOx species and water vapor to 
concentrate in the headspace of the drying 
container, which promoted the autocatalytic 
decomposition and subsequent autoignition of 
the 30lbs of AIM material.  In order to eliminate 
the recurrence of this event, Talley strictly 
prohibits the use of non-vented containers in 
production of TALI-40 series AIMs.  
Additionally, the use of breathable cotton 
wadding in ‘sealing’ the AIM cartridge in 
automotive airbag inflators has also proven 
successful in passing a variety of thermal aging 
environments. 
 

 
TALI-45 AIM, in particular, has its own 

unique decomposition reaction due to the 
addition of microcrystalline cellulose to the 
formulation.  In this case, during the aging 
process, over time the combination of NOx 
species and water vapor will begin to attack the 
cellulose present in the AIM, in particular the C-
OH bonds.  The cellulose is then changed from a 
CHO to a CHNO compound, creating more 
water in the reaction.  This process can be 
shown in the following simplified equation for 
nitrating cellulose: 

 
C6H10O5 + xHNO3      C6H10-xO5-x(ONO2) + xH2O 

 
In this simplified process, the product of 

concern is water.  In SN/Mo based AIMs, heat 
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and water vapor drive the redox reaction 
between the molybdenum and the silver nitrate.  
Water present allows for greater silver ion 
mobility to facilitate the redox reaction.  It is 
possible to develop localized ‘hot spots’ in the 
AIM, therefore generating enough heat to cause 
autoignition without the bulk of the AIM 
reaching the autoignition temperature threshold. 

 
 
AIM Response to High Pressure 
Environments 
 

TALI-40 series AIM response to high 
pressure, inert gas environments, such as those 
in a hybrid airbag inflator, is probably the least 
understood of all the phenomena previously 
discussed.  The side reactions leading to 
decomposition are fairly well understood, 
however what is not known is exactly how a 
high pressure environment (e.g. 4000psi-
5000psi) affects these reactions.   

 
It is possible that one mechanism may 

be that the high pressure environment in the 
headspace forces the gaseous species (NOx and 
water vapor) to remain closer to the surface of 
the AIM through inhibiting their evolution and 
dissipation into the headspace.  In high pressure 
environments the equilibrium of gaseous species 
(NOx, H2O, HNO3, and HNO2) is driven left, 
towards the reactants.  Conversely, via Le 
Chatelier’s principle, the equilibrium is driven in 
the opposite direction as the temperature 
increases in order to relieve stress on the system.  
These two competing principles at work, along 
with unacceptably high AIM moisture content, is 
probably what caused the problems encountered 
by one of Talley’s TALI-44 customers.  This 
situation is described in the following few 
paragraphs. 

 
One of Talley’s customers uses TALI-

44 AIM in their hybrid inflator.  As part of the 
inflator acceptance testing, the unit is subjected 
to 115oC ± 3oC for 6 hours.  No inflator function 
during the 6 hour aging is considered a 
successful test.  The customer reported that they 
were experiencing autoignition and unit function 
as low as 117oC, a temperature within the 
tolerance of the oven, and 6oC below the 

minimum autoignition specification for TALI-
44. 

 
Talley performed a number of 

experiments attempting to desensitize the AIM 
and increase the auotignition temperature.  
These included: 

 
• Altering the SN:KN molar ratio 
• Increasing the molybdenum particle 

size. 
• Increasing the guanidine nitrate particle 

size. 
• Increasing the comelt particle size. 
• Increasing the level of Cab-O-Sil in the 

AIM. 
 
Although these changes did result in increasing 
the autoignition threshold above 128oC, the 
customer continued to report inflator test 
failures. 

 
Upon further investigation, it was 

learned that the customer’s method for moisture 
determination was insufficient, which resulted in 
erroneously low values.  Additionally, the 
material was not being stored or handled as 
recommended.  Once changes to storage, 
handling, inflator manufacturing, and acceptance 
test procedures were made; dramatic 
improvements to overall inflator performance 
were achieved.  These steps included improved 
humidity controls in storage locations, improved 
moisture content testing methodology, and extra 
drying steps prior to inflator assembly. 

 
Although the relationship between high 

inert gas pressure in hybrid inflators and reduced 
TALI-44 autoignition temperatures is not well 
understood, it has been clearly shown that the 
presence of excess moisture (above the 0.08% 
specification limit) in the AIM is a contributing 
factor to lowered autoignition temperatures in 
this system. 
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CONCLUSIONS 
 

Talley’s TALI-40 series AIMs are a 
reliable and robust family of autoignition 
materials suitable for use in most non-azide 
automotive inflator systems.  Like most 
pyrotechnics, however, they do require proper 
manufacturing, handling, and storage procedures 
in order to ensure personnel safety and 
acceptable performance. 

 
Most of the unusual behaviors discussed 

in this paper can be tied to two main factors: 
 

1. Moisture content of the TALI-40 series 
AIM. 
 

Moisture content can have varying effects on 
TALI-40 series AIM behavior depending on the 
AIM being used. Moisture content drives the 
autoignition temperature in TALI-41 where the 
higher the moisture level, the lower the ignition 
temperature.  In closed container thermal 
aging/cycling, the water vapor appears to 
catalyze intermediate reactions within the AIM 
that can lead to passivation of the AIM or 
inadvertent autoignition.  
 

2. Generation of NOx gaseous species 
during drying or aging. 

 
The generation of NOx species comes primarily 
from the Ag+/Mo reaction and the 
decomposition of the intermediate Mo(NO3)3 
species.  The NOx species, in concert with water 
vapor, create an acidic environment which 
begins to interact with the Mo metal, creating 
MoO3, NOx, and water.  This, in turn, helps to 
facilitate the decomposition reaction in which 
the AIM either passivates or inadvertently 
autoignites. 
 

These factors can be and have been 
successfully controlled to mitigate their 
detrimental effects on AIM performance.  
Following is a summary of the successful efforts 
made to date to control the unusual and 
unwanted behaviors of the TALI-40 series AIMs 
discussed in this paper. 

 
• Drying raw materials at 107oC. 

• Use of vented lids in drying TALI-40 
series AIMs. 

• Use of breathable cotton wadding for 
packing TALI-40 series AIM cartridges. 

• Coating the molybdenum with an inert 
material to reduce surface/surface 
interactions. 

• Addition of humidity indicator cards in 
storage containers to provide a visual 
method of ensuring the TALI-40 series 
AIM has not been exposed to high 
humidity environments.  

• Flagging storage containers to alert 
personnel to the water reactivity of the 
AIM. 
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ABSTRACT 
 

The increased interest in thermobaric weapons has driven a need to develop and evaluate new 
thermobaric explosives (TBXs) more efficiently. Nammo Talley traditionally developed and evaluated 
TBXs using theoretical thermochemical codes on new compositions followed by a down-selection of 
potential candidates based on the results. One to two pound charges of the candidates were tested in an 
instrumented reinforced concrete enclosure to characterize the real-world thermobaric performance. This 
approach has worked well when there was a series of several formulations to test; however, enclosure 
testing is cost prohibitive when performing single evaluations due to the personnel required for setup, 
testing, and teardown. Furthermore, the thermochemical codes cannot always predict real-world TBX 
effects, which occasionally result in unexpected enclosure test results. Therefore, an opportunity was 
realized to develop a method to better characterize thermobaric compositions before they are tested in the 
enclosure.   
 
In 2005, Nammo Talley collaborated with Parr Instruments to design and fabricate a detonation 
calorimeter to aid in TBX development and evaluation. The final product was delivered and placed into 
service at Nammo Talley in 2006. The detonation calorimeter can quickly and economically characterize 
gram-size TBX samples prior to testing in the enclosure. The detonation calorimeter gives a more precise 
total energy output value than the enclosure due to the adiabatic environment it provides. The energy 
released from a TBX detonation under various atmospheric conditions in the calorimeter can be readily 
quantified and the energetic contributions of both the detonation itself and subsequent combustion of the 
fuel rich detonation products and thermobaric fuels can be differentiated. This is useful in determining the 
effects of adding enhanced fuels to TBX compositions to optimize thermobaric performance. Nammo 
Talley has tested a series of conventional explosives, enhanced blast compositions, and experimental 
thermobaric compositions. This paper will discuss the development and operation of the detonation 
calorimeter and provide a summary of test results for energetic compositions evaluated.   
 
 
INTRODUCTION 

 
Thermobaric explosives (TBXs) have 

generated much interest in recent years due to 
their effectiveness in defeating buildings, 
bunkers, caves and other enclosed structures. 
This has accelerated the need to research and 
develop new thermobaric compositions. The 
typical method of developing new compositions 
involves the use of theoretical thermochemical 
codes to formulate TBXs followed by large scale 
testing to evaluate the thermobaric performance. 
The disadvantages of this method include the 
limited capability of thermochemical codes to 
predict real world thermobaric performance and 
the cost and time involved to perform full scale 

testing. Thus, there was a recognized need to 
evaluate TBXs on a small scale basis.  

 
A detonation calorimeter was designed 

and fabricated to efficiently characterize the 
performance of TBXs. When compared to 
traditional large scale testing, the detonation 
calorimeter significantly reduces manpower and 
materials required to evaluate thermobaric 
performance. The detonation calorimeter can be 
used to accurately quantify the energy of 
detonation and subsequent combustion of TBXs.  
The heat of detonation is determined by testing a 
TBX sample in an inert atmosphere or vacuum. 
The heat of combustion is determined by testing 
in an oxygen rich atmosphere. The heat of 
combustion is actually comprised of the heat of 
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detonation and the energy from combustion of 
the detonation products and any thermobaric 
fuels. Thus, the difference between the heats of 
combustion and detonation is the energy 
supplied by afterburning of the thermobaric 
additives and detonation products. Having the 
ability to quantify the contribution of the 
thermobaric additives is extremely valuable 
when formulating new TBXs using novel 
materials. Thermobaric compositions can also be 
tested under varying levels of oxygen to predict 
how compositions would behave in oxygen 
deficient scenarios or free field detonations 
where oxygen transport and expansion cooling 
of the detonation products limit combustion of 
the thermobaric fuels. 

 
The primary function of the Nammo 

Talley detonation calorimeter is to efficiently 
characterize and screen TBXs before they are 
tested on a larger scale.  

 
BACKGROUND 

 
Prior to the design and fabrication of the 

Nammo Talley detonation calorimeter, a 
literature search was conducted to determine the 
body of work that currently exists for detonation 
calorimeter research. Lawrence Livermore 
National Laboratory (LLNL), and Xian Modern 
Chemistry Research Institute (XMCRI) in Xian, 
China were found to have demonstrated the 
successful implementation of detonation 
calorimeters to characterize explosives.  

 
LLNL developed a detonation 

calorimeter in the early 1960’s and performed a 
large study from 1963 to 1982 to determine the 
heat of detonation of both common and 
experimental explosive compositions1. Twenty 
to twenty-five gram samples, including TNT, 
PETN, and HMX, were pelletized and loaded 
inside 12.5-mm thick gold confinement 
cylinders. 

 
Adequate confinement ensures 

detonation pressures are sufficiently maintained 
to form detonation products that are found on 
the Chapman-Jouget (CJ) expansion isentrope in 
the freeze-out temperature range2. During a 

detonation in anaerobic conditions, the 
following reactions occur: 

 
2CO               CO2 + C + 41.3-kcal 
CO + H2       C + H2O + 31.5-kcal 
 

Under high pressure, low temperature 
conditions, typical of heavy confinement, the 
reaction favors the formation of carbon dioxide 
and water with the evolution of heat. It is 
believed that the confining material absorbs heat 
from the initial detonation, lowering the 
temperature sufficiently, thereby allowing the 
reactions to proceed as written above. However, 
under light or no confinement, detonation heat is 
no longer absorbed creating conditions of low 
pressure and high temperature which favor the 
carbon monoxide and hydrogen reactants. Thus, 
detonating a sample with light or no 
confinement leads to the formation of the higher 
enthalpy species (CO and H2) resulting in a 
lower measured heat of detonation3. 
Furthermore, shock wave reflections from the 
bomb wall; re-shock lightly confined detonation 
products to higher CJ states which re-equilibrate 
under the low pressure, high temperature 
conditions resulting in the formation of 
additional higher enthalpy species. This re-shock 
exhibits minimal effect on highly confined 
samples. This behavior was confirmed by the 
LLNL study which also indicated that sample 
confinement has less effect on the heat of 
detonation obtained from small samples sizes or 
near oxygen balanced explosives1,2. 

 
LLNL test results showed that the heat 

of detonation for explosives confined in gold 
cylinders was comparable to the theoretical heat 
of detonation. In addition, the heats of 
detonation, calculated from an analysis of 
detonation products, were close to theoretical 
values. LLNL also experimented with different 
confinement materials such as alumina and 
Pyrex to reduce costs. The experimental heat of 
detonation values were 2-4 % lower with the 
alternate crucible materials. The decrease in heat 
of detonation was attributed to a lack of 
adequate confinement provided by the alumina 
or Pyrex crucibles1,2. 

LLNL expanded testing to evaluate the 
detonation of TNT under oxygen. Test results 



-321- 

indicated that the heat from the detonation and 
subsequent combustion of the TNT detonation 
products was comparable to the theoretical heat 
of combustion for TNT1.  

 
XMCRI designed and fabricated a 

detonation calorimeter, similar to the LLNL 
calorimeter, to evaluate the heat of detonation of 
explosive materials3. The bomb had 
approximately the same interior volume (5-L) 
however; the XMCRI calorimeter was 
cylindrical instead of spherical. Cylindrical 
bombs are simpler to manufacture but the walls 
need to be twice the thickness of a spherical 
bomb to handle the equivalent hoop stress at a 
given bomb pressure. Therefore, the heat of 
detonation for small samples may be more 
difficult to obtain in a cylindrical calorimeter 
due to the increase in bomb heat capacity 
associated with the additional wall thickness.  

 
XMCRI also used a simpler sample 

confinement system than LLNL. Samples were 
confined in 2-mm to 8-mm thick brass or 
porcelain shells. XMCRI tested 25 gram samples 
of TNT, PETN, and RDX under vacuum and 
found the results to be comparable to LLNL 
results and confirmed LLNL conclusions that 
the experimental heat of detonation is lower for 
unconfined samples. Table 1 shows the heat of 
detonation for TNT under different levels of 
confinement. 

 
 

Table 1: Heat of Detonation of TNT vs. Level 
of Confinement3 

 
Brass Wall 
Thickness 
(mm) 

0 2.0 4.0 5.0 
 

Heat of 
Detonation 
(kJ/g) 

2.55 4.30 4.37 4.38 

 
 

Table 1 indicates that even a small 
confinement of 2-mm significantly increases the 
experimental heat of detonation from 2.55 to 
4.30-kJ/g. XMCRI experimented with porcelain 
confinement, as porcelain was cheaper and less 
destructive to the bomb than brass. The 

experimental heat of detonation for TNT 
confined in a 4-mm thick porcelain shell was 
4.31-kJ/g vs. 4.37-kJ/g for TNT confined in a 4 
mm thick brass shell.  

 
Nammo Talley’s approach for the new 

detonation calorimeter was to adopt the LLNL 
spherical bomb calorimeter design to maximize 
temperature sensitivity and Xian’s sample 
confinement to minimize cost and damage to the 
calorimeter bomb. Nammo Talley collaborated 
with Parr Instruments to design and fabricate the 
detonation calorimeter. Parr manufactures both 
standard and custom calorimeters and reaction 
vessels. NammoTalley directed Parr to design 
and build the detonation calorimeter to match 
the LLNL design as closely possible with the 
additional capability of measuring bomb 
pressure.  

 
A modified initiation system was 

developed because the LLNL detonation 
calorimeter used custom in-house made 
exploding bridgewire detonators (EBW’s) to 
initiate samples. Detonator details were not 
listed in the XMCRI study. The ideal initiation 
system would rely on off-the-shelf commercially 
available hardware that would safely and 
reliably detonate various thermobaric explosives 
and/or boosters while having a small total 
energy contribution to the calorimeter system.  
A trade study resulted in the selection of 
standard EBWs over other common detonators, 
due to their inherent safety, reliability and 
smaller physical size. A test series was 
performed to select the optimal EBW.  Several 
25-g TBX samples were detonated using C4 
boosters and various Teledyne-Risi EBWs on 
3/8-in thick aluminum witness plates. Boosters 
were required because many TBX compositions 
are not cap sensitive. A clean through hole in the 
plate indicated a successful detonation. The 
Teledyne-Risi RP-80 detonator was selected as 
it was the smallest EBW that produced reliable 
detonation of TBX’s using C4 boosters. The RP-
80 contains 80-mg of PETN and 123-mg of 
RDX. 
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EXPERIMENTAL 
 
The NammoTalley calorimeter system 

consists of the following: 
 

• Calorimeter bomb and lid 
o 1.25-in thick 316-SS 
o 55-kg total mass 
o 5.2-L internal volume 

 
• 10-L water bucket with dual stirrers 

 
• Insulating jacket 

 
• Precision thermometer 

o Accurate to + 0.001 deg. C 
o Records temperature every 12-sec 
 

• Dynamic pressure acquisition system. 
 

• Initiating system 
o RP-80 EBW detonators 
o Teledyne-RISI EBW FS-10 Firing 

Set w/ blasting line 
 
The calorimeter is standardized by 

burning approximately 8-g of benzoic acid in 
30-atm of oxygen. The water equivalent energy 
(EE) value is calculated by dividing the expected 
heat value (calories) by the experimental 
temperature rise (ºC). The EE value is then 
adjusted for the calibration hardware that is 
removed for subsequent detonation runs.  

 
Test samples are prepared by loading 

alumina crucibles with 10 to 25-g of a desired 
high explosive (HE) or TBX. The wall thickness 
of the alumina crucible ranges from 1.6 to 4-
mm. If required, 5-g of C4 are placed on top of 
the HE or TBX sample as a booster charge to 
ensure detonation. The EBW wires are fed 
through a hole in the crucible lid. The EBW is 
inserted into the sample or C4 booster and the 
lid is glued to the crucible using Sauereisen©, a 
nonreactive ceramic adhesive. Each crucible is 
carefully assembled to minimize gaps between 
the detonator, booster, and sample. The sample, 
booster, EBW, crucible and lid masses are 
documented for each test. 

 

The EBW wires are connected to the 
insulated electrodes in the bomb lid, allowing 
the crucible to hang freely in the bomb. 
Hardened steel plates, 1/4-in thick, are placed in 
the bottom of the bomb and mounted to the 
underside of the lid to minimize fragment 
damage to the bomb. After securing the lid, the 
bomb is purged 3 times with the appropriate test 
gas. Argon is used for determining heats of 
detonation. Nitrox 50, a 50:50 by volume blend 
of oxygen and nitrogen, or pure oxygen is used 
for determining heats of combustion. Once 
purging is complete, the bomb is charged to the 
predetermined test pressure. Most heat of 
combustion runs have been performed using 
enough Nitrox 50 to provide 20-mol% excess 
oxygen to ensure complete combustion.  

 
The bomb is lowered into the water 

bucket and 10-L of deionized water are added. 
The blast wire leads are connected to the 
electrodes and the test is started. The calorimeter 
is allowed to stabilize for at least 20-min before 
the sample is fired. Once the sample is fired, 
then the calorimeter stabilizes until no further 
temperature change is observed. Total test time 
typically ranges from 50-min to 1-hr.  

 
After detonation, the pressure data is 

reviewed to verify that a detonation occurred. 
The pressure system has yet to be optimized for 
quantitative pressure measurement, but the 
occurrence of a detonation or deflagration can be 
detected. Detonations are indicated by an 
immediate pressure spike followed by a gradual 
pressure decay. Deflagrations are indicated by a 
low pressure rise over time.  

 
Once the testing has been completed 

then the lid is removed and the calorimeter 
residue is analyzed for unreacted material, large 
crucible pieces, which are indicative of a 
possible deflagration, or any unexpected color or 
odor. The entire sample preparation and testing 
process takes 2 to 2.5-hr.  

 
RESULTS AND DISCUSSION 

 
The first test series determining the C4 

heat of detonation; was performed to verify the 
calorimeter worked properly. C4 was used as it 
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was readily available and is often used as a 
booster material. Various charge masses were 
packed into 1.6-mm thick ceramic crucibles and 
detonated under 1-atm of argon. Table 2 shows 
the relation of charge mass to the heat of 
detonation. 

 
 

Table 2: C4 Experimental Heat of Detonation 
 

Run Mass 
(g) 

Experimental 
Heat of 

Detonation 
(cal/g) 

Theoretical 
Heat of 

Detonation 
(cal/g) 

1 9.9978 1314 
2 10.0368 1313 
3 17.5292 1228 
4 17.6131 1202 
5 23.1191 1159 

1245 

 
 
All experimental heat of detonation 

values were corrected for the EBW energy 
contribution. Inspection of the bomb interior 
showed the presence of unburned EBW wires 
and a fine black powder which is indicative of 
incomplete combustion of the fuel rich C4. This 
would be expected of a negative oxygen 
balanced explosive detonated in an inert 
atmosphere.  

 
Table 2 exhibits two significant 

characteristics. First, the experimental heat of 
detonation decreased with increasing sample 
size. Considering the LLNL and XMCRI 
studies, this is likely due to the lack of 
confinement provided by the 1.6-mm thick 
crucible. Both studies indicated that lower heats 
of detonation would be expected from 
unconfined or lightly confined explosives. In 
fact, Table 1 from XMCRI shows the heat of 
detonation values increasing, then becoming 
constant as the sample holder wall thickness 
increases3. Furthermore, LLNL studies indicated 
that smaller sample sizes exhibit less 
dependence on confinement than larger sample 
sizes1. Thus, it can be reasonably deduced from 
the data given in Table 2, that the 1.6-mm thick 
ceramic crucibles provide adequate confinement 
for the smaller sample sizes (10-g or less), but  

heavier confinement may be necessary for larger 
samples sizes.  

 
Second, the data indicates that the 

experimental heats of detonation for the smaller 
sample sizes were approximately 5% higher than 
theoretical Cheetah calculations. This initially 
was attributed to variations in C4 composition. 
However, later C4 heat of combustion 
experiments would show the variation was 
related to condensed water vapor in the bomb 
not accounted for in Cheetah predictions. These 
experiments will be discussed later in this paper. 

 
Because C4 was selected as a booster 

for calorimeter testing, an accurate accounting of 
the heat of combustion contribution of the C4 
and EBW was needed before TBX testing could 
begin. It was previously determined that the 
typical heat of combustion test would use 5-g of 
C4 to initiate a given TBX sample. Thus, 
numerous 5-g C4 samples were detonated in 
alumina crucibles to determine the total energy 
evolved from the detonation train. The total 
energy contribution was determined to be 
19440-cal. This value is subtracted from the 
total energy evolved in the bomb during a heat 
of combustion evaluation to calculate the actual 
TBX heat of combustion.  

 
TBX characterization was started and 

early on it was noted that experimental heat of 
combustion data trended 5% to 15% higher than 
theoretical predictions using the standard 
Cheetah run. This was the same behavior noted 
in the C4 heat of detonation data given in Table 
2. Thus, an investigation was conducted to 
determine the source of the unaccounted for 
energy. 

 
To get a more accurate accounting of the 

C4 and EBW energy contribution, seven C4 
tests were performed using masses ranging from 
7.5-g to 20-g packed in alumina crucibles. Tests 
were conducted under 10-atm of Nitrox 50 to 
ensure complete combustion was achieved. The 
heat of combustion data from the 5-g tests 
conducted months earlier was included to 
populate the data set. Regression analysis of the 
test data given in Figure 1 indicates a C4 heat of 
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combustion value of 3329-cal/g and an EBW 
contribution of 2708-cal.  

 
 

y = 3328.7x + 2707.9
R2 = 0.999
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Figure 1: Gross Heat of Combustion, C4 in 

Alumina Crucibles 
 
 
The certified composition of the C4 

used for the experiment was input into Cheetah 
to ensure the theoretical calculations reflected 
the actual C4 composition evaluated. However, 
the experimental C4 heat of combustion value 
was 18.1% higher than the Cheetah standard run 
prediction of 2818-cal/g. Cheetah assumes the 
complete conversion of the C4 to CO2, H2O and 
N2 in an oxygen rich atmosphere. Because the 
EBW, C4, Nitrox 50 test gas, alumina crucible 
and lid were the only items in the bomb during 
testing, the unaccounted energy must be 
associated with one of the items. 

 
The first and most obvious source was 

the alumina crucible that has been assumed to be 
inert. Eight tests were performed at the 20-g 
level to evaluate any potential crucible 
interactions. Twenty grams of C4 was selected, 
as this is net explosive weight for typical TBX 
heat of combustion evaluations (15-g TBX, 5-g 
C4 booster). Potential crucible interactions were 
determined by detonating C4 charges both with 
and without crucibles.  

 
It should be noted that the detonation of 

a non-confined C4 charge would create higher 
enthalpy product species vastly different than 
the species found on the CJ isentrope when 
detonated under high confinement. However, the 
various hydrocarbon intermediate species would 

ultimately be oxidized to CO2 and H2O in the 
oxygen rich atmosphere of the calorimeter. 
Because the energy associated with the 
conversion of C4 to CO2, H2O and N2 is pathway 
independent, it is believed that detonation of an 
unconfined C4 sample would yield 
approximately the same heat of combustion 
values as if it was highly confined. Therefore, 
detonating C4 samples both with and without 
crucibles would allow any potential crucible 
interaction to be ascertained directly.   

 
Four bare (unconfined) charges were 

formed by inserting EBWs into 20-g spheres of 
C4. The remaining four 20-g samples were 
packed into the standard alumina crucibles. The 
samples were tested under 10-atm of pure 
oxygen or Nitrox 50 to also evaluate any 
possible interactions of nitrogen from the Nitrox 
50 test gas. The test results given in Figure 2 
indicate that there is in fact an energetic 
contribution from the alumina crucible of 
approximately 3461-cal at the 20-g C4 charge 
mass. However, nitrogen from the Nitrox 50 
appears to not be a contributing factor to this 
crucible interaction. 
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Figure 2: Effect of Alumina Crucibles on C4 

Heat of Combustion Values 
 
 

After each bare charge test, a notable 
amount of condensed water was observed at the 
bottom of the bomb. Condensed water has not 
been previously observed as it apparently is 
masked by the finely divided alumina powder 
remaining from the detonated crucible in the 
bottom of the bomb. The LLNL TNT study 
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using alumina crucibles, indicated the possible 
formation of alumina hydrates or adsorption of 
condensed water on alumina. Detonation 
product analysis indicated a significant decrease 
in water and hydrogen gas for TNT samples 
detonated in alumina or Pyrex confinement 
cylinders when compared to TNT detonated in 
gold cylinders. Ornellas attributed the decrease 
in water and hydrogen to the adsorption of water 
or formation of alumina and silica hydrates1,2.  

 
Hydration of alumina to form alumina 

trihydrate (Al2O3⋅3H2O) is exothermic, yielding 
7.28-kcal/mol. The average mass of crucibles 
and lids used for C4 testing is 27.9-g (0.274-mol 
of alumina). Complete hydration of the alumina 
would require 0.822-mol of water. However, the 
hydration reaction is water limited at 20-g of C4, 
as there are only 0.364-mol of condensed water 
vapor formed. Assuming all condensed water 
vapor forms the hydrated alumina, only 881-cal 
would be liberated, accounting only for 25% of 
the 3461-cal provided by the crucible in Figure 
2. 

 
A more likely source of the energy 

would be the simple adsorption of condensed 
water on the alumina. Tahat et al indicated 
alumina can adsorb up to 45% of its mass of 
water4, liberating 11.0-kcal per mole of water 
adsorbed5. The 0.364-mol of water from C4 
detonation/combustion would yield 4000-cal if 
the alumina adsorbed all the water, which is 
more energy than observed in Figure 2. It’s 
believed that the crucible effect is related to the 
interaction of condensed water, though the 
actual mechanism, whether it is hydration, 
adsorption, absorption or a combination of the 
three, is not known at this time. 

 
The discovery of condensed water in the 

bomb was very important in another aspect. It 
was subsequently learned that the standard 
Cheetah run performs open air heat of 
detonation/combustion calculations with the 
assumption that any water formed will remain in 
the vapor phase. One could expect little water 
vapor condensation in an open air detonation, 
but significant condensation in the closed 
calorimeter bomb. Calculations indicated that 
0.018-mol of water are produced when 1 gram 

of C4 is detonated and combusted in an oxygen 
rich environment. Considering the water heat of 
condensation is approximately 10.5-kcal/mol, 
the condensation of water vapor on the relatively 
cool detonation calorimeter wall is a significant 
source of energy in the calorimeter that is not 
accounted for by the Cheetah standard run. 
When the Cheetah derived value is adjusted to 
compensate for water condensation; the 
predicted heat of combustion goes from 2818 to 
3002-cal/g.   

 
The condensation of water vapor 

explains why the 10.0-g experimental heat of 
detonation values given in Table 2 were 
approximately 5% higher than the theoretical 
Cheetah predictions. When accounting for the 
condensation of water vapor, the experimental 
results were equivalent to Cheetah predictions. 

  
Now knowing there are crucible 

interactions and Cheetah predictions neglect 
water condensation, three additional bare C4 
charges were detonated to determine if test data 
would match the revised Cheetah C4 heat of 
combustion of 3002-cal/g. Bare charges were 
tested at the 15-g and 25-g level under 10-atm of 
Nitrox 50. The data was plotted along with the 
20-g bare charge results given in Figure 2. 
Regression analysis of the bare charge test data 
in Figure 3 indicated a C4 heat of combustion 
value of 2967-cal/g and an EBW contribution of 
6800-cal.  

 
 

y = 2967.1x + 6800.4
R2 = 0.9997
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Figure 3: Gross Heat of Combustion, Bare C4 

Charges 
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The C4 heat of combustion value of 
2967-cal/g was in very good agreement (1.2%) 
with the Cheetah value of 3002-cal/g when the 
energy of condensation is accounted for. To 
further support the validity of the revised 
Cheetah heat of combustion value, 2-g samples 
of C4 were ignited with a Ni-chrome wire under 
30-atm of pure oxygen in a 342-ml traditional 
Parr combustion bomb. The average 
experimental heat of combustion was 3006-
cal/g. The combustion bomb results in 
conjunction with the revised Cheetah value 
indicate that the detonation calorimeter is 
providing accurate C4 heat of combustion data 
when the crucible is removed from the system 
and water vapor condensation is accounted for.  

 
An interesting behavior is noted when 

the data given in Figures 1 and 3 are 
superimposed and the “No crucible” data is 
extrapolated to 5-g. The plot is given in Figure 4 
below.  
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Figure 4: C4 Gross Heat of Combustion Data 

Exhibiting Apparent Crucible Interactions 
 
 

As it is shown in Figure 4, both plots 
intersect at approximately 11.3-g indicating that 
no additional energy would be obtained when 
using a crucible at this charge mass. 
Furthermore, the extrapolated data shows that 
detonation of a 5-g bare C4 charge would 
liberate approximately 2285-cal more than when 
detonated in a crucible. This is a direct 
contradiction to the effect observed at 20-g and 
implies an endothermic crucible effect may also 
be occurring. Thus, to verify the behavior 

observed in Figure 4, additional bare C4 charges 
were tested at both 11.3-g and 5.6-g. The test 
results confirmed that an 11.3-g C4 charge 
would give the same gross heat value whether or 
not a crucible was used. However, when the 5.6-
g samples were plotted, the gross heat values fell 
precisely on the “crucible” line, not the 
extrapolated “no crucible” line. This data is 
given in Figure 5 below. 
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Figure 5: C4 Gross Heat of Combustion Data 

Exhibiting No Crucible Interactions Below 
11.3-gram C4 Sample Mass 

 
 
It is hypothesized that below an 11.3-g 

charge mass, a minimal amount of water is 
produced for the hydration or adsorption of 
water on alumina to be a significant heat source. 
Thus, there is no “crucible effect” as observed 
with samples sizes greater than 11.3-g in Figure 
5. Furthermore, the “no crucible” data 
experiences a shift in slope at 11.3-g which is 
thought to be related to low heat production. 
Below 11.3-g there is insufficient heat evolved 
to promote efficient combustion of the C4 
detonation products and EBW components. 
Thus, the heat of combustion values for both the 
C4 and EBW are skewed and do not follow the 
extrapolated line in Figure 4. This would imply 
that a minimum explosive charge mass is 
required to achieve accurate heat of combustion 
values.  

 
As previously stated, the crucible effect 

noted in Figures 2 and 5 has been attributed to 
the interaction of condensed water and alumina. 
The total energy of this effect is assumed to be 
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proportional to the amount of water produced 
during the detonation and subsequent 
combustion of C4. Because the crucible effect is 
related to water production, not explosive type, 
it is believed that any similar explosive under 
study can be related to an equivalent mass of C4 
based on water production to determine an 
appropriate crucible correction factor. For 
example, if a particular 15-g TBX sample 
produced the same amount of water as a 15-g 
charge of C4, then the crucible correction factor 
for a 15-g TBX sample with a 5-g C4 booster 
can be equated to the 20-g C4 correction factor 
derived from the C4 test results given in Figure 
5. Table 3 relates the appropriate crucible factor 
to C4 charge mass and water production. 

 
 

Table 3: Crucible Correction Factors Relative 
to C4 Mass and Water Production 

  
C4 

Mass 
(g) 

Water 
Produced 

(mol) 

Correction 
Factor 
(cal) 

11.3 0.206 ~0 
12.0 0.218 215 
14.0 0.255 945 
16.0 0.291 1676 
18.0 0.328 2406 
20.0 0.364 3137 

 
 

Thus, when a gross heat value is 
obtained from a calorimeter evaluation, the 
energy contributions of the C4 booster, EBW, 
water vapor condensation and the crucible 
correction factor from Table 3 can be accounted 
for to calculate the energy associated with the 
TBX sample and therefore provide an accurate 
TBX heat of combustion.  

 
Now that appropriate corrections have 

been determined for the crucible and water 
vapor condensation, a study was performed to 
evaluate various explosives and thermobaric 
compositions in the detonation calorimeter. The 
goal was to determine if the heat of combustion 
results would better match theoretical 
predictions than previously obtained. Fifteen 
gram explosive samples were loaded into 
standard alumina crucibles and detonated under 

an excess of oxygen. TNT samples were military 
specification Type I TNT and the C4 samples 
were taken from M112 demolition blocks. 
Sample “A” was an HMX based explosive 
composition having a polymeric hydrocarbon 
binder. Samples “B”, “C” and “D” were 
thermobaric versions of Sample A in which a 
metal fuel was directly substituted for HMX on 
a 1:1 mass basis. Sample “B” had the smallest 
percentage of metal, “D” the largest percentage. 
All 4 samples had the same polymeric 
hydrocarbon binder. The uncorrected test data 
from the study is given in Table 4.  

 
 

Table 4: Uncorrected Heat of Combustion 
Values for Various Explosive Compositions 

 

Sample 
ΔHcomb 
(cal/g) 

% 
Theoretical

TNT 3549 102.2% 
C4 3146 111.6% 
"A" 3283 107.8% 
"B" 3997 113.7% 
"C" 4878 109.3% 
"D" 5685 104.9% 

 
 
As it is shown in Table 4, the heat of 

combustion values are 2.2% to 13.7% greater 
than theoretical predictions. Accounting for 
water vapor condensation and applying the 
appropriate crucible factors given in Table 3, the 
corrected heat of combustion values are given in 
Table 5. 

 
 

Table 5: Corrected Heat of Combustion 
Values for Various Explosive Compositions 

 

Sample 
ΔHcomb 
(cal/g) 

% 
Theoretical

TNT 3431 98.8% 
C4 2798 99.3% 
"A" 3036 99.7% 
"B" 3597 102.3% 
"C" 4476 100.3% 
"D" 5312 98.0% 
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The data given in Table 5 indicate that 
the application of a crucible correction factor as 
described is adequate in the determination of 
heat of combustion values for various 
hydrocarbon based binder/explosive candidates. 
The corrected heat of combustion values for the 
various explosive compositions essentially 
match theoretical predictions within +/- 2.3% 
and the % theoretical range has been improved 
from 11.5% to only 4.3%. The results of the 
study show the calorimeter is capable of 
accurately determining the heat of combustion 
for both non-TBX and TBX compositions. 
However, it was previously stated that 
theoretical thermochemical codes often cannot 
predict real world thermobaric performance. So 
even though the data in Table 5 shows good 
agreement with theoretical values, the 
calorimeter data would not necessarily be 
predictive of real world performance; which is 
the desired function of the Nammo Talley 
detonation calorimeter. 

 
Thermobaric explosives rely on the 

combustion of organic or metal fuels to 
significantly increase the temperature within the 
detonation reaction zone which creates longer 
duration blast overpressures (high impulse). 
Because impulse is dependant upon detonation 
temperature which is related to heat of 
combustion, increasing the percentage of metal 
in a thermobaric composition theoretically 
would lead to higher heats of combustion and 
therefore higher impulses. However, inefficient 
oxygen transport and cooling related to the 
expansion of the detonation products lead to 
incomplete metal fuel combustion. In fact, up to 
two thirds of the metal may not combust, 
resulting in significantly lower than expected 
thermobaric performance6. 

  
Cheetah, when calculating the 

theoretical heat of combustion, assumes the 
explosive is combusted with an excess of air. 
Expansion cooling effects and oxygen transport 
inefficiencies are ignored and it is assumed that 
the reaction has all the oxygen required for a 
complete and efficient combustion. This 
calculation results in the maximum theoretical 
heat of combustion for a specific thermobaric 
composition. This efficient combustion is 

actually observed in calorimeter testing when an 
excess of oxygen is used. As shown in Table 5, 
theoretical heats of combustion were attained 
and the trend of increased percentages of metal 
fuels correlating to increased heats of 
combustion is achievable. Because the 
calorimeter results match theoretical predictions 
and trends, it is believed that the relative 
performance of explosives evaluated under 
excess oxygen in the calorimeter would not 
predict real world performance.  

 
To test the hypothesis, a future study 

will further evaluate compositions “A” through 
“D” using 1-lbs to 2-lbs charges in the Nammo 
Talley reinforced concrete enclosure. The 
enclosure data will be compared to the test data 
given in Table 5 to determine if the relative 
performance is comparable. Additional samples 
of the four compositions will also be evaluated 
in the calorimeter under various oxygen 
deficient atmospheres. It is expected that an 
oxygen deficient atmosphere for calorimeter 
testing will be required to mimic real 
thermobaric performance.   

 
CONCLUSIONS 
 

Nammo Talley designed and fabricated 
a detonation calorimeter to efficiently and 
economically develop and characterize the 
performance of TBX compositions. Initial C4 
tests indicated that 1.6-mm wall alumina 
crucibles may not provide adequate confinement 
for heat of detonation evaluations of sample 
sizes larger than 10-g. However, it is believed 
that the level of confinement is not critical for 
determining heats of combustion. Furthermore, 
evaluations below 10-g resulted in heats of 
detonation 5.5% higher than theoretical 
predictions. Subsequent C4 heat of combustion 
testing determined that this unaccounted for 
energy was related to water vapor condensation 
that theoretical predictions do not account for.  

 
C4 heat of combustion testing also 

uncovered the presence of an interaction of the 
alumina crucible with the detonation/combustion 
products. The interaction has been attributed to 
the condensed water vapor adsorbing, absorbing 
or hydrating the finely divided alumina from the 
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detonated crucible. All three water/alumina 
interactions are exothermic resulting in the 
liberation of heat and higher than expected heat 
of combustion values. It appears the crucible 
interaction is related to the total amount of water 
produced during detonation and combustion, not 
explosive type, and is only appreciable when the 
sample mass is greater than 11.3-g. When 
accounting for the condensation of water vapor 
and the alumina crucible effects, the 
experimental C4 heat of combustion improved 
from 111.6% to 99.3% of theoretical.  

 
Before the effects of water vapor 

condensation and the crucible water/alumina 
interactions were known, early thermobaric 
testing yielded heats of combustion that were 
5% to 15% greater than theoretical. A study of 
various explosive compositions, including 
TBXs, was performed to determine if the results 
would better match theoretical predictions when 
the appropriate corrections were applied. The 
corrected heats of combustion essentially 
matched theoretical predictions (-2% to +2.3%), 
a significant improvement from 2.2% to 13.7% 
higher than theoretical when uncorrected. Thus, 
the detonation calorimeter has been shown to 
accurately obtain heats of combustion for both 
TBX and HE samples when water vapor 
condensation and the crucible effects are 
accounted for. 

 
It is known that real world thermobaric 

effects are difficult to predict from theoretical 
calculations due to oxygen transport and thermal 
inefficiencies in the detonation zone. Because, 
the calorimeter data matches theoretical 
predictions when samples are tested in excess 
oxygen, the results are not likely to accurately 
reflect real world performance. Thus, a future 
study will evaluate the same thermobaric 
compositions in the Nammo Talley reinforced 
concrete enclosure in conjunction with 
additional calorimeter samples evaluated under 
various oxygen deficient atmospheres. The 
enclosure and calorimeter data will be compared 
to determine if there is an oxygen level that can 
be used to enable the calorimeter to be used as a 
predictive tool for real world thermobaric 
performance. 
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ABSTRACT 

Loose powders and pressed pellets of pure magnesium and of magnesium coated with Viton A 
have been stored in a warm, humid atmosphere. Mass increase of the powders and the pellets, and the 
dimensional and physical changes of the pellets have been monitored. Viton A coated onto magnesium 
powder protects it from attack by water and moist air, but accelerates corrosion when the coated powder 
is pressed into a small pellet. The incompatibility it probably due to extraction of hydrogen fluoride from 
the polymer catalysed by the metal in the presence of moisture which causes cracking which rapidly 
spreads throughout the pellet over a period of several weeks. Granular PTFE appears to have little or no 
effect of the process. The results suggest that the use of pellets of non-explosive magnesium – Viton is 
suitable for the assessment of materials and processes for use in the manufacture of MTV flares. 

 

 

INTRODUCTION 
Magnesium is a most desirable material 

for many applications in structural engineering 
because of its low density, the ease with which it 
can be machined, its good dimensional stability, 
and its good damping electromagnetic shielding 
characteristics. However, the metal and many of 
its alloys suffer from ready corrosion in the 
presence of moisture, particularly if certain ions 
particularly chloride are also present. Much 
effort has been devoted to protecting the bulk 
material, and many surface treatments and 
coatings have been proposed.  

Magnesium is an essential pyrotechnic 
fuel in many applications because its low atomic 
mass, and high energy of oxidation make it very 
efficient energetically, and its low ignition 
temperature promotes ease of ignition and 
reliability of propagation of combustion. Its low 
boiling point (1103°C) and its ready combustion 
in air make it a uniquely efficient fuel for 
illuminating compositions. Its energetic reaction 
with highly fluorinated polymers has made it for 
many years the fuel of choice for infrared 
emitting compositions. The problems of 
corrosion of magnesium have been known for 

many years and, for example, 
Harris 1 summarised some of the problems 
common in pyrotechnics through the 1960s, 
when the main concern appeared to be corrosion 
in compositions containing metal nitrates. The 
importance of removing moisture, and the need 
for a good surface coating were well recognised. 
Subsequently, attempts to learn from research on 
coating bulk metal have not proved fruitful 
because the methods are usually inapplicable to 
magnesium for pyrotechnics partly because of 
the impracticability of applying them to a fine 
powder, partly because the required thickness is 
usually a significant fraction of the diameter of 
the fuel particle, and partly because subsequent 
processing to produce compositions may 
damage the coating.  

Over the past decade the corrosion of 
magnesium in MTV (magnesium, Teflon, Viton) 
compositions for infrared emitting flares has 
been of concern. The evolution of hydrogen gas 
from stored pellets has caused sealed packaging 
to inflate and on at least one occasion the violent 
opening of the lid has caused injury to an 
operative opening the container. Distortion of 
hermetically sealed cannisters might prevent 
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ejection of flares from dispensers, and the 
escape of hydrogen gas from incompletely 
sealed munitions might lead to a concentration 
capable of explosion within storage facilities. 
Certain otherwise unexplained ignitions of MTV 
flares have been attributed to the initial ignition 
of hydrogen. As significantly, the chemical 
reaction which produces hydrogen also reduces 
the amount of free magnesium within the 
composition, coats the remaining metal with an 
increasingly thick layer of unreactive product 
and so reduces the radiometric output of the 
flare 2. 

The severity of the problem with MTV 
was somewhat surprising because most 
pyrotechnics workers who had considered the 
metal to be well surrounded by a very 
hydrophobic layer of fluoropolymer which 
should protect it from atmospheric moisture. It 
was suggested that sufficient moisture might be 
adsorped onto the surface of the finely divided 
PTFE surface to allow reaction with magnesium 
to proceed. However the possibility of chemical 
reaction involving the binder was mentioned by 
Davies 3 aware that high temperature elimination 
of HF from Viton-like polymers can occur, 
quoting Knight 4 who showed that fluoride was 
produced readily from Viton A on storage at 
200°C, more readily in air than under nitrogen, 
and reported 5 that stress-corrosion-cracking of 
metals such as titanium and stainless steel had 
been found at temperatures as low as 160°C 
when fluorine-containing polymers had been 
used as seals and sealants in contact with them. 
More recently the suggestion was made to the 
authors by Professor Chambers of Durham 
University that magnesium might promote 
extraction of hydrogen fluoride from the Viton, 
that the process might be promoted initially by 
moisture, but might thereafter be self-sustaining 
even after the moisture had reacted 6.  

Several approaches may be taken to 
reduce the extent of the problem in MTV. One is 
to treat pure magnesium with a coating, 
impervious to any attack, incapable of 
promoting HF extraction from Viton A, and 
capable of surviving the subsequent processing 
to form first the composition and then the flare 
pellet. A second is to replace Viton with a 
polymer from which HF cannot be extracted. A 

third is to replace the magnesium with an alloy 
less susceptible to corrosion.  
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Figure 1  Formation and Possible Reaction of Viton 

Whichever approach is to be taken, it is 
necessary to devise some convenient test to 
characterise the response of the coated and 
processed fuel to an aggressive although realistic 
environment. The present study was therefore  
undertaken to establish a convenient 
methodology for assessing the rate of 
deterioration and the effectiveness of different 
materials and processing conditions as part of 
wider research into the mechanism of the effect 
and the design of improved compositions. 

EXPERIMENTAL 

MATERIALS 

Viton was supplied by DuPont in the 
form of granules about 2 mm in diameter. It was 
sliced with a sharp blade before use to speed up 
the rate of dissolution. 

PTFE was Fluon G3, (-600 µm, 
+150 µm) and Fluon L169. 

The pure magnesium was atomised 
grade 7 supplied by Active Metals Limited, UK 
conforming to Defence Standard 13-130/1. The 
analysis is given in Table 1. 

As received the powder was free 
flowing and silver in colour. 
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 DS 13-
130/1 

Result 

Free magnesium 98 min 99.38 
Fe 0.5 max 0.02 
Mn 1.0 max 0.002 
Zn 0.1 max <0.01 
Ca 0.15 max <0.01 
chlorides 0.01 max <0.005 
volatile matter 0.05 max 0.01 
oil and grease nil nil 
total grit 0.1 max - 
retained on 63 µm sieve 0.01 max - 
retained on 125 µm sieve nil - 

Table 1  Analysis of magnesium 

PREPARATION OF SAMPLES 

Coating of metal samples 
Samples of magnesium were coated 

with binder typically on the 1 g scale by a 
standard coacervation process.  

Method 1. The required amount of 
binder was dissolved in 20 ml dry AnalaR 
acetone in a round bottomed flask and the 
required amount of magnesium was added with 
stirring. After 5 minutes the walls were rinsed 
down with 5 ml acetone and 100 ml hexane 
added rapidly with stirring. The solid was 
filtered off and dried in an oven at 60°C for 3 
hours. 

Method 2. As Method 1 including 
the addition of hexane. Then the solvent was 
decanted and a further 50 ml hexane added to 
the damp solid. The suspension was filtered on a 
Buchner filter, sucked dry and placed for 15 
minutes in an oven at 60°C. The powder was 
brushed through a 500 µm sieve and dried at 
60°C for a further 2¾ hours. 

Method 3. A nominal 10 g sample 
was prepared by dissolving the required amount 
of Viton in 18 ml acetone, stirring for 5 minutes, 
adding 25 ml hexane from a dropping funnel 
over 5 minutes with stirring, then adding 35 ml 
hexane directly from a measuring cylinder, then 
immediately stopping stirring. The product was 
fitered and dried at 80°C for 1 hour. 

All products were silver coloured and 
reasonably free-flowing. 

Preparation of Pellets 
Small pellets (typically 0.600 g) were 

pressed in a standard hardened steel press tool 5 
mm in diameter at 250, 500 or 1000 Pa and were 
approximately right cylinders. Pellets were 
pressed single ended with a dwell of 10 s, or 
consecutively at both ends by removal of a shim 
from the base of the press tool between 
pressings. 

STORAGE AND MEASUREMENT 

Loose powders (typically 1 g) and 
pressed pellets were stored in a conditioning 
cabinet maintained at 47±1°C and 59±1% RH 
maintained by a saturated solution of pure 
ammonium nitrate. All samples were held in 
small porcelain crucibles. 

Every week all samples were transferred 
from the cabinet to a desiccator and allowed to 
cool to room temperature before measurement. 
Each powder was stirred in the crucible after 
weighing to bring buried sample to the surface.  
After measurement samples were transferred to 
the warm humidity cabinet either directly or 
after heating at 0% humidity to the conditioning 
temperature. 

DETERMINATION OF ACTIVE METAL 

Active metal was determined by 
collecting over water the gas evolved when a 
weighed sample was treated with dilute acetic 
acid, and calculating its volume after correction 
for the vapour pressure of water and for 
barometric pressure. In most cases the acid was 
cooled to 0°C to reduce the vigour of the 
reaction, and to investigate whether the rate of 
gas evolution might give an indication of 
efficacy of coating. 

THERMAL ANALYSIS 

DSC and TG measurements were made 
using a Mettler Toledo DSC 30/TG 50 under an 
atmosphere of flowing helium with the samples 
in open pans. 

RESULTS AND DISCUSSION 

COATING AND PRESSING 

The process by which magnesium is 
coated with Viton – i.e. solution of the polymer 
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in an organic solvent, usually acetone, followed 
by precipitation onto the magnesium surface by 
the addition of a non-solvent, usually hexane – 
has been used for many years, but little has 
appeared in the literature about the effect of 
different processing conditions on the structure 
of the coating. This is perhaps not surprising 
because the combustion and the mechanical 
properties of the flare do not seem to be 
particularly affected by production variables in 
the process, so until gassing from MTV was 
recognised as a problem details of the efficiency 
of coating did not seem important. It was 
observed, however, in a rather different system – 
i.e. zirconium / potassium perchlorate / Viton B / 
graphite 52/42/5/1, used as a rocket motor 
igniter – that the details of the precipitation 
process were important to produce consistent 
ignition of the composition from the 
bridgewire 7. In a careful study of the 
precipitation process those authors observed that 
as hexane was added slowly to the suspension of 
solids in the Viton solution the rubber 
precipitated first in very mobile form, the 
amount of acetone absorbed in the precipitate 
reduced as more hexane was added and the 
rubber became more viscous and tacky. If the 
mixture was stirred too much at this last stage 
the particles agglomerated and began to settle so 
that a less homogeneous product resulted. The 
slow addition of the hexane led to a fractionation 
of the polymer with the higher molecular weight 
fractions precipitating first. The preferred 
process was to add the critical amount of hexane 
slowly with good stirring, then add an excess 
and stop stirring immediately. 

It is of relevance that Chin et al 8 made 
an MTV ignition composition by the 
conventional coacervation (“shock-gel”) 
technique and by a novel cryogenic solventless 
method 9 under development at the Naval 
Surface Warfare Center, Indian Head, using 
fresh and artificially aged blown magnesium 
powder. The artificially aged magnesium sample 
was prepared from the unaged sample by storage 
at 55°C and 0% RH for 2 months than at 55°C 
and 40% RH for 6 months. At the end of this 
period the free magnesium content had 
decreased from 98.1% to 96.3%. The mean 
particle diameter was reported as 25.6 µm for 

the fresh and 26.3 µm for the aged samples. The 
coated powders (3.25 g) were pressed at 6.90 
MPa into pellets 9.5 mm in diameter and 
approximately 25.4 mm long for subsequent 
ageing and measurement. As assessed by 
measurements of heat flow in the 
microcalorimeter (unaged magnesium, 0%, 30% 
and 100% RH, temperature from 30°C to 80°C), 
mass gain, burning time and output energy, they 
found that the ageing process was dependent 
most significantly on humidity, but also on 
temperature and time. There was no observed 
difference in the microcalorimeter between the 
materials prepared by the different methods 
except at 100% RH when the material prepared 
by the solvent process reacted more rapidly. The 
reaction with moisture at 100% RH appeared to 
be relatively slow at 30°C. The SEM showed 
that at higher temperatures, even in the absence 
of humidity, the Viton appeared to undergo 
plastic flow so that some of the magnesium 
became exposed to the atmosphere, a process 
which may have been more rapid in the 
materials prepared by the solvent process. 
Significant mass increase was obtained only at 
100% RH and the rate of increase was faster at 
higher temperature. At 100% RH samples 
prepared by the solvent process gained in mass 
more rapidly when aged magnesium powder had 
been used, than when unaged magnesium had 
been used ; the reverse was observed for 
samples prepared by the cryogenic solventless 
process. There is therefore some indication that 
both the method of manufacture and the state of 
the uncoated magnesium have some effect of the 
ageing process. 

In this study we have simply standardised on a 
single set of ageing conditions and the three 
somewhat different methods of precipitation 
given in the experimental section to determine 
whether any significant differences could be 
observed. Methods 1 and 2 required fast addition 
of hexane to precipitate all the Viton rapidly, 
and differ in that the precipitated material in 
Method 2 is washed with extra hexane in an 
attempt to harden the surface. Method 3 is based 
on that in reference 4, recognising that the 
optimum amount of hexane might be different 
for the Viton A sample used in the present study. 
Agglomeration did not appear to depend on 
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binder content, but ease of flow decreased with 
increasing binder content. Powders from Method 
2 were somewhat more free flowing than those 
from Method 1, and those from Method 3 felt 
somewhat harder to the touch. Under the 
scanning electron microscope the coated 
powders appeared somewhat more agglomerated 

 

 than the uncoated with no significant difference 
between the coating methods.  

Figure 2 shows uncoated magnesium, and Figure 
3 shows Viton binding together two large 
particles of metal.  

 

 

 
Figure 2  Magnesium blown grade 7 

 

 
Figure 3  Unaged - Magnesium + 2% Viton 

 

Bare and coated magnesium powders were 
pressed into pellets nominally 5 mm in diameter 
by conventional single increment pressing. The 
mass was typically 0.15 g, and under a 
consolidation load of 1000 kg (495 MPa) the 
length/diameter ration was approximately 1. 
This pressure is very much greater than that 

normally used in the manufacture of flares and 
would be expected to cause more damage to the 
coating of the metal. The pure magnesium 
pellets had a density of 1640 kg m-3 (94% 
TMD), and those containing between 1 and 5% 
binder a density in the range 1710 – 1720 kg m-3 
(98-99% TMD) with no particular dependence 
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on binder content. At 500 kg dead load (248 
MPa) the densities of the Vitonised pellets were 
1610 – 1640 kg m-3 (92-94% TMD). All the 
pellets had smooth surfaces and were silvery in 
colour. 

THERMAL ANALYSIS 

A brief study of the thermal 
characteristics of the coated powders was 
undertaken to determine the extent to which the 
binder might affect the high temperature 
reaction of the metal. The TG of Viton A in 
flowing helium showed a single stage mass loss 
of 96.4% with an onset temperature of 469°C 
which corresponded to overlapping endotherms 
in the DSC trace.  

The DSC curve (Figure 4) for 
magnesium coated with 1% Viton by Method 1 
showed an exotherm peaking near 560°C with 
indications of an underlying peak near 480°C. 

At 2% and 3% two distinct peaks were evident 
near 480°C and 540°C, at 5% the higher 
temperature peak had moved somewhat to lower 
temperature. The 4% sample was quite 
anomalous in that only a minor peak was 
observed near 500°C against a continuously 
rising background. This was shown to be 
reproducible for that particular batch, but the 
cause was not established. The TG curves 
(Figure 5) for the Viton coated samples showed 
a continuous decrease in mass over the 
programmed temperature range, except for the 
material with 1% coating which showed 
repeatedly an abrupt mass increase at 590°C. 
The residue from that sample was crusted with a 
white  powder, probably oxide, while the other 
residues were gray. Close consideration of the 
graphs suggests that an accelerated mass loss 
occurs at around 350°C, over 100°C lower than 
the single stage mass loss of pure Viton A. 

 

!&5/4-1 5% Vit on F F 10 in  Mg grade 7
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4/ 4-1 4% Vit on F F 10 in Mg grade 7 , 5.5000 mg

!&3/4-1 3% Vit on F F10 in  Mg grade 7
3/ 4-1 3% Vit on F F 10 in Mg grade 7 , 5. 5000 mg

!&2/4-1 2% Vit on F F 10 in  Mg grade 7
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Figure 4  DSC - Viton Coated Magnesium (Method 1) 
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!&Sample no 1/ 4-1 1% Viton in Mg grade 7
Sam ple no 1/4-1  1% Viton in  Mg grade 7,  5 .0800 m g

!&Sample no 2/ 4-1 2% Viton in Mg grade 7
Sam ple no 2/4-1  2% Viton in  Mg grade 7,  5 .1200 m g

!&Sample no 3/ 4-1 3% Viton in Mg grade 7
Sam ple no 3/4-1  3% Viton in  Mg grade 7,  5 .8280 m g
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Sam ple no 4/4-1  4% Viton in  Mg grade 7,  5 .6400 m g
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Sam ple no 5/4-1  5% Viton in  Mg grade 7,  5 .2700 m g
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Figure 5  TG - Viton Coated Magnesium (Method 1) 

 

The experiment was repeated with fresh 
batches made by Method 3 with curiously 
different results. All samples (1-5% Viton) gave 
DSC traces which rose steadily (Figure 6) with a 
small endotherm near 360°C, and small 
exotherms near 515°C and 560°C. The 1% 
sample, separated from the other curves for 
ready observation, was slightly different in detail 

from the others which formed an 
indistinguishable family. The abrupt mass 
increase in the TG noted with the earlier 1% 
Viton sample did not occur (Figure 7). All 
samples were essentially indistinguishable 
showing a loss of mass up to about 530°C and 
then a gentle increase. within it. 
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Figure 6  DSC - Viton Coated Magnesium (Method 3) 
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!&1/4-8 1% v it on TG with H e
1/ 4-8 1% v it on TG with H e, 4.5150 m g
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Figure 7  TG - Viton Coated Magnesium (Method 3) 

 

Claridge et al 10 found that the ignition 
temperature of MTV containing 55% 
magnesium was 550°C for an unaged sample 
(increasing to 623°C after ageing), in the region 
of the exotherms noted in this report. the effect 
of ageing on magnesium/viton powders 

APPEARANCE 

Powdered samples remained apparently 
unchanged if stored dry. After 12 weeks humid 
storage the uncoated magnesium was flecked 
with white and all coated powders had darkened 
significantly. Under the SEM little difference 
other than an apparent roughening of the surface 
was observed for uncoated magnesium while 
cracks could be detected in the surface of coated 
powders (Figure 8). 

    

 

 
                                          (a)                                                                              (b)                  

Figure 8  3 months Storage –(a) Magnesium (b) Mg + 1% Viton 
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ACTIVE METAL DETERMINATION 

Hydrogen evolution on treatment with 
acid is a commonly used method of determining 
the free magnesium content of a metallic 
sample. de Yong 11 considered not only the total 
gas evolution but the rate of evolution as a 
measure of the effectiveness of coating with a 
range of materials. He found that, compared 
with uncoated grade 5 cut magnesium, 11% 
Viton reduced the rate considerably, about the 
same as 11% acaroid resin, but markedly less 
than 11% of the EVA copolymer Elvax. 

Treatment of the uncoated and Viton 
coated powders with 1M acetic acid at 0°C gave 
a reaction sufficiently gentle to avoid splashing 
powder around the inside of the flask. Some 
typical results for various samples of uncoated 
magnesium are given in Table 2. The “recovery” 
is the volume of gas produced as a percentage of 
the volume expected if the sample had been pure 
magnesium.  

Sample Recovery % 

Lab sample, fine cut 94.5, 93.4, 93.7 

As above, stored 3 weeks 
room temp. 100% RH 

82.4, 81.7, 81.9 

As above, stored 5 weeks 
room temp. 100% RH 

81.4, 81.1, 80.7 

Grade 7, as received 97.4, 97.9, 98.3 

Table 2  Active Metal Determination – Uncoated 
Samples 

The reproducibility is about ±0.5%. The 
values for fresh grade 7 are somewhat lower 
(1.5%) than the 99.4% free magnesium on the 
analysis certificate provided with the material, 
but will be used as the baseline for the work 
reported here. 

The results for Viton coated powders 
(Method 1, stored for a few days at room 
temperature in closed bottles) were very 
variable, as indicated in Figure 9. In general, the 
amount of hydrogen recovered after about 6 
hours varied from 79-98.5% of that expected 
from the magnesium in the sample. Even after 

24 hours recovery seldom exceeded 98%. The 
rate at which the gas was produced in the earlier 
stages depended, reasonably consistently, on the 
amount of binder in the order 1% > 5% > 2% ~ 
3% ~ 4%, which suggests that either too little or 
too much Viton allows increased access of 
hydrogen ions to the surface of the freshly 
coated metal. The results were similar for all 
methods of coating. 

The results for the same batches of 
powders coated with Viton by Method 1, and 
also for comparison batches coated by Method 2 
after 6 months humid ageing are shown in 
Figure 10. There is a considerable variation 
between samples, with the greatest gas recovery 
from samples coated with 4% or 5% Viton by 
Method 2. Considering the results in more detail, 
it was found that with 1% binder ageing 
markedly reduces the total recovery (from ~90% 
to ~45%) and reduces the initial rate at which 
gas is produced ; with 2%  and with 3% binder it 
reduces the recovery (from ~55% to ~45%) but 
increases the initial rate of evolution ; with 4% 
binder the effect is less marked, and with 5% 
binder the effect is within experimental error. 
Repeated extraction of the Viton from aged 
samples with acetone before measurement had 
little effect on the amount of hydrogen 
produced. After acid treatment, however, small 
amounts of undissolved material with an IR 
spectrum indistinguishable from Viton were 
recovered suggesting that the Viton had become 
bound in some manner to the corroded surface 
of the particle. 

MASS GAIN 

Measurement of the mass gain as a 
function of time is a convenient method of 
assessing the progress of the degradation even if 
it gives little information about the chemistry of 
the process. Approximately 1 g samples of 
uncoated and coated powders were exposed to 
the humid environment and weighed weekly. 
Half the samples were returned at room 
temperature to the conditioning chamber, the 
other were heated dry to the conditioning 
temperature and then placed in the humid 
environment to determine whether the transient 
condensation of moisture had a measurable 
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effect. As seen in Figure 11, bare magnesium 
added cold increased in mass much faster than 
when added hot whereas there was little 
difference between these methods for Viton 
coated powders. 
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Figure 9  Rate of Gas Evolution from Mg coated with Viton – Fresh 
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Figure 10  Rate of Gas Evolution from Mg coated with Viton – Aged 6 months 
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Figure 11  Mass Gain of Powders (Method 3, Hot and Cold into Humidity Chamber) 

 

All Vitonised powders increased in mass 
much less rapidly than bare magnesium. The 
plateau in the 2% cold curve is almost certainly 
due to loss of sample during weighing. These 
results suggest that under these conditions Viton 
was an effective barrier against liquid water but 
less so against water vapour. 

The rate of mass gain increased gently 
with time as observed, for example by van Driel 
at al 12 and by Leenders and van Driel 13 who 
measured the heat of reaction of MTV after 
storage under various conditions. These authors 
observed an induction time dependent on the 
temperature but not on the ambient humidity of 
ageing, followed by a reaction of rate linear with 
duration of ageing and which increased with 
increasing temperature and humidity of ageing, 
then, after about 20% conversion of magnesium, 
a reaction rate decreasing with duration of 
ageing. They considered that the increase of the 
reaction rate after the induction period was 
caused by magnesium hydroxide increasingly 
peeling off the magnesium particles and so 
increasing the free magnesium surface area, and 
that the later decrease of rate was due to the 
decrease of the available free magnesium 
surface area. As would be expected, atomised 
magnesium aged less rapidly than cut. 

THE EFFECT OF AGEING ON 
MAGNESIUM/VITON PELLETS 

After manufacture of the coated powder, 
the next stage is preparation of a pellet by 
pressing or by extrusion which will at least 
distort or perhaps remove the coating. Some 
chemical reaction may also occur, and one of the 
authors became familiar with an acetylene-like 
smell within the press guard when pellets of 
MTV were pressed in a research laboratory. The 
smell is readily masked by traces of machine oil 
or the other smells of a production environment. 
That some reaction is likely under the harsh 
environment of the press may be assumed from 
current interest in mechanoactivation of metal 
and fluorinated polymers, for example 
aluminium and PTFE 14. 

The high pressing load used in this study 
was chosen so that good pellets of magnesium 
and other metals under study could be prepared 
and compared. The dimensions of individual 
pellets, and the overall mass increase of larger 
numbers of pellets were measured. A sectioned 
and roughly polished pellet (2% Viton) prepared 
soon after pressing shows (Figure 12) the 
distortion of the larger particles of magnesium 
and gaps between the particles which do not 
appear to be filled with Viton 
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Figure 12  Pellet Unaged (2% Viton) – Transverse Section 

 

Pellets of pure magnesium became dull after 8 
weeks storage but otherwise changed little. Over 
the same period all pellets of coated magnesium 
darkened, increased somewhat in dimension, 
showed initially surface corrosion, then peeling 
away of the curved surface, and eventually 
mushrooming at the less consolidated end and 
deep transverse cracking leading to break-up. No 
consistent difference was observed between 
pellets pressed at 1000 kg and 500 kg. Pellets 
pressed at a single end tended to crack first near 
the more highly compressed surface, pellets 
made by double end pressing tended to crack 
nearer the centre. There was no significant  

difference in appearance between the different 
methods of coating or between different 
quantities of binder. The macroscopic 
appearance of pellets with 1%, 3% and 5% 
Viton after 8 weeks is shown in Figure 13. The 
highly consolidated end surface of an aged (8 
weeks) pellet is shown in Figure 14 and the 
surface of an internal crack which spread though 
the entire pellet in Figure 15.. It seems that 
ageing has increased the extent of cracks which 
penetrate through the structure. 

 

 

 
Figure 13  Effect of 8 Weeks Ageing on Pellets (1%, 3%, 5% Viton) 



 

-51- 

 
Figure 14  Pellet Aged 8 Weeks (2% Viton) – End Surface 

 

Figure 15  Pellet Aged 8 Weeks (2% Viton) – Crack Surface 

 

The changes in dimension of these very 
small pressed pellets were somewhat different 
from the report of Leenders and van Driel 15 15 
who used larger pellets of MTV. At 1 tonne 
deadload pure magnesium pressed to a density 
of 1639 kg m-3 and pellets containing 1 – 5% 
Viton to a density of ~1700 kg m-3. After 107 
days (~15 weeks) uninterrupted storage the 
Viton coated pellets increased in length more 
than the diameter (typically 12%, 10% 
respectively) while the uncoated magnesium 
increased scarcely at all but perhaps in the 

opposite manner (1%, 2.6% respectively). The 
mass gain was insufficient to prevent a decrease 
in density of the Vitonised pellets. An 
experiment using ten pellets to increase the mass 
change (Figure 16) showed no difference 
between 1%, 2% and 3% Viton, although the 
difference between pellets added cold and hot is 
clearly seen suggesting the adverse effect of 
condensed water on the pellet. 
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Figure 16  Mass Gain of Mg-Viton Pellets (Method 3, Hot and Cold into Humidity Chamber) 

 

EFFECT OF AGEING ON MTV 

Claridge 10 reported that mixtures of 
atomized magnesium (15-85%), PTFE (80-10%) 
and Technoflon NM (5%) gave measurable heat 
flow calorimetry results at 70°C and 66°C RH, 
the heat flow increasing with increasing 
magnesium content over the range 15 – 85% 
Mg. The temperature of ignition (DSC) of 
compositions containing 55% magnesium 
increased with ageing from 550°C to 623°C. The 
compositions were found to age more slowly 
than the equivalent amount of coated 
magnesium.  

A set of experiments was therefore conducted 
with pellets pressed from mixtures containing 

55% magnesium, 40% PTFE and 5% Viton. The 

PTFE was either FLUON G3 (in pellets labelled 
“F”),  or a 4/1 mixture of G3 and the  much finer 
FL1690 (in pellets labelled “E”). As assessed by 

mass gain,  

Figure 17 shows that the effect of pressing load 
(0.25, 0.5, 1.0 tonne) on pellets of MTV “F” is 
not significant Figure 18 and Figure 19 show 
that the effect of the variation in the grades of 
PTFE in (“E”) and (“F”) respectively is slight, if 
at all significant. However the mass gain for the 
compositions is markedly less than for the 
binary mixture in line with the observation of 
Claridge et al., above. After 70 days the 
compositions had gained between 2 and 8%, the 
binary mixtures about 12%.  

 



 

-53- 

0

1

2

3

4

5

6

7

8

9

10

0 10 20 30 40 50 60 70 80 90 100 110

Duration of humid storage (day)

M
as

s i
nc

re
as

e 
(%

)

250kg 500kg 1000kg
 

Figure 17  Mass Gain of MTV “F” (Method 1, Cold into Humidity Chamber  
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Figure 18  Mass Gain of MTV “E” (Method 1, Cold into Humidity Chamber) 
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Figure 19  Mass Gain of MTV “F” (Method 1, Cold into Humidity Chamber) 

 

These last results indicate that the presence of 
very large and of very small grains of PTFE has 
little effect on the process. An indication of the 
relative sizes of particles and their distribution in 
the compositions is shown in Figure 20 (fine and 
coarse PTFE), Figure 21 (MTV powder with the 
magnesium dispersed over the surface of the 
coarse PTFE grains with the fine PTFE scarcely 

distinguishable) and Figure 22 (the surface of an 
MTV Pellet showing the packing of the particles 
at the less consolidated end, and at higher 
magnification the deformation of the particles at 
the more highly consolidated end). 

 

 

 
 

Figure 20  (a) FL1690 PTFE (fine), (b) G3 PTFE (coarse) 
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Figure 21  MTV Powder (mixed PTFE on left, coarse PTFE only on right 

 

Figure 22  MTV Pellet (mixed PTE on left, coarse PTFE only on right 

 

CONCLUSIONS AND 
RECOMMENDATIONS 

Under conditions of modest temperature 
and humidity Viton A protects magnesium 
powder against attack by moisture and water 
vapour, but accelerates attack of a pressed pellet. 
It seems most likely that the mechanism 
involves extraction of HF from the Viton by the 
metal catalysed initially by traces of moisture 
either from within the composition or 
originating in the atmosphere, the reaction being 
perhaps autocatalytic. Severe damage spreads 
rapidly through the small, highly compressed 

pellets used in this study, to an extent not 
observed in larger flares. The presence of coarse 
and PTFE as in an MTV composition does not 
appear to affect the process. 

These last observations suggest that the 
use of such small pellets of the less hazardous 
magnesium/Viton mixtures offers an adequate 
procedure to assess the suitability of materials 
and processes for the manufacture of MTV 
flares. 

Because of the chemical incompatibility 
between magnesium and a fluorinated binder 
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such as Viton A which contains geminal H and F 
atoms susceptible to ready dehydrofluorination, 
an improvement in the stability of MTV is 
unlikely to result from a coating process for the 
magnesium which might be destroyed or at least 
breached during subsequent processing, but is 
more likely to be obtained by replacement of the 
Viton A by a more resistant polymer, or by the 
use of a magnesium alloy less prone to HF 
abstraction. 
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ABSTRACT 
 

The present study has been carried out to investigate conflicting reports in the literature on the nature of 
the thermal decomposition of the energetic oxidant rubidium dinitramide in the liquid state. The 
techniques employed included DSC, simultaneous TG-DTA, simultaneous TG-mass spectrometry and 
thermomicroscopy. The measurements were supplemented by quantitative chemical analysis of the 
reaction products. The results showed that, following fusion at 106 °C, the overall decomposition 
proceeded in a single exothermic reaction stage forming a mixture of rubidium nitrate and rubidium 
nitrite in the molar ratio 1.2 : 1. 
 
 
INTRODUCTION 
 

The thermal properties of the energetic oxidant rubidium dinitramide (RbDN) are of interest due 
to its potential use in pyrotechnics. To date only limited studies have been carried out on this material. 
DSC studies by Babkin et al [1] showed that rubidium dinitramide melted at 108 °C and when mixed with 
RbNO3 formed a eutectic at 84.5 °C. The rate of decomposition of the dinitramide in vacuum was found 
to decrease markedly at temperatures above the eutectic point.  
 

Cliff & Smith [2] obtained similar results in their DSC studies and reported a small endothermic 
peak at 85 °C and the melting of the sample at 104 °C. A two stage exothermic decomposition reaction 
was observed with peaks at 141 °C and 230 °C. TG-DTA studies showed that these exothermic peaks 
were accompanied by mass losses of 10.8% and 17.5%, respectively. The measured overall mass loss of 
28.3% was compared with the theoretical value of 23.0% based on conversion to RbNO3 as shown by the 
equation:  RbN(NO2)2 → RbNO3 + N2O. In addition, Cliff and Smith [3] in an X-ray diffraction study of 
the decomposition products of five alkali metal dinitramides identified only the alkali metal nitrates.  

 
In contrast, Berger et al [4] found from DSC and TG studies that the melting peak for rubidium 

dinitramide at 106 °C was followed by a single stage exothermic decomposition reaction with a peak 
maximum at 234 °C. Both RbNO2 and RbNO3 were found to be formed in the decomposition process. 
 

In order to resolve these conflicting observations a programme of work has been carried out to 
investigate further the thermal decomposition of rubidium dinitramide. The emphasis has been placed on 
decomposition in the liquid state and follows a similar study on potassium dinitramide [5]. 
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EXPERIMENTAL 
 
Sample Preparation 

Rubidium dinitramide was prepared by the addition of rubidium hydroxide to ammonium 
dinitramide. The resulting product was recrystallised in methanol yielding crystalline white needles. 
Measurements have been carried out on the sample as prepared and on a portion that had been crushed 
and passed through a 150 µm sieve. Care was taken to minimise the exposure of the samples to ambient 
light on handling and to store in darkened bottles in a desiccator. 

Thermal Analysis Experiments 

Preliminary thermomicroscopy experiments were performed under reflected light conditions 
using a modified Stanton Redcroft HSM5 hot stage unit. The samples were heated at 10 °C min-1 in 
alumina crucibles, in an argon atmosphere, using a sample mass of 2.5 mg. It was observed that, as in the 
case of potassium dinitramide [5], the fusion of rubidium dinitramide, was followed by a vigorous 
bubbling decomposition reaction. 
 

Therefore encapsulated aluminium crucibles were employed for the DSC and TG-DTA 
experiments in order to reduce the loss of the sample through spitting and a pin-hole was inserted in the 
crucible lid 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 using a sample mass of 2.5 mg. The DSC studies were 
performed using a Mettler-Toledo DSC 822e and the simultaneous TG-DTA measurements were carried 
out with a 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 an argon atmosphere.  

Quantitative Analysis of Reaction Products 

The nitrate content of the decomposition products of rubidium dinitramide was determined using 
an ion selective electrode. Since nitrite interferes with the measurements it was removed by the addition 
of sulphamic acid. It was not possible to analyse partially decomposed rubidium dinitramide samples by 
this technique since the presence of dinitramide was found to interfere with the analysis. The nitrite 
content of the decomposed rubidium dinitramide 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-naphthyl) ethylenediamine dihydrochloride.  
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RESULTS AND DISCUSSION 
 
Thermal Analysis Studies 

DSC studies on rubidium dinitramide in both crystal and powder form showed that, following the 
fusion peak at 107 °C, an exothermic decomposition reaction was given with overlapping peaks at 230 °C 
and 239 °C. A representative curve is shown in Fig. 1 and the extrapolated onset (Te) and peak (Tp) 
temperatures for the samples are given in Table 1. The results showed good reproducibility, in spite of the 
bubbling nature of the reaction, and indicated that there were no significant differences between the two 
dinitramide samples. 
 

Table 1 
 

DSC Temperatures for Rubidium Dinitramide Fusion and Decomposition 
 

Fusion Decomposition 
Form 

Te / °C Tp / °C Te / °C Tp1 / °C Tp2* / °C Tp3 / °C 

Crystals  106.4 107.1 199.8 230.4 238.2 239.4 

 ± 0.0 ± 0.0 ± 0.3 ± 0.1 ± 0.1 ± 0.1 

Powder 106.3 107.0 199.3 230.4 238.0 239.2 

 ± 0.1 ± 0.0 ± 0.4 ± 0.3 ± 0.1 ± 0.2 

*peak minimum 
 

Thermomicroscopy studies showed that the apparent dip on the DSC curves, which occurred at 
238 °C, was associated with the onset of formation of a white solid in the melt. This behaviour was also 
observed for potassium dinitramide [5]. In both cases it is considered that a peak corresponding to the 
exothermic heat of recrystallisation of the reaction products was superimposed on the main 
decomposition exotherm, thus giving rise to the two exothermic peaks. DSC curves for the decomposition 
of rubidium and potassium dinitramides are compared in Fig. 2 and the similarity of the two curves 
indicates that the metal cation does not appear to influence the decomposition of the dinitramide anion in 
the liquid state.  
 

The enlarged DSC plot for rubidium dinitramide in Fig. 3 shows that, in addition to the melting 
peak, there was a very small peak at 92 °C. This peak, which we have observed in both crystal and 
powder forms, is considered to be due to the melting of an ammonium dinitramide trace impurity. DSC 
measurements on a 50% RbDN-50% RbNO3 mixture (Fig. 3) have confirmed the value of 84.5 °C 
reported by Babkin et al. [l] for the RbDN-RbNO3 eutectic temperature.  

 
 

A simultaneous TG-DTA curve for the rubidium dinitramide in crystal form is given in Fig. 4 and 
confirmed that the main decomposition reaction took place in a single stage. It can be seen from the 
expanded plot in Fig. 5 that there was also a small mass loss (~0.1%) starting in the region of 90 °C, 
which was slowed by the fusion of the dinitramide. The mass losses for both crystal and powder forms are 
summarised in Table 2. The mean value for the overall mass loss was of 26.7%.  
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Table 2 
 

Mass Losses for Rubidium Dinitramide Decomposition 
 

Mass loss / % Form 
Solid Liquid Total 

Crystals 0.13 26.52 26.65 

 ± 0.01 ± 0.16 ± 0.18  

Powder 0.08 26.58 26.66 

 ± 0.02 ± 0.01 ± 0.01 
 
Simultaneous TG-MS studies showed that the gaseous products of decomposition in the liquid 

state were N2O and NO and a typical plot is shown in Fig. 6. Experiments were also carried out using a 
gauze lid in place of the alumina lid and similar results were obtained. This indicated that the presence of 
a self-generated atmosphere of product gases did not appear to have a significant influence on the 
decomposition mechanism. 
 
Analysis of Reaction Products 

FTIR spectroscopy showed that both rubidium nitrite and rubidium nitrate were formed in the 
decomposition of rubidium dinitramide, thus confirming the earlier work of Berger et al [4]. A number of 
completely decomposed samples of rubidium dinitramide from both DSC and TG experiments were 
analysed quantitatively for nitrate and nitrite content. The results, which showed good reproducibility, are 
summarised in Table 3. The mean values for rubidium nitrate and rubidium nitrite content of 57% and 
43%, respectively indicate that the molar ratio of rubidium nitrate to rubidium nitrite is 1.2 : 1. This 
compares with a value for potassium dinitramide of 1.3 : 1 obtained under the same conditions, indicating 
a small increase in the amount of nitrite formed by the decomposition of the rubidium salt.  
 

Table 3 
 

Analysis of Completely Decomposed Samples of Rubidium Dinitramide for 
RbNO3 and RbNO2 Content 

 

Technique Mass / mg Crucible RbNO3 / % RbNO2 / % 

TG 5 alumina 57.7± 0.3 42.5 ± 0.0 

DSC 2.5 aluminium 56.0 ± 0.5 43.8 ± 0.4 

  Mean 56.8 ± 1.1 43.2 ± 0.8 
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CONCLUSIONS 
 

Rubidium dinitramide was found to melt at 106 °C and to decompose exothermically in a single 
stage reaction which was accompanied by vigorous bubbling. The gaseous products of decomposition 
were found by simultaneous TG-MS to be N2O and NO and these studies showed that the decomposition 
did not appear to be influenced by the presence of self-generated atmosphere effects. Thermomicroscopy 
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. The DSC peak temperatures were similar 
to those obtained previously for potassium dinitramide and suggest that the metal cation does not have a 
significant influence of the thermal stability in the liquid state. Both rubidium nitrate and nitrite were 
formed in the decomposition reaction and quantitative chemical analysis gave a molar ratio of rubidium 
nitrate to rubidium nitrite of 1.2 : 1. 
 

Further work is now in progress to investigate the decomposition of rubidium dinitramide in the 
liquid state in more detail and also to characterise the behaviour of the material in the solid state. The 
latter studies will include the effect of exposure to artificial daylight and to UV light. Measurements are 
also being carried out on a second sample of rubidium dinitramide which has been found to exhibit an 
additional exothermic decomposition reaction in the region of 170°C.  
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FIG. 1. DSC CURVE FOR RUBIDIUM DINITRAMIDE  

(Sample mass, 2.5 mg; heating rate, 10 °C min-1; atmosphere, argon) 
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FIG. 2. DSC CURVES COMPARING THE DECOMPOSITION OF 

(A) RUBIDIUM DINITRAMIDE AND (B) POTASSIUM DINITRAMIDE 
(Sample mass, 2.5 mg; heating rate, 10 °C min-1; atmosphere, argon) 
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FIG. 3.  DSC CURVES FOR (A) RbDN (2.5 mg) AND (B) A 50% RbDN- 

50% RbNO3 MIXTURE (5 mg) 
(Heating rate, 10 °C min-1; atmosphere, argon) 
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FIG. 4. TG-DTA CURVES FOR RUBIDIUM DINITRAMIDE  

(Sample mass, 2.5 mg; heating rate, 10 °C min-1; atmosphere, argon) 
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FIG. 5. EXPANDED TG-DTA CURVES FOR RUBIDIUM DINITRAMIDE  

 (Sample mass, 2.5 mg; heating rate, 10 °C min-1; atmosphere, argon) 
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FIG. 6. TG-MS CURVES FOR RUBIDIUM DINITRAMIDE 
(Sample mass, 5 mg; heating rate, 10 °C min-1; atmosphere, argon) 
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ABSTRACT 

 
 The M206 Countermeasure IR Flare is a magnesium Teflon flare which has been used 
successfully for many years.  A series of experiments have been conducted in order to determine the 
behavior of the flare when it is subjected to high levels of temperature and humidity for prolonged 
periods.  A discussion is provided based on early experimental findings of the failure mechanisms 
and their likely effects.  A number of theoretical and empirical models for the representation of the 
data are discussed.  Future experiments are described and the degradation phenomenon is modeled 
using techniques derived from reaction kinetics, physics of failure and process control.  Fractional 
conversions of the magnesium in the flare are used along with dimensional changes in order to 
characterize the changes and degradation induced on the flare by the accelerated testing 
parameters. 
 
Background 

 
 The M206 countermeasure IR flare is a 
magnesium based flare with a Teflon binder.  
The degradation mechanism for this flare has 
been well known for many years as the reaction 
of the Magnesium with moisture which can 
naturally intrude into the flare.  This is shown in 
Equation (1) below.  The reaction indicates the 
formation of magnesium hydroxide and 
hydrogen gas from the magnesium fuel used in 
the flare composition.  

 
Mg s H O l

Mg OH s H g
+ →

+ ↑
2

2 2

( ) 2 ( )
( ) ( ) ( )

 

 (1) 
 

 In this study magnesium flares have 
been subjected to highly accelerated stress 
testing.  The flares have been exposed to 
conditions of high humidity and temperature for 
prolonged periods of time.  This has resulted in 
very rapid rates of reaction and formation of 
large deposits of magnesium hydroxide.  This 
has been reflected in changes in the dimensions 
of the flare case.  The failure mechanism is 
illustrated in the diagram below.  Note that the 
flare has two ends.  The igniter is inserted into 
the piston end of the flare.  When the flare is 
ignited, the end cap is forced off as the flare 
pellet exits the flare case. 
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Figure 1.  Illustration of the failure mechanism for the M206 Flare 

 
Characterization of the Failure Mechanism  

 
The diagram shown in Figure 1 

illustrates the process of the moisture intruding 
into the flare case and reacting with the 
magnesium in the flare.  When the reaction 
proceeds to a large degree, this causes the flare 
to swell.  It also causes the pellet and its reaction 
products to push off the end cap and grow past 
the end of the flare. 

 
 In Figure 2, some flares are shown 

where the magnesium hydroxide formation has 
caused the pellet total volume to increase to such 
an extent that it pushed off the red end cap.  In 
Figures 3 and 4, the pellet and its reaction 
products are seen to protrude past the end of the 
flare case.
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Figure 2.  Pellet and its reaction products have forced the red end  
caps off of the flare body 

 
 

 
 

Figure 3.  Reaction products have added sufficient volume to push out of the flare case 
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Figure 4.  Five intact flares shown on top of five flares in which the pellet and reaction products 
extend past the flare body. 

 
As the conversion of magnesium to 

magnesium hydroxide increases, the flare 
dimensions increase.  A study of the expansion 
phenomenon was undertaken which involved 
measurement of the growth rates of the flare in a 
number of positions along the flare body.  The 
cross sectional shape of the flare case is 
basically a 1 inch square.  The flare 
measurements were taken at different positions 
along the length of the flare case.  The point of 
maximum growth rate occurred at a position 
1.75 inches from the piston end of the flare.  
This was determined experimentally by 
numerous measurements at different points 
along the length of the flare case on each of the 
four sides of the flare body.   

 
The measurements were taken with an 

IP 54 Fowler digital micrometer.  A number of 
micrometers were used and the variance 
between gages was characterized.  The final test 
method consisted of taking four measurements 
at the 1.75 inch position and averaging those 
results.  This is shown in Equation (2). 

 

L L L L L= + + +{ 1 2 3 4} / 4  (2) 
 

Characterization of the Growth Rate 
Phenomenon 
 

The growth rate of the flare casing is 
due to the formation of the magnesium 
hydroxide which causes the pellet to swell.  The 
volume increases gradually.  At first, the 
formation of the magnesium hydroxide is 
contained inside the case without increasing the 
dimension.  The flare has grooves running along 
the length of the flare.  These grooves are a good 
site for the moisture to flow through and contact 
the magnesium and form magnesium hydroxide.  
Most of the growth is in the grooves between the 
flare surface and the flare.  Eventually, as more 
and more magnesium hydroxide forms, the case 
starts to swell.  There is a period in the 
beginning of the process in which magnesium 
hydroxide is forming but the case is not 
swelling.  This is modeled using a lag time 
(Perlmutter, 1965).  The lag time model is 
described in Equations (2) through (5).  It 
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involves a linear transformation of the time 
variable as described in Equation (3). 

 
lagt t t' = −  (3) 

 
 In Equation (3) the new time, t’, has 
been defined in terms of the old time minus a 
period of time lagt .  Physically, the lag time in 
this model corresponds to the period of time that 
the growth of the magnesium inside the flare 
casing has started, but has not yet reached a 
point where it affects the flare case dimension. 
 
 Once the variable has been transformed, 
the growth rate may be expressed in terms of the 
new variable, t’.  This is shown in Equation (4). 
 
dL k
dt '

=  (4) 

 
Integration of Equation (4) and substitution of 
the expression for the induction time yields the 
induction time model shown in Equation (5), 
where  L0  is the average dimension at time t=0. 
 
L L k t0 { '}= +  (5) 

 
Or in terms of the original time, Equation (5) 
becomes: 
 

lagL L k t t= + −0 { }  (6) 
 
Other models used are shown in the 

expressions below. 
 

dL k L L
dt

0 0{ }= −  (7) 

 
dL k k L L
dt

1 2 0{ }= + −  (8) 

 
A A AC C X0 {1 }= −  (9) 

 
A

A
dX k C
dt

3 0{ / }= −  (10) 

 

In Equations (7) through (10) the 
parameters k0, k1, k2, and k3 are rate constants 
(Fogler, 2000) for each of the particular models.  
Equation (9) defines the fractional conversion in 
terms of the variables CA and CA0 which 
represent the concentration of magnesium at 
times t, and at the start of the experiment.  
Equation (10) is an expression for the rate of 
change of the fractional conversion with respect 
to time. 

 
RESULTS 

 
Plots showing L as a function of time 

for each of the models given in equations (6), (7) 
and (8) are shown in Figures 5, 6, and 7 
respectively.  Note that the ordinate has been 
multiplied by 1000.  The actual dimensions 
range from .970 inches to about 1.010 inches. 
 
Use of the Fractional Conversion to 
Characterize Degradation Level 

 
The fractional conversion of reactant A is given 
implicitly by Equation (9) where CA0 is the 
amount of magnesium present at the start of the 
experiment and CA  is the magnesium 
concentration at any time, t.  Note that XA is 
zero at the start of the experiment and 1 when all 
the magnesium has reacted.  The fractional 
conversion as a function of time is shown in 
Figure (8). 
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Figure 5.  Growth rate at 185 F and 70% RH 
– Sample T66 

Figure 6.  Growth rate at 185 F and 70% RH – 
Sample T81 
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- Sample T66 
 

Figure 8.  Fractional Conversion of 
Magnesium as a function of time 
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SUMMARY 
 

 The degradation results have been 
summarized in Table I below.  For a number of 
flares the experimentally determined values of 
reaction kinetic parameters are tabulated along 
 
 

 
 
 with the sample ID number, the experimental 
conditions, the total duration of the experiment, 
and the fractional conversion at the end of the 
experiment.   
 
 

Table I.  Values of reaction kinetic parameters for M206 flare samples 
 

Sample 
Id 

k0  x 
103(sec-1) 

dXA/dt 
x 103 

Temp 
(°F) 

Rh 
(%) 

tend 
(days) 

XAf 

       
T66 3.53 1.7391 185 70 66 0.115 
T81 3.57 1.9724 185 70 52 0.099 
T72 7.26 2.8401 205 60 50 0.144 
T71 7.77 3.0818 205 60 50 0.161 
K65 14.3 5.2536 205 60 10 0.014 
K66 10.0 4.0044 205 60 10 0.029 
T94 1.42 .51010 165 40 78 0.043 
K88 2.25 .70351 165 40 42 0.030 
K89 2.14 .79480 165 40 42 0.036 
T93 .955 .48845 165 40 86 0.047 

T102 2.43 .48025 165 40 24 0.012 
 

CONCLUSIONS 
 

 Degradation rates for Magnesium flares 
have been developed from accelerated aging 
data.  These rates indicate that the flares are 
susceptible to intrusion of moisture which 
causes magnesium hydroxide formation.  This 
causes the flare to swell.  A test method to 
measure the swelling has been developed and 
data characterizing the growth of the flares at 
different conditions have been well correlated 
using reaction kinetic models. 
 

FUTURE WORK 
 

 Additional degradation data of the flares 
must be obtained.  Also performance data 
(velocity and intensity) shall be obtained in the 
next part of the experiment.  The results will be 
used to determine the effects on performance 
induced by the degradation of the M206 flare. 
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ABSTRACT 

Development of marine area has been confessed to be important activity as wholistic form of  
Indonesia's development. Finally, by various efforts conducted, demands in comunities empowerment, 
includes comunities in marine area and small island make those potentions afford attention from 
government. This become a stimulus to investigate the main problems. 

A question emerge in investigating problems concerning with concept of current problems is “how 
is the development concept with layout which pay attention to boundaries of the planned area in form of 
ecologic area which will integrate up-land aspect, marine, and ocean simultaneously (land-sea 
interactions) towards development and arrangement of sustainable marine area space in decentralization 
era?”. To answer this question, a literature study is used as the methods. Problems are investigated and 
described by collecting, compiling, classifying, and then analyzing the data from secondary sources.  

Ecoregion approach is based on the similarity and differences in characteristics of ecosystem in 
marine and ocean area. This approach is developed based on ecoregion theory. By this approach, it is 
expected that design of marine, ocean, and small island area can be conducted properly. From ecoregion 
condition, design planning and development of an area will point out more in indigenous flora and fauna, 
includes either the trancient or seasonal species. Hopefully, appropriate conservation area and space 
arrangement can be defined in good quality, and therefore, it will support the ocean concervation area.  

There are some recommendation to be pointed out by government, includes the importance of 
full-decentralization process and devolution process, delegation or privatization through government rules 
based on its constitution; direct cooperation among central authority, department and government by local 
management board through publication of government decision, (SK menteri), or MoU which devide 
management function in definite waters area and agreement in role, responsibility, and authority of 
involved parties; and getting the better of recent legistation. Through intensive process and agreement of 
the parties in operational level about management of conservation and waters area, it is delivered to 
government. The next step, government or sectoral department and central authority make a formal 
cooperation with multi-parties management board as the basis of space arrangement in the upper end side.  

 
Keywords: ecoregion approach, marine area development  
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ABSTRACT 

 
High-visibility, long-burning, illuminating candles are needed for marking locations for operations such 
as seek-and-destroy and rescue missions.  The ability to control and extend burn times in illuminating 
candles over a wide range of time (more than 60 seconds) is typically limited by the balance of inert 
binder levels and low energy oxidizers used to slow burn time against increasing visible and/or infrared 
energy output overtime.  Polyester-based compositions are limited by problems of off-gassing and 
swelling of the grain at binder levels of less than 10 percent by weight.  By using a novel low-viscosity 
thermoset binder (LVTB), both ignitibility and grain integrity at high binder levels are attainable.  
Conversely, adequate coating at low binder levels also enables processing as a pressed material. 
 
 
Introduction 
 
 The technical requirements for a highly-visible, long-burning marking flare were not met by 
using a well-established magnesium and sodium nitrate composition with polyester binder.  The standard 
method of reducing burn rate in this type of composition is to increase inert components (i.e. binder) or 
increase oxidizer and fuel particle size.  Both approaches can adversely affect candle intensity and 
ignitibility.  In this case, the higher binder levels necessary to reduce burn rate to achieve burn times 
greater than 60 seconds with a less than two-inch long candle created a composition that was neither 
pressable nor castable, produced grains that were increasingly difficult to ignite, and the resulting grains 
had a tendency to swell during cure.  Furthermore, smaller particle sizes helped ignitibility but increased 
burn rate, shortening the burn time to less than 60 seconds.  In order to broaden the processing tolerances 
of the composition while maintaining appropriate solids particle sizes, the high viscosity polyester binder 
was replaced with a LVBT. 
 
Experimental 

 
 Ten-gram subscale mixes at a range of binder levels were made and cast into steel sleeves or 
pressed into pellets.  The pellets were wrapped with tape to prevent side burning.  Each pellet and steel 
sleeve was then bonded to a nail for stabilization in the test fixture.  Radiometric data of visible emissions 
were collected during the subscale testing using a silicon detector and photopic filter purchased from 
International Light.  The 1,500-gram mixes for the full-scale candles were made in Hobart mixers.  
Illuminant height was recorded prior to testing so burn times could be measured accurately.  Testing to 
determine the visible range of the candles was conducted at Kosmo, an open-air test range located just 
north of Promontory Point in Utah, USA.  Observation points at 0.5, 0.75, 1.0, 1.25, and 1.5 miles from 
the location of the flare (point of origin) were staked out using global positioning systems at the Kosmo 
site prior to the test date.  The flares were mounted on metal flanges which were then clamped to a tripod 
placed on an elevated platform to ensure a clear line-of-sight.  The candles were ignited remotely using 
                                            
1 Study was funded by DARPA contract DAAE30-02-D-1016-0018 
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small igniters.  Test personnel with stop watches and two-way radios were stationed at the prescribed 
distances to record visibility and length of burn.  In all open-air tests, the burn times recorded at the 
observation points agreed well with the video estimated burn times; therefore, only the video data are 
reported in this paper.  Wind speed and direction, temperature, barometric pressure, cloud cover, and flare 
angle were recorded near the point of origin.  Length of burn was also recorded near the point of origin 
for comparison.   
 
Results and Discussion 
 
Three rounds of subscale testing comparing compositions with the baseline binder to those with the 
LVTB were conducted.  Two compositions were selected for scale-up and field testing of full-sized 
candles.  Data for a second round of field testing intended to refine the castable LVTB composition are 
also presented.  
 
Subscale Testing 
 
 A standard visible press/cure illuminant formulation which uses a polyester binder with 
magnesium (fuel) and sodium nitrate (oxidizer) was used as a starting point.  In the first round of testing, 
the binder content was incrementally increased to extend the burn time.  Four mixes in which binder 
levels were increased up to 123 percent of the baseline were pressed into subscale pellets and burned 
(Table 1).   
 

Table 1.  Subscale Data for Adjustments to Baseline Visible Composition 
Binder Content Rb (in/sec) Normalized 

Visible Integral1 
Extrapolated Burn 

Time for Candle 
(sec) 

Baseline Composition 0.092 1 19.7 
107% of Baseline 0.081 0.76 22.5 
115% of Baseline 0.076 0.65 24.0 
123 % of Baseline 0.064 0.45 28.2 

Target Performance 0.030  60 
1. Visible output was measured in lumens-sec/Sr (steradian) and normalized to the baseline composition. 
 
 When extrapolated to the full-scale candle length, the burn times fell far short of the desired 60 
seconds.  Unfortunately, formulations containing the high viscosity polyester binder have historically had 
difficulty with off-gassing at higher binder levels, and it became increasingly difficult to ignite the 
composition even with a black powder booster charge.  The polyester binder was exchanged for the 
LVBT.  It was found to have a low temperature exotherm during cure around 150°C, but both differential 
scanning calorimetry and accelerating rate calorimetry showed cure energy is too low to cause self-
heating of the formulation to auto-ignition or pyrolysis, even under a worst-case (adiabatic) condition.  
Subscale data from pressed pellets were obtained for compositions ranging from 77 to 277 percent by 
weight of the standard binder content formulation (Table 2). 
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Table 2.  Subscale Data for Pressed Pellets of Compositions with LVBT Binder 
Binder Content Rb 

(in/sec) 
Normalized 

Visible Integral1 
Extrapolated Burn Time 

for Candle 
(sec) 

77% of Baseline 0.086 0.84 21.0 
92% of Baseline 0.064 0.66 28.4 
107% of Baseline 0.053 0.53 34.4 
123% of Baseline 0.040 0.41 45.6 
154% of Baseline 0.040 0.39 44.9 
169% of Baseline 0.034 0.41 53.1 
185% of Baseline 0.036 0.41 50.8 
200% of Baseline No Data No Data No Data 
277% of Baseline 0.042 0.25 43.4 

Target Performance 0.030  60 
1. Visible output was measured in lumens-sec/Sr and normalized to the baseline composition. 
 
 At 200 percent of standard binder content, the pellets were not ignitable even with a black powder 
booster charge, and at 277 percent, the binder separated from the solids during pressing.  With an 
extrapolated burn time of 53 seconds, the 169 percent of standard binder content gave the optimal trade 
off of burn time, ease of processing, and ignitibility. 
 
 The effort then switched to creating a castable composition.  With LVBT, the mixes were 
castable using a modest increase in binder content relative to the highest levels investigated in the 
pressed/cure formulations, approximately 350 percent of nominal.  Compositions with the new binder 
also ignited easily without the use of a booster charge on the subscale samples.  Disappointingly, subscale 
testing gave shorter than expected burn times (Table 3). 
 

Table 3.  Subscale Data for Castable Compositions with LVBT Binder 
Binder Content Rb 

(in/sec) 
Normalized 

Visible Integral1 
Extrapolated Burn 

Time for Candle 
(sec) 

Minimum Castable Binder Level 0.046 0.18 39.0 
111% of Minimum 0.051 0.17 35.8 
120% of Minimum 0.046 0.18 40.4 
111% of Minimum 0.058 0.22 31.2 
120% of Minimum 0.048 0.18 37.8 
Target Performance 0.030   60.0 

1. Visible output was measured in lumens-sec/Sr and normalized to the baseline composition.  
 
 The uneven intensity in the visible output (Figure 1) indicated that the steel sleeves were not 
burning uniformly, resulting in shortened burn times.  The burning front appeared to be compromised by 
burning more quickly against the metal sleeve than in the bulk of the sample.  This phenomenon is 
typically termed “coning” or “cone-burning”. 
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Figure 1.  Example of uneven light intensity suspected to be caused by coning  

of the subscale castable mixes. 
 
 

The coning effect may have been caused by heating of the steel case causing the edges of the sample to 
burn faster than the center.  However, since the coning effect was not expected to occur in the full-size 
phenolic-encased candle, and based on the 50 seconds or greater burn time for two of the pressed 
compositions (169 and 185 percent), one pressed and one castable composition were selected for full- 
scale testing.  The castable composition with 120 percent of the minimum binder needed for cast 
processing was selected for scale up based on ease of processing.  The 169 percent of nominal binder 
level was selected for the pressed composition. 
 
Field Testing at Kosmo Test Range 
 
 The test conditions for the day of 16 November 2006 averaged 46°F, 30.08-in.of mercury 
barometric pressure with 1.7 mile per hour winds.  The cloud coverage varied from cloudy in the morning 
to partly cloudy in the early afternoon.  Thirteen candles of the LVTB composition were cast into 
phenolic sleeves and cured.  During casting, the liquids showed signs of separating from the solids as the 
mix passed through the slit.  After cure, physical examination of the candles showed the solids had settled 
toward one end of the candle.  Even with the uneven distribution of the solids, the average burn time was 
59 seconds (0.03 inches per second) and all candles could be seen burning at 1.5 miles from 0-to-90 
degrees off angle from the test stand (Table 4). 
 



-141- 

Table 4.  First Kosmo Field Test Data for Full-scale Candles 
Processing  

Method 
Orientation 

Tested 
Burn Time for Full-Scale 

Candle 
(sec) 

Burn Rate 
(in/sec) 

Cast 0°  64.96 0.028 
 0°  59.64 0.030 
 0°  64.98 0.028 
 10° off axis 61.82 0.029 
 20° off axis 59.68 0.030 
 30° off axis 44.01 0.041 
 60° off axis 56.82 0.032 
 50° off axis 65.05 0.028 
 60° off axis 51.96 0.035 
 90° off axis 53.04 0.034 
Pressed 0°  28.74 0.063 
 0°  35.10 0.052 
 0°  32.69 0.055 
 10° off axis 33.18 0.055 
 20° off axis 33.04 0.055 
 30° off axis 36.14 0.050 
 40° off axis 37.69 0.048 
 50° off axis 34.99 0.052 
 60° off axis 35.58 0.051 
 90° off axis 36.27 0.050 

 
 
Reformulation Efforts 
 
 A more homogeneous candle should produce a more measured visible output resulting in a more 
accurate and consistent burn time.  To prevent settling and produce a candle with consistent results, 
changes were made to increase the viscosity of the baseline castable composition from the first round of 
field testing.  Four different mixes were made.  One mix lowered the binder level to 107 percent of 
minimum castable binder level.  The second and third mixes contained 1 to 1.5 percent of an inorganic 
thixotrope.  The fourth mix contained additional fine grain sodium nitrate oxidizer.  Of the three methods 
for increasing mix viscosity, the inorganic thixotrope at either 1 or 1.5 percent worked best.  None of the 
revised compositions showed signs of settling. 
 
Second Field Test 
 
 A second round of testing was conducted at the Kosmo site with the above group of castable 
compositions, as well as the baseline composition from the first effort to verify visibility at one mile and 
determine burn times had not been adversely affected by the addition of the thixotrope or fine sodium 
nitrate.  Candles were tested at 0 and 90 degrees to the test stand to compare best and worst circumstances 
for visibility.  The test conditions for the day of 08 December 2006 averaged 33°F, 30.42-in. of mercury 
barometric pressure with 1.2 mile per hour winds.  The cloud coverage was described as cloudy and hazy.  
All of the candles were visible up to 1 mile from both 0 and 90 degrees off-angle positions.  However, in 
addition to increasing mix viscosity, both the fine sodium nitrate and the inorganic thixotrope appeared to 
accelerate the burn rate (Table 5). 
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Table 5.  First Kosmo Field Test Data for Full-Scale Candles 
Composition Orientation

Tested 
Burn Time for Full- 

Scale Candle 
(sec) 

Burn Rate 
(in/sec) 

Cast- Baseline 0°  57.13 0.032 
Cast- Baseline 0°  63.18 0.029 
Cast- Baseline 0°  53.37 0.034 
Cast- Baseline 0°  67.42 0.027 
Cast- Baseline 90° off axis 59.32 0.031 

Cast- Reduced Binder 0°  35.34 0.051 
Cast- Reduced Binder 0°  28.79 0.063 
Cast- Reduced Binder 0°  40.07 0.045 
Cast- Reduced Binder 0°  48.47 0.037 
Cast- Reduced Binder 90° off axis 44.22 0.041 

Cast- Inorganic Thixotrope 1.5% 0°  38.28 0.047 
Cast- Inorganic Thixotrope 1.5% 0°  35.99 0.050 
Cast- Inorganic Thixotrope 1.5% 0°  40.72 0.044 
Cast- Inorganic Thixotrope 1.5% 0°  35.11 0.052 
Cast- Inorganic Thixotrope 1.5% 90° off axis 35.49 0.051 
Cast- Inorganic Thixotrope 1% 0°  46.17 0.039 
Cast- Inorganic Thixotrope 1% 0°  42.08 0.043 
Cast- Inorganic Thixotrope 1% 0°  42.24 0.043 
Cast- Inorganic Thixotrope 1% 0°  41.91 0.043 
Cast- Inorganic Thixotrope 1% 90° off axis 41.06 0.044 

 
 
 Candles were built using an organic thixotrope to determine if the elevated burn rate seen with the 
inorganic thixotrope could be eliminated.  As with the inorganic thixotrope, the cured candles showed no 
signs of settling or separation during casting.  Funding constraints required testing be put on hold. 
 

 
Conclusions 
 
 This testing demonstrated the ability of LVTB to coat a wide range of solids content while 
maintaining homogeneity of the cured product.  The range of solids makes the binder suitable for either 
cast/cure or pressed compositions.  The flexibility of the solids loading allows for increased control of 
burn rate, especially for slower burn rates, while maintaining significant intensity of the flame to meet 
most requirements.  The cured composition shows no signs of swelling at high binder levels and is low 
enough in viscosity to coat with as little as 75 percent of the polyester binder required for use in the 
press/cure operations.  Various thixotropes have been shown to modify viscosity and burn rate of the 
candle as needed. 

 



-193- 

Lead Azide Reactions at Sub-Millimeter Diameters 
 

Peter C. Jung, Alexander S. Tappan, and Eric J. Welle 
Sandia National Laboratories* 

P.O. Box 5800 MS1454 
Albuquerque, NM 87185-1454 

U.S.A. 
(505) 844-5768 

(505) 844-5924 (fax) 
astappa@sandia.gov 

 
 

ABSTRACT 
 
 Continued motivation to reduce the amount of sensitive and lead-containing explosives used in 
components has led to the need for a better understanding of the properties of energetic materials at 
reduced length scales.  This research made use of high-speed streak camera photography to study the 
reaction properties of charges of lead azide at sub-millimeter diameters.  A method for the production of 
charges of lead azide in sub-millimeter geometries has been demonstrated.  The samples developed for 
study were cylindrical charges of lead azide contained in micro-capillaries with diameters of 200, 100, 
and 50 µm.  A laser was used to ignite the charges.  Results discussed include reaction velocities, 
observation of accelerative reactions, the diameter effect, and the observation of retonation waves. 
 
 
1 INTRODUCTION* 
 
 There has been a constant motivation to 
reduce the amount of sensitive energetic 
materials (EMs) in energetic components.  This 
in turn has led to the need for a better 
understanding of the properties of energetic 
materials at reduced length scales.  Stewart 
discussed the difficulties inherent in the 
miniaturization of explosives technology and 
concluded that there are two options related to 
material selection.[1]  The first is to use 
traditional energetic materials with the 
understanding that the reaction may still be in a 
transient stage at the output of the component.  
The modeling and understanding of a transient 
reaction process is inherently more complicated 
than that of a steady-state process making this a 
less than ideal design choice.  The second option 

                                                 
*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. 
 

is to use energetic materials that have suitably 
small critical parameters; the most important of 
these being a short reaction zone and a small 
critical diameter. 
 

The process by which macro-scale 
energetic materials are initiated and transition 
from burning to detonation has been investigated 
and documented in the literature for many 
different materials.  The short timescales of the 
transient phenomena and short reaction zones of 
primary explosives, however, cause difficulties 
in capturing empirical measurements of the 
reaction.  Primary explosives, such as lead azide 
(Pb(N3)2), have small reaction zones and critical 
diameters indicating their suitability for use in 
miniaturized energetic components.  
Unfortunately, the very characteristics which 
make primary explosives desirable for 
miniaturized components also complicate the 
understanding of their reaction processes.   
 

Historically, the largest barrier to the 
understanding of the initiation properties of 
primary explosives has been the simple fact that 
they initiate so readily and, even in relation to 
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other explosive reactions, so quickly.  High-
speed streak and framing photography allows for 
quantification of these phenomena, however 
explanation of these mechanisms is still 
ongoing.  Dickson et al. give a discussion of the 
process by which primary explosives are 
initiated and undergo a transition to detonation 
and outlined the two accepted mechanisms for 
the deflagration-to-detonation transition.[2, 3]  
The first mechanism is that the reaction 
progresses from conductive burning, convective 
burning, compressive burning, shock wave 
formation and finally reaches a critical shock 
pressure at which a detonation is achieved.  The 
alternative mechanism is that the rising pressure 
of the burning reaction compresses the unreacted 
material and accelerates this compaction plug 
further into the material until a shock pressure is 
reached and a detonation is achieved.  These two 
theories are similar to the two DDT methods 
proposed by Ermolaev et al.[4] 
 

In regards to miniaturization of 
explosives, understanding the accelerative nature 
of the DDT process is critical.  Therefore it is 
important to characterize the length of the 
accelerative region in relation to the overall 
charge length and how parameters such as 
initiation energy, charge density, and charge 
diameter can affect this length. 
 
 
1.1 The Diameter Effect 
 

When discussing miniaturized explosive 
phenomena, the diameter effect becomes 
particularly important.  First documented by 
Jones,[5] the diameter effect states that for solid 
explosives the velocity of a detonation is 
dependent upon the diameter of the charge.  The 
basis for this effect is that the radial expansion 
of the reaction zone lowers the density of the 
reacting material causing a corresponding drop 
in detonation velocity.  Based upon this effect, it 
may be postulated that, for any explosive, a 
critical diameter exists below which the energy 
lost to the radial expansion is greater than the 
energy produced by the reaction.  Any charge 
with a diameter below this critical radius would 
therefore be unable to propagate.  As stated by 

Jones, the intensity of the diameter effect is 
dependent upon both the confinement of the 
charge and the length of the reaction zone. 
 

Campbell & Engelke conducted further 
experiments on the diameter effect for high 
density explosives in order to correlate empirical 
data with a mathematical model.[6]  Their 
results demonstrated a non-linear decrease in 
detonation velocity for decreasing charge 
diameter.  For the majority of explosives tested, 
the rate of decrease was initially small but 
eventually grew asymptotically.  The asymptote 
represents the presence of a critical radius 
specific to each energetic material below which 
a detonation cannot propagate. 
 
2 EXPERIMENTAL 

DESCRIPTIONS 
2.1 Sample Production 
 

The samples developed for study were 
cylindrical charges of lead azide contained in 
micro-capillaries.  Previous experiments 
(unpublished results) conducted at Sandia 
National Laboratories during the summer of 
2005 demonstrated the reaction of lead azide in 
400-µm inner diameter (ID) micro-capillaries 
and captured a transition from a low order to a 
high order detonation.  Smaller charge diameters 
of 200, 100, 50, and 10 µm were selected for 
these experiments.  The lead azide used in these 
experiments was obtained from Pacific 
Scientific Energetic Materials Co. (Chandler, 
AZ).  Scanning electron microscopy showed a 
mix of elongated and spheroid particles with 
particle sizes ranging from sub-micron spheres 
to rods of several microns in length as shown in 
Figure 1. 
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Figure 1.  Micrograph of lead azide powder 
used in these experiments. 
 

The production process developed for 
these experiments involved dipping a micro-
capillary into a suspension consisting of the 
energetic material temporarily dispersed in a 
carrier fluid.  The suspension would then wick 
into the micro-capillary by capillary action.  
When hung vertically to dry, the energetic 
material would fall out of suspension and settle 
to the bottom of the micro-capillary forming a 
cylindrical plug.  Fluid surface tension and the 
capillary forces due to the small inner diameter 
prevented the suspension from leaking out of the 
end during drying.  Examples of 200, 100, and 
50-µm inner diameter capillaries filled with lead 
azide are shown in Figure 2. 
 

 
Figure 2.  Photographs of 200-, 100-, and 50-
µm diameter micro-capillaries filled with lead 
azide next to a ruler with 1-mm divisions. 
 

Borosilicate glass micro-capillaries 
(Drummond Scientific Co., Broomall, PA) were 
used for the 200-µm and 100-µm charges.  The 
smaller 50-µm and 10-µm capillaries were 
fabricated from fused silica capillary tubing 
(Polymicro Technologies LLC, Phoenix, AZ).  
The capillary tubing was cleaved into sections of 
approximately 4-cm in length and one end was 
polished using 13-µm and 1-µm grit polishing 
paper.  The capillary tubing originally had an 

amber polyimide outer coating that was only 
marginally translucent.  In order to ensure a 
clear optical path between the material and the 
streak camera this coating was burned off of one 
end of the capillaries with a Window Maker™ 
CE capillary burner (MicroSolve Technology 
Corp., Eatontown, NJ).  The Drummond micro-
capillaries were uncoated and required no pre-
processing. 
 

In order to fill the micro-capillaries, it 
was necessary to formulate a suspension in 
which the energetic material would remain 
temporarily dispersed.  If the energetic material 
was too well suspended in the carrier fluid it 
would simply adhere to the inner wall during 
drying rather than falling to the bottom to form a 
plug of material.  Thus, the suspension stability 
time could not exceed the evaporation time of 
the carrier fluid.  The carrier fluid chosen for 
these suspensions was distilled water (ASTM 
Type II, Fisher Scientific) that had been run 
through a 5-µm filter to ensure particle removal.  
Lead azide is nearly insoluble in water, with a 
solubility of 0.023 grams per 100 mL of water 
(as quoted by Urbanski),[7] and thus no change 
in particle size or morphology was expected.  
The dispersant chosen was poly(4-styrene 
sulfonic acid-co-maleic acid) sodium salt, 
PSSAcoMA,Na+, (Sigma-Aldrich, St. Louis, 
MO).  The concentration of dispersant used was 
1% with respect to suspended solids. 
 

The temporary nature of the suspension 
resulted in the settling out of the lead azide 
between formulation and sample preparation.  
Prior to use, the suspension was subjected to two 
five-minute runs in an ultrasonic bath to 
redisperse the lead azide.  All capillaries were 
dipped one at a time and the lead azide 
suspension was re-sonicated for one minute after 
every three capillaries.  After all capillaries were 
filled, they were dried in an oven overnight at 
50ºC. 

 
2.1.1 Experimental Setup 
 
Due to the small sample sizes, a Nikon AF 
Micro Nikkor 105-mm 1:2.8 macro zoom lens 
was placed between the sample and the slit of 
the 16-bit dynamic range streak camera to 
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achieve the necessary magnification.  All 
experiments were conducted in a polycarbonate 
boom box to contain any fragments and reaction 
products generated during the experiments.  The 
small size of the samples resulted in a very low 
amount of light produced during reaction: 
therefore all samples were fired in minimal 
ambient light.  The laser used for initiation was a 
two-output, fiber optic coupled, Nd:YAG laser 

in the near infrared with a wavelength of 1064 
nm and a nominal pulse width of 12 ns.  
Delivery of the laser energy to the sample was 
by way of a 1 meter, 400-µm core diameter fiber 
optic cable.  An optical window was used to 
support the capillary and protect the face of the 
fiber optic cable.  The optical train and sample 
holder is shown in Figure 3. 

 

 
Figure 3. Cartoon and photograph of optical train and sample holder used for lead azide capillary 
experiments. 
 

The two-outputs of the laser allowed for 
correlation of the energy at the output of the 
second fiber optic with that of the fiber used for 
initiation.  The imparted energy was estimated 
taking into account the numerical aperture of the 
fiber optic (0.22), the resulting spot size, the 
reflective losses at each face of the optical 
window, and the diameter of each sample.  
However, the lack of published information on 
the absorption characteristics of lead azide at a 
wavelength of 1064 nm means that this value 
was the maximum energy available to the 
sample rather than the actual absorbed energy.  
The average available energy was 29.6 µJ for 
the 200-µm samples, 10.2 µJ for the 100-µm 
samples and 7.2 µJ for the 50-µm samples.  
These numbers represent the laser energy 
incident upon the bottom surface of the samples 
that would then effectively be reduced by the 
unknown absorptive index of lead azide at 1064 
nm. 
 

3 RESULTS & DISCUSSION 
3.1 Data Analysis 
 

The streak images recorded in these 
experiments were analyzed with the help of 
edge-finding software developed at Sandia and 
based upon a data analysis method described 
previously.[8]  The reactions appear in the streak 
images as a bright line of light against a dark 
background.  The software extracts the line of a 
reaction from a streak image and exports it as a 
series of x-t data points.  The x-t data were then 
imported into Microsoft Excel® and graphed.  
For steady-state reactions, a linear trend line was 
added to calculate the reaction velocity.  A 
second-order polynomial trend line was used to 
calculate velocities for accelerative reactions. 
 

Prior to initiation of each sample a static 
image was taken with the streak camera.  This 
static image was used to delineate the position of 
the upper and lower faces of the cylindrical 
charge in the reacting streak image.  This in turn 
defined the region of interest for the reacting 
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streak images.  Additionally, a static image of a 
200-line-per-inch Ronchi grating was taken at 
the same magnification of the samples.  This 
image provided the length scale calibration for 
the software.  The time information for each 
streak image was recorded internally by the 
streak camera and read from the .tif file header 
by the edge-finding software.  
  

Due to the low light levels, many of the 
streak images have very low contrast.  The edge-
finding software, however, has no great 
difficulty following the trace of a low-contrast 
region.  The representative streak images 
included in this paper have all been processed to 
guide the reader’s eye, but only unmodified 
streak images were used in the data extraction 
process. 
 
3.2 Reaction Types 
 

The streak images that showed reaction 
within the lead azide charges showed different 
reaction types.  The simplest division was 
between images that clearly showed growth to a 
steady-state detonation in the capillary and those 

that did not.  Within the group of images that 
clearly showed steady-state detonations, three 
had an accelerative reaction leading to the 
detonation, one had what appeared to be a steady 
deflagration leading to the detonation, and two 
had no resolvable deflagration prior to 
detonation.  Within the group of images that did 
not show steady-state detonations, both 
accelerative and steady deflagrations were 
observed, with several different characteristics.  
These characteristics included accelerating 
reactions that did not grow to detonation, steady 
reactions that did not grow to detonation, and 
steady reactions that did not appear to be 
preceded by luminous reaction.  This lack of 
consistent behavior in the charges that did not 
grow to a steady detonation is likely due to a 
combination of difficulty in sample preparation 
at small scales and the stochastic nature of the 
early stages of initiation behavior that appears to 
be amplified at small diameters.  Representative 
streak images of: an accelerative reaction 
leading to a steady-state detonation, an 
accelerative reaction not leading to a detonation, 
and a deflagration that was not preceded by a 
luminous reaction are shown in Figure 4. 

 

 
Figure 4.  Representative streak images of: an accelerative reaction leading to a steady-state 
detonation (left), an accelerative reaction not leading to a detonation (middle), and a deflagration 
that was not preceded by a luminous reaction and did not grow to a detonation (right). 
 

The critical unknown for all samples 
tested was the density of the lead azide.  
Formulation of the cylindrical plug within the 
micro-capillary relied solely upon lead azide 
settling out of the temporary suspension.  No 
further post-processing was possible to improve 
the consistency of density from sample to 
sample.  If the suspension that the micro-
capillary was dipped into had been well 

dispersed by the sonication, the fluid drawn into 
the micro-capillary should have settled slowly 
resulting in the formation of a higher density 
plug.  If the suspension drawn into the micro-
capillary was poorly dispersed, the rapid settling 
of the lead azide would have resulted in a lower 
density plug. 
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3.3 Lead Azide Reaction Velocities 
 

Attempts were made to initiate a total of 
23 lead azide charges resulting in 12 good streak 
images.  Three of these were of samples 200-µm 
in diameter, six were 100 µm, two were 50 µm, 
and the final one was a 10-µm diameter charge.  
The remainder of the samples did react, but 
resulted in blurred or unusable streak images due 

to improper alignment of the sample with the 
thin focal plane of the magnifying lens.  The 
reaction velocities calculated from the good 
streak images are listed in Table 1. In the table, 
values listed as “Accelerating Low Velocity” 
and “Accelerating High Velocity,” represent an 
average velocity of the curve fit in the first and 
last 10% of the accelerating region respectively. 

 

Table 1. Summary of lead azide reactions in micro-capillaries. 

Dia. Accelerating 
Low Velocity 

Accelerating 
High Velocity 

Steady 
Deflagration 

Velocity 

Detonation 
Velocity 

Calculated 
Density (from 

D) 

Capillary 
Designation Comment 

µm mm/µs mm/µs mm/µs mm/µs % TMD   

200 0.599 0.925  3.440 58.8% LA-200-2  

100 0.787 1.136  3.167 53.3% LA-100-LT5  

50 0.125 1.244  2.666 41.8% LA-50-4  

50   1.094 2.698 42.6% LA-50-5 Extremely prompt DDT. 

200    3.289 55.8% LA-200-1 Extremely prompt DDT. 

100    3.333 56.7% LA-100-LT4 Deflagration difficult to 
resolve. 

100 0.667 1.030    LA-100-LT1  

100 0.429 1.275    LA-100-LT2  

100 0.383 1.404    LA-100-2 No DDT before reaching 
end of short column. 

200   0.839   LA-200-3 No DDT. 

100   0.986   LA-100-LT7 No observable early 
deflagration. 

10   1.304   LA-10-7 Reaction difficult to 
resolve. 

 
3.3.1 The Diameter Effect 

For the six streak images showing a 
steady-state detonation velocity, an attempt was 
made to back-calculate the probable density of 
the lead azide.  The detonation velocity of lead 
azide at theoretical maximum density (TMD) is 
estimated as 6.1 mm/µs.[9]  An equation for the 
variation of detonation velocity with density for 
lead azide was calculated using CHEETAH 
4.0.[10]  The density of these samples was 
estimated to be between 41.8 and 58.8% of 
TMD based on calculated detonation velocities 
at an infinite diameter, as shown in Table 1.  It 
can be seen that the steady-state detonation 
velocity of the samples decreased with 
decreasing charge diameter.  This is in general 
agreement with the diameter effect as discussed 
by Campbell and Engelke.[6]  A plot of 

detonation velocity versus inverse radius is 
shown in Figure 5.  The variation of 
detonation velocity with charge radius. 
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Figure 5.  The variation of detonation velocity 
with charge radius. 
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It is important to note that the steady-
state detonation velocities reported must be 
interpreted based upon both the diameter effect 
and also a density effect.  The densities of the 
samples reported in Table 1 were back 
calculated based upon detonation velocity and 
not a known quantity.  A trend line fit for Figure 
5.  The variation of detonation velocity with 
charge radius. 

 should be based upon the following 
equation from Campbell and Engelke: 
 

⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
−

−⋅= ∞
CRR

ADRD 1)( , (1) 

 
where D(∞) is the detonation velocity of an 
infinite radius charge at the same density, R is 
the charge radius in question, A is a length 
parameter, RC represents the value of the 
asymptote corresponding to the failure radius, 
and D(R) is the detonation velocity of a charge 
of radius R.[6]  This equation represents a 
decrease in detonation velocity with decreasing 
charge radius, and asymptotically approaching 
zero at the failure radius.  In this case however, 
the parameter D(∞) is unknown due to the 
unknown density and corresponding infinite 
diameter detonation velocity of each sample.  In 
effect, the data correspond to that curve, but 
without knowing those two parameters, it is 
impossible to say where on the curve the points 
lie.  A qualitative extrapolation of the curve 
results in a micron-scale failure diameter for 
lead azide presuming that the form of the above 
equation is appropriate to describe failure trends 
in primary explosives. 
 
3.3.2 Rearward-Travelling Shocks 
 

An additional item of interest in the 
series of lead azide shots was the detection of a 
rearward-travelling shock wave on three of the 
twelve shots.  When a reaction makes the step 
from a subsonic deflagration to a supersonic 
detonation, a second shock wave will also travel 
backward from the point of transition through 
the partially-reacted material.  An example of a 
streak image with a rearward-travelling shock 
wave is shown as the rightmost image in Figure 
4.  The presence of the rearward-travelling 

shock wave in some of the samples is indicative 
of either unreacted species left from the 
deflagrating lead azide, or light emitted from 
shocked gases in the expanding products. 
 
3.3.3 10-µm Diameter Sample 
 

Of particular interest in these experiments 
were the attempts to produce, react, and record 
sample sizes as small as 10-µm in diameter.  As 
previously mentioned the average particle size 
of the lead azide powder used in these 
experiments was on the order of several microns 
in diameter.  Thus, a 10-µm inner diameter 
micro-capillary is approaching the actual particle 
size of the powder used.  During the micro-
capillary filling process, attempts were made to 
fill six 10-µm ID micro-capillaries with lead 
azide.  Post-drying inspection of the capillaries 
revealed that one did contain a plug of material.  
When fired, the lead azide sample audibly 
reacted and a faint streak image was recorded.  
However, due to the extremely small size of the 
sample and very low amount of light produced, 
the quality of the image was too poor to allow 
for quantitative analysis.  Further experiments 
with greater magnification and greater light 
sensitivity settings will be necessary to 
characterize the detonation velocity of lead azide 
at this diameter. 
 
 
4 CONCLUSIONS 
 

A method for the production of charges 
of lead azide in sub-millimeter geometries has 
been demonstrated.  This method uses capillary 
forces to draw an energetic material suspension 
into a micro-capillary.  The energetic material 
then falls out of suspension and the carrier fluid 
dries leaving behind a plug of material.  The 
success of this method also suggests that further 
decreases in charge diameter may be 
accomplished with finer particle size lead azide. 
 

A streak camera was used to record the 
reaction of lead azide in charge diameters of 
200, 100, and 50 μm.  Reactions were seen that 
clearly showed growth to a steady-state 
detonation and, even with the primary explosive 
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lead azide, some that did not.  Accelerative, 
steady, and non-luminous reactions were 
observed prior to the deflagration-to-detonation 
transition.  Within the group of images that did 
not show steady-state detonations, both 
accelerative and steady deflagrations were 
observed, with several different characteristics.  
Inconsistencies in sample preparation and 
perhaps increased reaction inhomogeneity at 
small scales could account for the difference.  
Reaction of a lead azide charge as small as 10-
µm in diameter has been demonstrated and 
recorded. 
 

Additionally, the steady-state reaction 
velocities observed generally conformed with 
the diameter effect as outlined by Campbell and 
Engelke.[6]  A failure diameter for lead azide 
has been postulated to be in the micron range. 
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Abstract 

Nano-sized components of heterogeneous condensed systems (HCS) open possibilities to increase 

efficiency and to extend the correcting range of ballistic parameters.   Nano-sized components of HCS 

were successfully synthesized by cold-wall vacuum co-deposition technique.  

The size of synthesized particles does not exceed 100 nm. All the investigated materials are chemically 

pure, identical to chemical structure of precursor material, and in contrast to the precursor micron-sized 

powder have an increased chemical activity.  

As a rule, the use of nano-sized components in HCS as additive or substitution to micron-sized 

component leads to essential growing of the burning rate. The most effective to increase the U value is the 

micro- to nano- substitution for both aluminum and oxidizer particles. Investigation of the agglomeration 

process on the combustion surface shows the essential reduction of the metal agglomerates size, which 

means the positive influence to the specific impulse losses. Thus, the perspectives of the nano-sized 

components use for HCS are demonstrated.  

 
 
INTRODUCTION 
 
Perhaps, one of the first who has specified an opportunity of use of metals as high-energy 

components in rocket technique was the Russian scientist and engineer Tsander A.F.  This idea has been 
stated in 20th years of the last century, and in middle XX of a century has found wide application 
practically in all types of power heterogeneous condensed systems (HCS) rocket propellant, pyrotechnic 
compositions, explosive structures. 

First of all, it concerns to powder metals - Al, Mg, B, Zr, Ti, etc., possessing great energy 
potential. But, alongside with thermodynamic increase of power HCS, use metal powder components has 
led to complication of process of burning HCS, occurrence of specific features in front of burning. 

It reduced real efficiency of use metal powder into HCS and has demanded detailed studying of 
the mechanism of ignition and combustion individual and a complex of particles of metals in high-
temperature products decomposition of oxidizer and fuel (in environment H2O, CO2, N2, CO), laws 
energy release in a combustion wave of burning HCS, burning rate and its dependence on pressure and 
physical and chemical properties of metal components. 
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There was a specific feature of burning such HCS - process of a agglomeration of particles of 
metal on the combustion surface of HSC (Fig.1), that has affected not only speed of distribution of front 
of a flame, but also on growth of a chemical and a double face losses in impellent installations, i.e. on 
internal ballistics. 

 
Fig.1 Combustion of HCS. 

 
 
Burning rate (U) alongside with energy and a specific impulse is one of base parameters of 

internal ballistics. 
It has been established quite logically that the U is affected by many factors related with 

composite composition as well as the structure of HCS, initial pressure, temperature, and metal powders. 
The general result as function of the introduction of dispersed components, especially, powdered metals 
into HCS is change in burning rate. 

It is complicated question in common and can be positive as well as negative (Fig. 2).  
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Fig.2 Burning rate dependence on particle size of HCS components. 
 
 
Generally, the more finely the size of disperse particles, the above speed of composition burning 

rate of as a whole. It is established, time of ignition t~d2 and time of full combustion of a aluminum 
particle t~d1.5. The more finely the particle, the more quickly it is ignited and burns down near to the 
combustion surface the more it will be a heat flow from of high-temperature reaction zone into the 
condensed phase. 

Presence of minimum in the field of the sizes of particles d=50-100 micron grows out negative 
thermal balance between losses  going on heating up of particles and heat flow from a zone of flame. 

Large metal particles in front of combustion have not time to get warm and do not to react and 
influence essentially on thermal balance of a heat zone practically. However, they render essential 
influence on chemical losses in a rocket motor due to non complete combustion  

It is established also, that the size of the condensed products of combustion metals – a Me oxide - 
correlates with the initial size of the ignited particles. The more the size of particles of the metal which 
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has reacted in the flame, the more large the oxide size formed in a zone of condensation of products of 
reaction. So, the me oxide size also determines losses of energy in the rocket motor.  

 
However, it does not possible to consider such consideration approximate enough, especially in 

the field of small particles (d <<10 micron). Experimental researches have shown, that with increase in 
sticking of metal (particularly, aluminum) growth of burning rate is slowly down to a full stop and even 
falling. It is rather difficult to explain this effect without attraction of the phenomenon of agglomeration. 

The phenomenon of agglomeration - sticking and merging of individual particles of metal on the 
burning surface - was first observed on most ballistite and compositions based on AP in which the 
ballistite was used as a binder.  

An analysis of the total experimental results shows that the process of agglomeration of metal 
particles on the surface of burning sample is a rather strong function of the properties of the binder type, 
concentration, dispersion of metal, pressure, burning rate of HCS, in common - on the structure of HCS. 

In disperse systems there is a threshold concentration at which the same particles start to contact 
among themselves and to form chains which sizes depend on their volumetric concentration in a matrix of 
structure. Conditions of formation continuous chain (cluster), penetrating all matrix, correspond to a 
percolation limit equal of 16 volume %. Formation of percolation cluster also is a necessary condition of 
the beginning of agglomeration process. 

In the combustion wave, when the reaction occurs, change of volumetric concentration of 
reagents on the combustion surface (or near to it) more earlier, process of agglomeration can begin 
sooner.  

The capacity of the binder to melt before the decomposition and the gasification are quite a 
significant factor in the development of the process under study: for an easily gasification system, the 
degree of the agglomeration of the powder metals  is noticeably less than for which melt and degrade with 
the formation of large amounts of carbon. 

With an increase in the initial diameter of the particles (d<100 microns), the final size of the 
agglomerates increases somewhat. Growth of a degree of the agglomeration generally brakes energy 
release in the combustion wave due to reduces of the completeness reaction, reduces of burning rate and 
promotes increase in the size of the condensed products of combustion (metal oxide). Thus, it is possible 
to ascertain, that physical and chemical characteristics of components and structure of samples can 
influence on the basic ballistic characteristics of HCS. 

 
RESULT AND DISCUSSION 
 
Usually multi component HCS have disorderly enough structure and consist of a crystal phase 

and powder metal fuel, intervals between which are filled by a fuel. 
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a) b) 
 

Fig.3 Surface of HCS (a) Cl + N; (b) Al + Cl +N. 
Such structure (Fig. 3) a priori promotes existence non uniform on the burning surface, and also 

in front of a flame that should influence on the HCS ballistic characteristics. Homogenization of the 
structure should to lead in the certain measure to increase of efficiency of their use due to improvement of 
the ballistic characteristics - expansion of a range of regulation of burning rate, reduction of the 
agglomeration in front of the burning, decrease of the chemical and double base losses. 

Last years in many countries researches on synthesize and use as basic components HCS ultra-
and nano-sized materials are conducted. Originally the basic attention was given to nano-sized metals and 
their oxides, nitrides, metal ceramics which have found application in scientific researches and in separate 
technical decisions. 

Research of an opportunity of application nano-sized materials as components of solid rocket 
propellant had limited character by virtue of limitation of necessary assortment of high-energy materials. 

One of the first HCS components received in nano- condition by a method of “explosive wire” 
became aluminum which received name of «Alex» 

Replacement in SRP the aluminum of the micron size on Alex has allowed to increase of burning 
rate in a range of 1.5-5.0 times at pressure up to 100 at. But, the achieved increase (Fig. 4) was less 
expected. 
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HEMCE-2003 11

27% AP/35% HMX/20% binder:27% AP/35% HMX/20% binder:

18%Al(1518%Al(15μμm)                18%ALEXm)                18%ALEX

62% AP/20% binder62% AP/20% binder

18%Al(1518%Al(15μμm)                18%ALEXm)                18%ALEX

[V.N.Simonenko, V.E.Zarko, 
Proceedings of 30th Int. ICP 
Conference, June 29- July 2, 1999, 
Karlsruhe, Germany, pp. 21/1-21/14]

ALEX addition to propellant

 
Fig.4 Burning rate as function of ALEX addition to model SRP. 

 
 
But recently, it was developed a different technique for a synthesis of nano-materials including 

the plasma electro-condensation and cold-wall vacuum evaporation method (Fig.5). 
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Fig.5 Cold-wall vacuum evaporation method 
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The last method permits to receive and to mix a ultra- and nano-sized particles simultaneously. 
The structure of the particles was determined by X-ray diffraction (a KARD-6 diffractometer), transmission electron 
microscopy (JEM 2000 EX-II), scanning electron microscopy (JEOL JSM 7401F), atomic force microscopy 
(SOLVER P-47), and differential scanning calorimetry (NETZSCH STA 409).  

All the investigated materials are chemically pure, identical to chemical structure of precursor 
material, and in contrast to the precursor micron-sized powder have an increased chemical activity The 
size of synthesized particles does not exceed 100 nm.(Fig.6). 

 
The combustion rate of HCS was determined in a closed bomb in nitrogen. The rate of 

combustion was determined from pressure records. In addition, the rate of combustion was also 
determined by digitizing video records. The bomb had quartz glass windows for video recording of the 
combustion process. 

a) 

Ammonium Perchlorate 

 

20μm

100nm 8nm

4nm

0

•Starting powder

•Ultra-sized powder

 

b) 

50 μm

Aluminum powder 
•Starting powder

•Nano-sized powder

 
Fig.6 Ultra- and nano-sized AP(a) and AL(b) powders. 
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The condense products of combustion were collected from the combustion surface by the rotating 
drum method. After treatment with ultrasound in an ultrasonic bath, they were analyzed on a LASKA-1 
(Russia) diffractometer. 

Their chemical structure, chemical purity, morphology and the particles size distribution were 
determined and analyzed. 

The experimental average rates of the combustion of compositions are shown in Fig. 7.  
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Fig.7 Microstructure( a)  and Burning rate (b) of stoichiometric compositions of 76% AP and 

24%AL with the different Al and AP powders: a) nano-sized  b) micron-sized  . The initial pressure 
of nitrogen was 4Mpa. 
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When all micron-sized components (sample 1) were replaced by nano-sized (sample 4), the rate of the 
combustion of the HCS increased by about an order of magnitude (from 3.7 to 42.0 mm/s). 

The integral (Q) particle size distributions for the products of combustion of the stoichiometric 
HCS collected directly from the surface of combustion are shown in Fig. 8. The combustion of micron-
sized HCS (sample 1) results in the formation of combustion product of the mean size 28 µm, whereas, 
the combustion product of nano-sized HCS does not exceed 2 µm  
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Fig.8 Integral (Q) particle size distribution of the residual condensed products of the stoichiometric 
HCS with  nano-  and micro-sized components.  

 
 

Conclusion When nano-sized components is used simultaneously, the burning rate of HCS 
increase and the size of the agglomerates on the combustion wave can decrease more then ten time.  It can 
reduce the chemical and double base losses in the rocket motors and improve the ballistic characteristics of 
the HCS. 
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ABSTRACT 
 
For oil well stimulation, explosive compositions that can flow into oil well formation fissures were 
pursued several years ago.  Once into the fissures, the explosive would be detonated to open fissures to 
allow more oil to flow into the oil well. 
 
One petroleum company did a very detailed evaluation on explosive candidates to assure safety and 
performance in operations and function.  After extensive testing and evaluation, a nitromethane-based 
explosive was chosen for the application. 
 
A test well was setup in a remote area to demonstrate the explosive effectiveness.  After all plans were 
completed, the test was begun.  During an attempt to push the explosive into the test well fissures, a 
premature explosion occurred.  All nine persons at the well site lost their lives. 
 
The author, while at IITRI, was contracted to determine the cause of the explosion.  After extensive 
evidence collection, chemical analysis, physical analysis and compatibility testing, the incident cause was 
found and the incident was duplicated. 
 
This paper presents the methodology, analysis and testing to determine the incident cause. 
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ABSTRACT 
 
 Effect of Viton A and Kel-F 800 on performance of Mg / NaNO3 compositions has been 
studied. The compositions are studied for impact and friction sensitivity. Thermo-chemical calculation in 
anaerobic and aerobic condition has also been carried out. The results of Viton A based compositions are 
compared with Kel-F 800 based compositions.  The burn rate of the Mg / NaNO3 / Viton A composition 
is higher than Mg / NaNO3 / Kel-F 800 composition. Viton A based compositions show high IR intensity 
and IR efficiency. All the compositions are friction insensitive upto 36 kg and may be considered safe for 
processing/handling.  
 
 

Introduction 
 

 Current generation IR guided missiles 
employ spectral and radiant intensity 
discriminates, that can be deceived by the 
deployment of conventional IR decoy flares. 
Hence, the decoy flares, which are to be 
developed, should overcome these discriminates. 
In order to be effective, the decoy flares must be 
able to achieve radiant intensity, similar to that 
exhibited by the various military aircrafts to be 
protected. Also, the decoy flare must exhibit 
approximately the same IR spectral 
characteristics as exhibited by the aircrafts 
exhaust plume. This is necessary to deceive the 
attacking IR missile from discriminating 
between real (aircraft) and decoy (flare) targets 
by comparing the presence or absence of certain 
wavelengths within the IR spectrum. 

Various types of IR compositions have 
been studied for different applications 1-9.  
Magnesium/Teflon/ Viton (MTV) compositions 
are main payloads applied in IR decoy flares. 
MTV flares are not useful against sophisticated 
IR guided missiles because their spectral 
signature does not match with true targets. True 
targets are selective emitters with peak intensity 
in 3-5 µ wave band. The intensity ratio Ø2-3µ/3-5µ 
for a true target equals values ≤ 0.7, whereas 
MTV yields ratio Ø2-3µ/3-5µ  = 1.33. Upon 
combustion of MTV flares a flame temperature 
of approximately 2000 – 2200 K is obtained, IR 
emission is mainly from carbon black of 

combustion products and maximum emission is 
at 2.0 µm. The IR maximum emission can be 
shifted to higher wave band either by decreasing 
flame temperature or by generating specific 
emitters in the combustion products like CO2. 
 A fluoropolymer is a polymer that 
contains atoms of fluorine. It is characterized by 
a high resistance to solvents, acids, and bases. 
Examples of fluoropolymers are 
polytetrafluoroethylene (PTFE), 
polychlorotrifluoroethylene (Kel-F 800) and 
Viton A. Teflon is used as a oxidiser and as 
carbon source in IR flare compositions and 
Viton A is used as a binder. Teflon is not soluble 
in any of the solvents and cannot be used as 
binder and as well as carbon source. Viton A 
and Kel-F 800 can be used as binder as well as 
carbon source for the IR flare applications. 
Viton A and Kel-F 800 have the following 
monomer structures: The properties of Viton A 
and Kel-F 800 are given in Table 1. 

Viton A : 

  

 

CF2 CH2 CF

CF3

CF2

n  

 
 
 



-130- 

Kel-F 800 

C

Cl

F

CF2 CH2 CF2

n  
In an attempt to develop spectrally 

matched flare compositions, Magnesium: Viton 
A/Kel-F 800 : Sodium Nitrate system has been 
studied in the present work by varying Sodium 
Nitrate content from 0-20 % ( six compositions). 
The compositions were studied for sensitivity to 
impact and friction, burn rate, IR intensity and 
IR efficiency. Combustion temperature and 
combustion products of pyrotechnic composition 
have been evaluated by REAL program10. 

 
Experimental 

 
Materials 
 

1. Magnesium grade V, of purity more 
than 99% was procured from Eckart 
Werke Germany.  

2. Sodium nitrate of purity more than 99 % 
was obtained from M/S Sunrise 
chemicals, Pune. It was ground and 
passed through 240 BSS Sieve.  

3. Viton A is a proprietary product of Du 
Pont, USA. 

4. Kel-F 800 is a proprietary product of 
3M Company, USA. 

 
Methods  
 
Preparation of compositions 
 

Viton A/Kel-F 800 is dissolved in 
acetone to get thick gel and was coated to 
Magnesium powder. Sodium nitrate was added 
to binder coated Magnesium, mixed and sieved 
through 25 BSS sieve six times. 

 
Pressing of compositions 
 
 All compositions (10g each) were 
pressed into steel tube containers with paper 
liner of internal diameter 20 mm and length 30 
mm under a dead load of 5 ton. 

Evaluation of sensitivity, burn time and IR 
intensity 
 
  Impact sensitivity measurements were 
carried out on a locally fabricated Fall Hammer 
apparatus using 2 kg drop weight and 20 mg 
sample. Friction sensitivity was determined 
using Julius Peter apparatus. Radiometer model 
SR 5000 was used to measure the burning time 
and IR output.  
 

Results and Discussion 
 

 Formulation details are presented in 
Table 2. Burn rate, IR intensity and IR 
efficiency of the compositions are presented in 
Table 3. Burn rate of the compositions increases 
on increasing sodium nitrate content from 
composition 1 to 3 and 4 to 6 due to increase in 
the flame temperature. The burn rate of Viton A 
based compositions shows high burn rate as 
compared to Kel-F 800 based compositions 
probably due to high fluorine content of Viton A 
(Fluorine content: ~71%) as compared to Kel-F 
800 (Fluorine content: ~53 %).  However, it is 
same for composition 3 and 6. IR intensity 
decreases in all the wave bands ie. 2–2.4, 2–3, 
3–5 and 8–13µ. However, Kel-F 800 based 
compositions shows increased IR intensity in 8-
13 µ wave band with increase in sodium nitrate 
content. The spectral ratio Ф2-3 /3-5 μ  reduces 
from 0.60 to 0.40. The IR intensity curves of 
compositions 1 and 3 in spectral mode are 
shown in fig. 1-2. IR intensity curves of 
compositions in spectral mode show peak 
emission at 4.3 µ waveband corresponding to 
carbon dioxide emission. The most important 
emitter in the 3 – 5 μ range is CO2 which is by a 
factor of ~10 more intense than CO10. IR 
efficiency ie IR intensity per gram of 
composition consumed decreases in all the wave 
bands.  

Thermo-chemical calculations (Table 5 - 
6) show that the carbon content in the 
combustion products reduces and carbon 
monoxide content increases as Viton A/Kel-F 
800 content reduces. 
 Sensitivity data of the compositions are 
given in Table 4. Figure of insensitivity 
increases on increasing sodium nitrate in case of 
Viton A but Kel-F 800 based compositions show 
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almost constant Figure of insensitivity and all 
compositions are friction insensitive upto 36 Kg. 
Since the Viton A based compositions produces 
rubbery type of composition and the entrapped 
air may be more. Adiabatic compression of 
entrapped air may leads to impact sensitivity11. 

Thermochemical calculations data in 
anaerobic conditions is presented in Table 5. In 
anaerobic condition, flame temperature increases 
on increasing the sodium nitrate content. Viton 
A based composition shows high flame 
temperature as compared to Kel-F 800 based 
composition.  Magnesium oxide increase with 
increase in Sodium nitrate content but Carbon 
and Magnesium fluoride content decreases in the 
combustion products. The overall decrease in the 
efficiency indicates that the main species which 
contribute for radiation in the IR region is 
carbon.  

Thermochemical calculations data in 
aerobic conditions is presented in Table 6 &7. 
Atmospheric oxygen also takes part during 
combustion but how much atmospheric oxygen 
is involved in combustion is difficult to assess. 
By assuming the sufficient oxygen available 
from the atmosphere for combustion, thermo-
chemical calculations were carried out for the 
Mg/NaNO3/Viton A (70/20/10) and Mg/NaNO3/ 
Kel-F 800 (70/20/10). In aerobic condition, 
flame temperature increases on increasing the 
atmospheric oxygen upto 40 parts oxygen. 
Carbon monoxide reduces and Carbon dioxide 
increases with increase in oxygen content. 
Magnesium oxide increases with increase in 
oxygen content but upto 20 parts oxygen beyond 
that there is a reduction. Magnesium fluoride 
and carbon are absent in the combustion 
products.  

 
Conclusions 

 
1. Burn rate of the compositions decreases 

on increasing Viton A/Kel F 800 content. 
2. IR intensity and Efficiency increases in all 

the wave bands ie. 2 – 2.4, 2 – 3, 3 – 5 and 
8 – 13 µ with increasing of Viton A/ Kel F 
800 content.  

3. The spectral ratio Ф2-3 /3-5 μ reduces from ~ 
0.60 to 0.40 with decreasing of Viton 
A/Kel F 800 content.  

4. Figure of insensitivity increases on 
increasing sodium nitrate in case of Viton 
A but Kel-F 800 based compositions show 
almost constant Figure of insensitivity and 
all compositions are friction insensitive 
upto 36 Kg. 

5. These compositions have potential 
applications as advanced spectrally 
matched flare. 
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Table 1: Properties of Viton A and Kel-F 800 
 
 

Sr.No. Properties Viton A  Kel-F 
800 

1 Density (g/cc) 1.85 2.02 

2 Fluorine Content (%) 71 53 

3 Carbon Content (%) 28 27 

4 Chlorine Content (%) - 19 

 
 

Table 2: Details of Formulations 
 
 

Comp. 
No. 

Mg 
(%) 

NaNO3 
(%) 

Viton A 
(%) 

Kel-F 800 
(%) 

1 70 0 30 -- 

2 70 10 20 -- 
3 70 20 10 -- 

4 70 0 -- 30 

5 70 10 -- 20 

6 70 20 -- 10 
 



-133- 

Table  3: IR Intensity, IR Efficiency and Burning Rates 
 

 
 

Table 4: Impact and Friction Sensitivity 
 

Comp. No. H 50 % 
(cm) F of I Friction insensitive 

up to (kg) 

1 48 46 36 

2 60 50 36 

3 73 60 36 

4 80 108 36 

5 77 104 36 

6 76 102 36 

 
 

2-2.4µ 2-3 µ 
 3-5 µ 8-13 µ 

 Comp. 
No 

 

LBR 
(mm/s) IR o/p 

(W/sr) 
Eff. 

(W.s/sr.g)
IR o/p 
(W/sr)

Eff. 
(W.s/sr.g)

IR o/p 
(W/sr)

Eff. 
(W.s/sr.g) 

IR o/p 
(W/sr)

Eff. 
(W.s/sr.g)

Ø 
2-3/3-

5 

1 8.5 225 57 1025 263 1678 423 168 40 0.61

2 9.5 190 32 575 133 940 227 130 30 0.61

3 11.0 54 10 256 55 600 127 110 20 0.42

4 6.0 177 61 542 207 861 332 99 37 0.63

5 8.0 100 28 338 88 711 200 133 35 0.47

6 11.0 56 12 197 41 545 114 155 30 0.36
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Table 5:  Thermo-Chemical Data in Anaerobic Condition 
 

Comp. 
No. 

Flame 
Temp. 

(K) 

C ( c ) 
(mole/kg) 

CO 
(mole/kg) 

MgO( c ) 
(mole/kg) 

 

MgF2(c) 
(mole/kg) 

1 1343 7.0 - - 5.60 

2 1349 4.67 - 3.52 3.73 

3 1577 2.33 - 7.05 1.84 

4 1051 6.56 - - 4.15 

5 1345 4.43 - 3.52 2.76 

6 1521 2.21 - 7.05 1.37 

 
 

 
Table 6.  Thermo-Chemical Data in Aerobic Condition of Mg/NaNO3/Viton A 

 

Sr. 
No. 

Composition 
Mg/NaNO3/Viton A 

(70/20/10) 

Flame 
Temp. 

(K) 

C ( c ) 
(mole/kg) 

CO 
(mole/kg) 

CO2 
(mole/kg) 

 

MgO 
(mole/kg) 

 

MgF2(c) 
(mole/kg) 

1 0 parts Oxygen 1577 2.33 - - 7.05 1.84 

2 10 parts Oxygen 2754 - 2.10 0.01 9.84 - 

3 20 parts Oxygen 3198 - 1.70 0.23 11.18 - 

4 30 parts Oxygen 3281 - 1.41 0.38 11.01 - 

5 40 parts Oxygen 3296 - 1.20 0.46 10.83 - 

6 50 parts Oxygen 3292 - 1.04 0.50 10.65 - 
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Table 7.  Thermo-Chemical Data in Aerobic Condition of Mg/NaNO3/Kel-F 800 
 

Sr. 
No. 

Composition 
Mg/NaNO3/Kel-F 

800 
(70/20/10) 

Flame 
Temp. 

(K) 

C ( c ) 
(mole/kg) 

CO 
(mole/kg) 

CO2 
(mole/kg) 

 

MgO 
(mole/kg) 

 

MgF2(c) 
(mole/kg) 

1 0 parts Oxygen 1521 2.21 - - 7.05 1.37 

2 10 parts Oxygen 2639 - 2.0 0.006 10.03 - 

3 20 parts Oxygen 3187 - 1.63 0.21 11.60 - 

4 30 parts Oxygen 3280 - 1.34 0.35 11.42 - 

5 40 parts Oxygen 3297 - 1.14 0.43 11.23 - 

6 50 parts Oxygen 3293 - 0.99 0.47 11.03 - 
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Fig.1 Spectral curve of Mg/NaNO3/Viton A (70/0/30) 
 
 

 
 

 
 

Fig.2 Spectral curve of Mg/NaNO3/Viton A (70/20/10) 
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Abstract 
 
In this paper a philosophy is presented to investigate an article with different pyrotechnic components, 
each with their own specific ageing profiles and functioning parameters. For this study separate parts of 
an anti-tank missile system are investigated. This system is already in use for more than 15 years, 
manufactured by two suppliers. 
 
For a proper function and failure analysis, the operation of an article is broken down in main and sub 
functions. Depending on the complexness of the article, a series of sub-functions can be determined, or a 
in the first step the article has to be split up in several sub-articles. Both ways of investigating are 
possible, each with their own problems. 
The order in which the sub functions operate is straight forward and there are no sub functions that have 
dual functions in the system. The performance of all sub functions is analysed with respect to severity of 
malfunctioning, and with respect to ageing. Both internal and external factors with respect to ageing are 
taken into consideration. 
 
The periodic inspection gives information about the actual state of the system but not about the future 
state. At armasuisse it is realised that a lot of money/effort can be saved if one knows more about the 
future state of this missile system. This is why TNO Defence, Security and Safety was asked to assist 
them to get more experience in lifetime prediction in general.  
Within this proposed program, the complete system has been considered. A model has been derived in 
which the relationship between accelerated ageing and ageing under the actual storage conditions of the 
most critical component is given. By means of accelerated ageing, it has been determined whether the 
Swiss system will still function properly. 
 
1 Introduction 
The lifetime prediction or lifetime extension for the gas generating igniting system of the anti-tank guided 
missile consisted of three phases: 

− Function and failure analysis (desk study); 
From the function and failure analysis the most critical component with respect to ageing has 
been determined. 

− Modelling of the ageing behaviour of the most critical component; 
The ageing has been modelled as a function of temperature. 

Accelerated ageing and functioning; 
The system has been aged at an accelerated rate for a period corresponding to 15 years of storage. After 
ageing, the system has been tested in Switzerland. 
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2 Investigated systems 
To show the importance of an analysis of a complete system, by starting with a Function Failure Analysis 
(FFA), two systems are investigated; 

• Rapier – ground to air missiles   (tracking flare and delay element) 
• Dragon – ground to ground anti tank missile (gas generating system and rocket igniter) 

 
RAPIER – system  
 
The first activities are focussed on the Rapier system. A function and failure analysis is a tool to be used 
for the determination of the most critical components of the tracking tracer with respect to ageing. Those 
components will be selected for artificial ageing experiments and modelling. In order to perform a 
function and failure analysis the exact build up and functioning of the tracer has to be known as well as 
data of aged tracers. This information is from periodic inspections. The function and failure analysis is 
performed using information gathered from the disassembly of the tracer and from periodic inspection 
data from the Swiss Ammunition Surveillance.  
 

 

Figure 1: Schematic overview of the tracer (end plug not shown) 

A tracer was disassembled in order to have for a detailed description of its components and functions, and 
to get also material for investigations.  
Figure 1 shows a schematic overview of the tracer. The end that is attached to the missile body is shown 
on the left side. The tracer consists of a steel case, an inert aluminium plug, a pyrotechnic pellet, and an 
end plug. The pyrotechnic charge is separated from the aluminium plug with a cardboard disc. For 
ignition a pyrotechnic igniter cord is ignited by the hot gases of the rocket motor. This igniter cup was not 
available for examination. It is not known what kind of igniter it is. It is thought that it is probably an 
electric igniter (a squib). 
A fire flash ignites the ignition cord. The hot flame of the ignition cord ignites the ignition charge which 
ignites the main charge. By using an extra pyrotechnic charge like the ignition charge the ignition is step-
wise, limiting the possibility of a misfire (Figure 2).  
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Figure 2: Schematic picture of the energy needed  to ignite the main charge (left) and the chain of ignition 
in the Swiss tracer (right). 

 
The burning time of the tracking tracer must be longer than 18 seconds. The integral of the light intensity 
of the tracer over the buring time must be higher than 20.000 cds1. At periodic inspections performed at 
The Swiss Ammunition Surveillance Group, the ignition time, the burning time, the light intensity and the 
integral of the light intensity over the burning time are measured. 
 
Secondly the delay element is investigated. The delay element under investigation is a small part of the 
rocket motor for the missile. It contains an explosive material of which the composition mainly consists 
of nitrocellulose and nitroglycerine. For this item the consequence on not well functioning is a fast 
initiation of the safetey and arming device of the missile, with the consequence of an explosion in a too 
early stage. 
 
DRAGON – system 
Two parts of the Dragon anti-tank-missile will be presented, namely the gas generating igniter and the 
rocket igniter. 
The investigation described in this paper is part of the lifetime study on a gas generating igniter of an anti-
tank guided missile. A schematic drawing of this gas generating system is described in figure 3. 
In this paper the focus is on the material that forms the output charge, which is positioned on a kind of a 
saucer in the device (no. 14 in figure 3). The material is isolated from the device by carefully carving and 
scratching it from the saucer using a scalpel. The composition of this material was indicated as boron, 
potassium nitrate, nitrocellulose, Epikote 828 (an epoxy resin) and Versamid 125 (a polyamide). The 
focus in this paper is on the thermal ageing aspects of the output charge. It cannot be excluded that e.g. 
vibrations during transport and operational use may cause mechanical damage during which the output 
charge will be removed from the saucer, which obviously will affect the functioning of the item. 
 

                                                 
1 Information from the Swiss Defence Procurement Agency: Pruefprotokoll Lichtmessanlage MFT, 2000 

main charge main charge

ignition charge

igniter cord
squib squib
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Fig. 3 – Schematic drawing of the Gas Generating Igniter. 1: hole for output initiation mixture; 2: 
ignition initiation assembly; 3: adhesive; 4: case; 5: sealant; 6: O-ring; 7: gasket; 8: cup; 9: nut; 10: 
adhesive; 11: washer; 12: braze material; 13: disk, mylar; 14: output charge; 15: gasket. 
 
For this particular article, only one main function can be defined, and that is “to ignite the gas generator”. 
Also, relatively few subfunctions can be defined that need to operate in order for the main function to be 
carried out. The order in which the subfunctions function is straightforward and there are no subfunctions 
that have dual functions in the system.  
 
The functioning of all subfunctions is analysed with respect to severity of malfunctioning, and with 
respect to ageing. External factors with respect to ageing are taken into consideration. 
 
Composition characteristics with respect to ageing 

− Boron and zirconium potassium perchlorate compositions are stable pyrotechnic compositions, 
decomposition only occurs after heating.  

− Although the ageing properties of boron/calcium chromate are not described in detail in the 
literature, the onset temperature of the decomposition of B/CaCrO4 is around 680°C2. Also, in the 
literature there is no specific reference which warns for incompatibilities or hygroscopic 
properties of the materials. Chromium is however a heavy metal, and therefore an undesirable 
element. Unfortunately not many alternatives seem available.  

− Boron/sodium nitrate is thermally stable. Nitrates are however hygroscopic salts, and are 
therefore sensitive to moisture. 

− Thermal decomposition reactions occur in nitrocellulose. NOx is formed as a result of 
decomposition. 

− Epikote is an epoxy resin, Versamid is a polyamide used to cure the resin. Epoxy resins are 
sensitive to NOx. 

− Brass is a copper/zinc alloy. Oxidation of the brass disk can occur by NOx formed from the 
decomposition of nitrocellulose. 

 

                                                 
2 J. Rogers, “The characterisation and performance of thirteen B/CaCrO4 pyro blends”, 8th International Pyrotechnics Seminar, 
1982 
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The critical components with respect to ageing are: 
− The output charge 

NOx is formed from decomposition of nitrocellulose. NOx can react with the epoxy binder in the 
composition and can corrode the surface of the brass disk. This may damage the attachment of the 
output charge to the disk. 

− Adhesive and sealant 
Although the chemical composition of neither the adhesive nor the sealant is known they are in 
this desk study considered to be critical components. From experience it is known that sealings in 
general have to be considered critical components. More detailed information of these 
components is needed for further evaluation. 

 

 
 

Fig 4: Graphic representation of the critical components of the gas generator ignition system. 

From the last item, the gas generator system, the further analyses is given, starting on form the material. 
From two different igniter systems the material of the output charge was collected. The systems, 
photographs of which are presented in figure 5, with a gap between, were indicated as follows:  

System 1: 06AES541 
Lot 16-119 
 

System 2: 06AES542 
Lot0067 
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Fig. 5 – Photographs of the Gas Generating Igniters. 
 
The thermal behaviour of the materials from both systems was investigated using the thermal analysis 
techniques Differential Scanning Calorimetry (DSC) and Themogravimetric Analysis (TGA). The 
thermal analysis experiments were performed with samples of the materials placed in open aluminium 
crucibles in a nitrogen atmosphere. The material from both systems was also observed with a Scanning 
Electron Microscope (SEM). 
 
The DSC experiments were performed using an instrument from Mettler Toledo, model DSC 822e. The 
samples (2.724 mg of the material from system 1 and 2.817 mg of the material from system 2) were 
heated, cooled and re-heated in the DSC instrument with a rate of 5 K/min between 25 °C and 600 °C. A 
cycling temperature program was used to determine whether any reversible changes can be observed.  
 
The used TGA-apparatus was a Mettler Toledo TGA-SDTA 851e. On both materials first a measurement 
was performed in which the samples (2.46 mg of the material from system 1 and 2.99 mg of the material 
from system 2, both in an open aluminum crucible) were heated from 25 °C to 600 °C at a rate of 5 K/min 
under a nitrogen atmosphere. Then, using samples from both materials, experiments were performed in 
the temperature range from 25 °C to 500 °C using heating rates of 10 K/min, 5 K/min, 2 K/min, 1 K/min 
and 0.5 K/min. The results of these measurements at variable heating rates were used for a kinetic 
analysis of the decomposition reactions. 
 
For SEM measurements an amount of both materials was gently crushed/powdered in a mortar. The SEM 
instrument used was a Philips XL-30 FEG. SEM images were recorded using the back-scattering mode. 
Our SEM is equipped with a Vantage X-Ray Micro Analysis system with a Si-detector, which allows 
local elemental analysis. 
 
The results of the DSC-experiments on samples of the material from both systems are presented in 
figures 3 and 4. The slight curvature into the endothermic direction at temperatures above about 300 °C is 
considered to be insignificant. For both samples the cooling curve and the second heating curve do not 
show any significant effects. The first heating curves show four heat effects for both materials, the 
characteristics of which are presented in table 1. 
 
The first heat effect is endothermic with an (extrapolated) onset temperature at 132 °C. This effect is 
probably caused by the solid-solid phase transition in potassium nitrate (reported at 130 °C[i]). The third 
heat effect, a sharp endothermic peak with an (extrapolated) onset temperature of 330 °C – 332 °C, is 
assumed to be caused by melting of potassium nitrate. The melting point of potassium nitrate is reported 
as 337 °C[ii] and as 330 °C. The two exothermic effects are probably caused by decomposition. The 
exothermic effect around about 200 °C is probably caused by decomposition of nitrocellulose since the 
decomposition of nitrocellulose was reported to start at about 171 °C. 
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Fig. 6. Result of the DSC-measurement (exothermic effects plotted upwards) on a sample of the material 
from system 1. 
 

 
Fig. 7. Result of the DSC-measurement (exothermic effects plotted upwards) on a sample of the material 
from system 2. 
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Table 1. Properties of the observed heat effects with DSC (first heating). 
  System 1 System 2 
First heat effect Start temperature 

End temperature 
Onset temperature 
Peak temperature 
Endo- or exothermic 
Heat effect 

128 °C
150 °C
132 °C
134 °C
endothermic 
29 J/g 

129 °C 
145 °C 
132 °C 
138 °C 
endothermic 
27 J/g 

Second heat effect Start temperature 
End temperature 
Peak temperature 
Endo- or exothermic 
Heat effect 

167 °C
228 °C
198 °C
exothermic 
-42 J/g 

162 °C 
230 °C 
198 °C 
exothermic 
-116 J/g 

Third heat effect Start temperature 
End temperature 
Onset temperature 
Endo- or exothermic 
Heat effect 

324 °C
338 °C
330 °C
endothermic 
55 J/g 

327 °C 
338 °C 
332 °C 
endothermic 
52 J/g 

Fourth heat effect Start temperature 
End temperature 
Peak temperature 
Endo- or exothermic 
Heat effect 

273 °C
461 °C
409 °C
exothermic 
-2725 J/g 

308 °C 
510 °C 
413 °C 
exothermic 
-2741 J/g 

 
No significant differences were observed in the first, the third and the fourth heat effect in both materials. 
For the second heat effect, which is exothermic, observed around 200 °C, and probably caused by the 
decomposition of nitrocellulose, the heat effect appears to be much larger for the material from system 2 
than for the material from system 1 (about 2.7 times). 
 
The results of the first TGA-experiments on samples from both materials at a heating rate of 5 K/min are 
presented in figure 8. Besides a very small amount of mass loss at low temperatures, which is probably 
caused by evaporation of a very small amount of volatile impurities, both materials show two significant 
steps of mass loss that are not completely separated from each other. Quantitative information on these 
two steps of mass loss is given in table 2. 
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Fig. 8. Results of the TGA-measurements on samples of the material from systems 1 and 2. 
 
Table 2. Properties of the observed mass-loss steps with TGA. 
  System 1 System 2 
First mass loss step Start temperature

End temperature
Mass change 

150 °C 
250 °C 
-3 % 

150 °C 
250 °C 
-6 % 

Second mass loss step Start temperature
End temperature
Mass change 

250 °C 
450 °C 
-25 % 

250 °C 
450 °C 
-25 % 

 
The two mass loss steps observed during the TGA-experiments appear to coincide with the two 
exothermic heat effects that were recorded during the DSC experiments, i.e. the second and the fourth 
heat effect. In the second mass loss step for both materials the mass decreased with about 25% in the 
temperature range between 250 °C and 450 °C. The (exothermic) heat effects observed in about the same 
temperature range were equal for both materials, about -2.7 kJ/g. In the first mass loss step, between 
about 150 °C and 250 °C and probably caused by decomposition of nitrocellulose, for the sample of 
material from system 1 the mass decreased by 3 % whereas the mass for the sample of material from 
system 2 decreased by 6 %. This observation is in agreement with the DSC-results, which in the same 
temperature range showed an exothermic heat effect for material from system 2 that was more than twice 
as large as the exothermic heat effect for material from system 1.  
 
From the above mentioned observations it can be concluded that the materials from the two systems are 
not equal. When it is assumed that the exothermic heat effect and the mass-loss step around 200 °C is 
caused by decomposition of nitrocellulose, it may be stated that the concentration of nitrocellulose in the 
material from system 2 is more than two times as large as its concentration in the material from system 1. 
 
The SEM measurements were performed to see whether differences between the materials from the two 
systems could also be observed with SEM. After gently crushing/powdering the materials, the powdered 
material from system 1 clearly contained some small particles with a metallic luster. The results of the 
SEM measurements on samples of the material from both systems are presented in figures 9 and 10. It can 
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clearly be observed from the SEM-images that the material from system 1 contains a larger amount of 
small particles that show as light parts in the images than the material from system 2.  
 

 
Fig. 9. SEM image of a sample of the material from system 1. 
 

 
Fig. 10. SEM image of a sample of the material from system 2. 
 
X-Ray Micro Analysis spectra obtained from a spot on the sample that resulted in a dark part of the SEM-
images are presented in figures 11 and 12 for material from the systems 1 and 2, respectively. The spectra 
show that these spots on both materials contain the elements carbon, oxygen and potassium, and some 
boron. The investigated spot on the sample from material of system 2 also contained some magnesium, 
which appeared to be absent in the sample from the material of system 1. 
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Fig. 11. X-Ray Micro Analysis spectrum from a spot on the sample of material from system 1 that resulted 
in a dark part of the SEM-image presented in figure 9. 
 

 
Fig. 12. X-Ray Micro Analysis spectrum from a spot on the sample of material from system 1 that resulted 
in a dark part of the SEM-image presented in figure 10. 
 
Figures 13 and 14 show the X-Ray Micro Analysis spectra obtained from a spot on the sample that 
resulted in a light part of the SEM-images that are presented in figures 11 and 12 for material from the 
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systems 1 and 2, respectively. The spectra show that these spots on both materials contain the elements 
potassium, oxygen and nitrogen, and some carbon and boron. These spots therefore probably mainly 
consist of potassium nitrate. 

 
Fig. 13. X-Ray Micro Analysis spectrum from a spot on the sample of material from system 1 that resulted 
in a light part of the SEM-image presented in figure 9. 
 

 
Fig. 14. X-Ray Micro Analysis spectrum from a spot on the sample of material from system 1 that resulted 
in a light part of the SEM-image presented in figure 10. 
 
A particle with a metallic luster from the material of system 1 was investigated separately using X-Ray 
Micro Analysis. The obtained spectrum is shown in figure 15. Clearly this particle mainly consists of 
metals (elements silicon, magnesium, iron, aluminium, potassium and titanium). Particles of this kind 
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were not expected given the indicated composition of the material. Possibly these particles introduced 
into the material during removal of the material from the metallic saucer disk (no. 12). 
 

 
Fig. 15. X-Ray Micro Analysis spectrum of a particle with a metallic cluster in the material from 
system 1. 
 
Functional testing 
For the gas generating igniter the materials are functional testes at the test facilities at armasuisse.  

 
Fig. 17: test set-up at the armasuisse facilities (Thun, CH) 
 
The reason for using the original test set-up is to compare the outcome with the values as determined after 
the production. 
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Fig 18: test results after artificial ageing, compared to the original ones. 
 
Conclusions 
Based on this paper and earlier publication, with studying single components in an article, it could be 
concluded that the lifetime is correlated to the functionality. This last point can first be investigated on 
paper by a function failure analysis (FFA), followed by specific studies on the most critical components, 
and finally functionality tests has to be performed. Based on the results and trend analysis a safe lifetime 
can be predicted. 
 
 
 
 
 
 
 
 
 
 
 
                                                 
i  T. Hatakeyama and Zhenhai Liu (Eds.), Handbook of Thermal Analysis, John Wiley and Sons, 

Chichester (1998). 
ii  David R. Lide (Ed.), Handbook of Chemistry and Physics, 83rd ed., CRC Press, Boca Raton (2002). 
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ABSTRACT 
 
A study was conducted to differentiate firework flash powders from energetic materials by using 
electrostatic discharge test methods. Electrostatic discharge ignition tests were conducted on 
several flash powders, pyrotechnic material, and explosive materials. Ignition and propagation 
events were recorded using a high-speed (5000 frames per second) video camera.  
  
Electrostatic discharge testing was conducted using several test setups, under a variety of 
material conditions, and firing circuit conditions. From the test results and analysis of spark 
durations, the materials were compared to define characteristic trends between flash powders and 
other materials. Propagation characteristics in a trough leading from the powder holder were 
evaluated. The powders were ranked according to the shortness of spark duration and the 
propagation pattern. From this information, relative hazards could be identified.   
 
INTRODUCTION 
 
Since most of the fireworks used in the world are made in China, shipping and handling hazards 
are significant. Numerous massive fireworks explosions have occurred in shipment. Many 
fireworks items are extremely sensitive to electrostatic discharge s designed and packaged. It is 
very difficult to provide electrostatic grounding and bonding to the items and packages. At the 
same time, illegal fireworks shipments occur especially before to the fourth of July in USA. 
 
A need exists to be able to classify the hazards of various fireworks devices and materials by the 
shipping authorities and law enforcement officials. Attempts have been made to classify them 
according to their heat and explosion output using small scale testing methods but are not very 
good at predicting large-scale item and packaging hazards.  
 
Since electrostatic ignition is a significant ignition hazard for fireworks, Use of small scale ESD 
methods was explored that will scale up to full-scale firework items in terms of minimum 
ignition energy and power. Also, relative ranking of ignition and propagation hazards can be 
determined. 
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EVALUATION CRITERIA 
 
Previous evaluations using small-scale (gram) pressure vs. time testing (per UN protocol) is not 
very conclusive since the flash powders are usually mixtures of chemicals with variable degree 
of mixing efficiency. In addition, the test utilizes a single strength igniter to measure the powder 
pressure rise rate. It does not determine the ease of ignition that may well be more of a hazard 
than the rate of output. 
 
In contrast, the electrostatic spark discharge testing1,2,3 may be a better indicator of relative 
hazard associated with flash powders. By using different spark durations and energy levels4, one 
can evaluate the flash powder overall hazard in handling and use. For example, if the powder can 
only be ignited with a spark generated using a very low resistance circuit, it has a high capacity 
to drain off energy and can only proceed to ignition when the spark energy is released quickly. 
When the ignition occurs at high circuit resistance, the powder has a low energy loss to the 
environment requiring longer time to react to the spark energy input. Usually, long duration 
sparks are needed5, 6 to slowly drive the powder to reaction when reaction products are in the 
form of molten liquid or heat transfer rates are slow. 
 
 
ELECTROSTATIC SPARK DISCHARGE METHODOLOGY 
 
To look at the electrostatic spark energy and duration effect on ignition of the powders, the 
following variables were studied: 
 

• Circuit resistance 
• Circuit capacitor size 
• Stored voltage on the capacitors 
• Electrode configurations 
• Powder containment effect 

 
The ranges of each variable tested are as follows: 
 
 Variable    Ranges 
 Circuit Resistance  none, 20k, 100k, 500k, 1000k(1M) 
 
 Circuit Capacitance  0.01, 0.001, 0.002, 0.005, 0.0005, 0.00005 μFd 
 
 Stored Voltage on  0 to 20,000 volts  
  Capacitor 
 
 Electrode Configuration Pipette, Nylon Disk, Approaching Electrode, Trough 
  
 Powder Containment  Enclosed Pipette, Loose Powder, semi-contained 
  
The testing was conducted using the methodology shown in Figure 1-“Flash Powder Protocol”. 
Here, we started testing using the largest capacitor and the highest voltage and proceeded down 
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the matrix for each electrode configuration and confinement. Three flash powders were tested 
along with reference powders to determine the ignition hazards of each. An SCE high-voltage 
(up to 25,000 volts) 2,7 power supply was used with a vacuum switch to deliver energy through a 
variety of circuit resistances to the spark gap. For the approaching discharge setup, the voltage 
was set at a given level and the gap was reduced until a spark occurred. 
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FIGURE 1- FLASH POWDER ELECTROSTATIC DISCHARGE TEST PROTOCOL 
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Each powder was weighed out to 60 mg and placed into a holder in one of the test apparatus 
shown below: 
 
 

                                                    
 
SCE Fixed Electrode    SCE Approaching Electrode         MIL-STD Approaching 
                 Electrode 
 
The powder sample was placed loosely into one of the three sample holders shown in the 
following photos: 
 

                            
 
Nylon Cup Holder           Nylon Disc Holder  Plastic Pipette Holder 
 
The powder sample size in all tests was 60 mg and a fixed electrode gap of 2.5 mm. The 
approaching electrode start gap was 30 mm. The Bruceton Test Method (up-down) was used to 
determine the 50 percent fire ignition points for each flash powder. Black powder, BKNO3, 
RDX, and PETN were used for comparison. 
 
All tests were conducted by applying a given high voltage onto a given capacitor with a given 
circuit resistance. The energy recorded was the calculated energy on the capacitor. In actuality, 
the energy in the spark will be much less than that on the capacitor. The circuit resistance and 
capacitance govern the energy release rate into the sample. Only one sample of powder was used 
for each test point. A new sample was used for the next test point to assure pure sample 
exposure. A series of tests were conducted to determine the spark energy levels for ignition on 
the variables listed previously. See Table 1 for a list of tests that were conducted. 
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Table 1 

EFFECT OF ELECTRODE-HOLDER 
CONFIGURATION, RESISTANCE AND CAPACITANCE 

 

MATERIAL CONFIGURATION 
(OHM) 

R 
(μFd) 

C 
(Volts) 

V 

Ignition 
Energy 

(mJ) 

Ignition Energy 
for Propagation 

(mJ) 
       
Mix 1 
Flash 
Powder  

Trough 
Pipette 

Approach Electrode 

0 
0 
0 

0.001 
0.005 
0.01 

7100 
9000 
7100 

25 
202 
250 

-- 
245 

-- 
       

Mix 2 
Flash 
Powder 

Nylon Disk 
Trough 
Trough  

Approach 

0 
0 
0 
0 

0.001 
0.001 
0.002 
0.01 

15900 
11700 

9000 
12600 

126 
70 
81 

794 

 
125 
100 

       

Mix 3 
Flash 
Powder 

Pipette 
Trough 
Pipette 

Approach 
Pipette 

0 
0 
0 
0 

1M 

0.0001 
0.001 
0.01 
0.01 

  0.01 

15000 
18800 

5600 
6700 

18850 

11 
177 
157 
224 

1760 

 
200 

 
 
 

       

ZPP Pipette 
0 

1M 
500K 

0.00005 
0.00005 
0.001 

30000 
9000 
9000 

 0.225 
2.0 

  40 
 

       

RDX Pipette 

0 
100 
20K 
1M 

0.01 
0.01 
0.01 
0.01 

7950 
9000 
9000 
8900 

316 
405 

1125 
396 

 

       

PETN Nylon Disk 
0 

1M 
1M 

0.002 
0.001 
0.01 

9450 
10000 
10000 

89 
50 

500 
 

       

BKN03 

Pipette 
 
 

Nylon Disk 
Trough 
Pipette 

0 
500 
1M 
1M 
1M 
1M 

0.01 
0.01 
0.01 
0.003 
0.002 
0.002 

>20000 
>20000 

9000 
9450 

20000 
12590 

>2000 
>2000 

405 
223 
400 
159 

 
 
 
 

400 PROP 
 

Black 
Powder 
FFF9 

Pipette 
 

Nylon Disk 
 
 

0 
500 
500 
100 
1M 
1M 

             0.01      
            0.01      
            0.005    

0.005 
0.002 
0.005 

>20000 
9000 

13370 
16800 
18000 
12620 

>2000 
405 
446 
706 
324 
398 

 

Black 
Powder-100 
Mesh 

Pipette 
Pipette 
Trough 
Trough 

500 
1M 
500 
1M 

0.002 
0.002 
0.002 
0.002 

14960 
18000 
17780 
16790 

224 
324 
316 
282 

 
 

326 PROP 
282 PROP 
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Electrostatic Discharge Ignition Propagation Characteristics 
 
To evaluate the potential for propagation, SCE designed a trough that extends from the powder 
holder. Thus, the energy for ignition can be evaluated relative to the ability to propagate flame or 
high-energy reaction at a higher delivered electrostatic discharge energies. If the two values of 
energy are close to each other, one can conclude that the flash powders are extremely hazardous 
since it does not take much more energy to propagate the reaction. A nylon trough was 
configured to evaluate the propagation potential. See the following figures: 
 
 

                          
 
SCE trough test setup Electrode and trough setup  Upper view of the trough 
 
 
The 60 mg of powder was placed in the section below the top electrode and approximately 1 
gram of powder was placed in the trough up to the top of its groove. See Figure 2 for trough 
dimensions. 
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High-speed digital video photography was used at 5000 frames per second to record the ignition 
and propagation of the powder reaction on several of the powders tested. Black powder and 
BKNO3 were tested for propagation. In addition, flash power no. 2 was tested in the cup 
configuration.  The results are also shown in Table 2.  
 
A summary of 50% fire ignition energy results for ignition /propagation for various test 
configurations and capacitance/voltage combinations where reactions were found are listed in 
Table 2. 
 

TABLE 2  
SUMMARY OF ESD TEST RESULTS 

 
Container 

Configuration 
Ignition Energy 

mJ 

Mix Resistor Pipette 
Nylon 
Disk 

Approaching 
Electrode Trough Prop 

2 
Plates

Flash 1 0 202 (.005)* --- 250 (0.01) 25(.002) 245 --- 
Flash 2 0 --- 126 (.002) 794(0.01) 70(.001 125 --- 
Flash 3 0 11(.001) --- 224(0.01) 177(.001) 200 --- 

0 0.225 
(0.00005) --- --- --- --- --- 

500K 40(0.001) --- --- --- --- --- 

ZPP 

1M 2.0(0.0005) --- --- --- --- <0.03 
0 216 --- --- --- --- --- 

20K 1125 --- --- --- --- --- 
100K 405 --- --- --- --- --- 

RDX  
(0.01)* 

1M 396 --- --- --- --- 178 
0 89(0.002) 50(0.001) --- --- --- --- PETN 

1M 500(0.01) 50(0.001) --- --- --- --- 
0 >2000 --- --- --- --- --- 

500 >2000 --- --- --- --- --- 
1M 405(0.01) 223(0.005) --- 400(.002) 400 --- 

BKNO3 

--- --- --- --- 159(0.002) --- --- 
0 >2000 --- --- --- --- --- 

500 405(0.01) --- --- --- --- --- 
--- 446(0.0005) --- --- --- --- --- 
100 --- 706(0005) --- --- --- --- 
1M 324(0.002) --- --- --- 400(0.002) --- 

Black 
Powder 
FFFg 

1M 398(0.0005) --- --- --- --- --- 

500 224 --- --- 316 --- --- Black 
Powder 
-100 
(0.002) 1M 324 --- --- 282 --- --- 
* Capacitor Size- μfd 
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Spark Duration (Power) Effect on Ignition Energy 
 
Calculations were made to determine the spark duration for various capacitance and resistance 
combinations based on the RC equation. The results are shown in the following graph: 
 
 

0

5000

10000

15000

20000

25000

30000

35000

0 0.002 0.004 0.006 0.008 0.01 0.012

1Kž
20Kž
100Kž
500Kž
1000Kž

 
Capacitance - μfd 

 
 
The spark duration for each combination of capacitance and circuit resistance was calculated 
based on the graph above and is shown in Table 3. 
 

Time- 
μ- sec. 
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TABLE 3 
SUMMARY OF ESD TEST RESULTS COMPARING MIE WITH SPARK DURATION 

 

Material Resistor Capacitor 
MIE 
(mJ) 

Δτ 
(µs) 

0 0.001 25 0 
0 0.005 202 0 

Flash Powder 
Mix 1 

0 0.01 250 0 
0 0.001 126/70 0 
0 0.002 81 0 

Flash Powder 
Mix 2 

0 0.01 794 0 
0 0.0001 11 0 
0 0.001 177 0 
0 0.01 157/224 0 

Flash Powder 
Mix 3 

1M 0.01 1760 31417 
1M 3.5 x 10-8 0.03 10 
0 0.00005 0.23 0 
500K 0.001 40 1571 

ZPP 

1M 0.00005 2.0 78.5 
0 0.01 316 0 
20 0.01 1125 628 
100 0.01 405 3142 
1M 0.01 396 31417 

RDX Coarse 

1M (2 plates) 0.01 178 31417 
1M 0.001 50 3142 
0 0.002 89 6283 

PETN 

1M 0.01 500 31417 
0 0.01 >2000 0 
500 0.01 >2000 15708 
1M 0.01 405 31417 
1M 0.005 223 15708 
1M 0.002 400 6283 

BKNO3 

1M 0.002 159 6283 
0 0.01 >2000 0 
100 0.005 706 1571 
500 0.005 446 7854 
500 0.01 405 15708 
1M 0.002 324 6283 

Black Powder 
FFFg 

1M 0.005 398 15708 
500 (pipette) 0.002 224 3147 
1M (pipette) 0.002 324 6283 
500 (trough) 0.002 316 3147 

Black Powder 
-100 

1M (trough) 0.002 282 6213 
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SUMMARY OF TESTS 
 
The results of all testing at all parameter variations relative to the lowest ignition energy levels 
were tabulated and are shown in Table 4 below. 
 

TABLE 4 
SUMMARY OF ALL TESTING 

 

Powder R-ohm C-μFd 
MIE-
mJ 

Spark- 
ms Propagate. 

Electrode 
Config. 

dP/dt 
Time/ms 

Flash #1 0 0.001 25 >0 Yes Trough 0.40 
Flash #2 0 0.001 70 >0 Yes Trough 2.43 
Flash #3 0 0.0001 11 >0 Yes Pipette 0.24 
BKNO3 1M 0.005 223 15 Yes Disc/Trough - 

ZPP 0 
0 

0.00005 
3.5x10-8 

0.225 
<0.03 

>0 
0.01 

- 
- 

Pipette 
(2 Plates) 

- 
- 

Black-
FFFg 

500 K 
1M 

0.01 
0.002 

405 
324 

15.7 
6.3 

- 
Yes 

Pipette 
Pipette 

- 
- 

Black  -
100 mesh 

500 K 
1M 

0.002 
0.002 

224 
282 

3.1 
6.2 

- 
Yes 

Pipette 
Trough 

- 
- 

PETN 0 
1M 

0.001 
0.001 

50 
50 

>0 
3.1 

- 
- 

Disc 
Disc 

- 
- 

RDX  
-60 mesh 

0 
1M 

0.01 
0.01 

216 
178 

>0 
31.4 

- 
- 

Pipette 
(2 Plates) 

- 
- 

 
The flash powders had the lowest ignition levels at the smallest capacitances and the lowest 
resistance in the circuit. The pipette (11 mJ) and trough (25 mJ) yielded the lowest ignition 
energies.  
 
For the ZPP powder, the lowest ignition energy (0.225 mJ) occurred at the lowest capacitances 
and the lowest circuit resistance. 
 
For PETN, the lowest ignition energies (50 mJ) occurred at the lowest capacitance and circuit 
resistance also. 
 
The lowest ignition energy (223 mJ) was found at the highest circuit resistance and the lowest 
capacitance for BKNO3. 
 
As seen from Table 4, the flash powders only ignite at low energies when the circuit resistance is 
very low and the spark discharge time is very short. The spark energy must be delivered in a very 
short time indicating that energy can dissipate quickly in the flash powders. A similar result was 
noted in ZPP powder.  All other reference powders had lowest ignition energies only at high 
circuit resistances and consequent long spark discharge times (from 3 to 30 milliseconds) 
indicating spark energy soak was necessary to achieve ignition. 
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HIGH SPEED DIGITAL VIDEO STUDY FOR PROPAGATION 
 
In attempt to understand the ignition and propagation process, a Red Lake MotionPro-X high-
speed video camera was used at 5000 frames per second to record the ignition and propagation 
event. It is capable of recording up to 30,000 frames per second equivalent. Several powders 
were tested.  
 
One event is illustrated in the next series of ignition-to-propagation for BKNO3 powder. Here, 
we see the gas evolution and hot reactive particle dispersion during propagation. 
 
 
 

            
 
 Frame after Ignition   Second Frame   Third Frame 
 
 

          
 
 Fourth Frame    Fifth Frame   Sixth Frame 
 
 

 
 

Seventh Frame 
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From these frames, one can see the fireball progressing into two reaction fronts with a gas 
evolution pattern and hot particles rising. For flash powders, the fireball maintained contact 
throughout the propagation with the fireball rising up. 
 
 
CONCLUSIONS AND RECOMMENDATIONS 
 
From the analysis and testing of the flash powders, the ignition occurs at low ignition energies 
with very short spark durations. They compare favorably to the pressure-time testing conducted 
in Europe. The electrostatic discharge tests are very simple to conduct and do provide a good 
screening method for hazard evaluation.  
 
The ESD methodology developed has the following attributes: 
 

• Simple safe test method to discriminate and determine electrostatic discharge energy 
and power of flash powders. 

• The method using a trough also evaluates the ability to propagate rapidly. 
• The ESD energy and power relate to the pressure-time testing conducted in the past 

and provides simple testing with minimal sample size. 
• It is good to differentiate the hazard between flash powders and other energetic 

powders. 
• The test method facilitates the high-speed video analysis of the propagation 

phenomena. 
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Abstract 

The formation of metallic nanooxides via detonation reaction was investigated with respect to the 

presence of an energetic precursor, such as the metallic nitrate and the degree of confinement of the 

explosive charge. The detonation products were characterized by scanning electron microscopy. The 

thermal stability of the nanostructures has been examined by heating-treatment at different temperatures. 

Powder X-ray diffraction, transmission electron microscopy, scanning electron microscopy, 

thermogravimetric analysis and BET were used to characterize the products. Nano-metallic oxides with 

diameters from 10 to 50 nm and a variety of morphologies were found. The oxides produced by this 

cheap method affirmed the validity of detonation synthesis of nano-size powders. 

Keywords:  Nanocomposites; Crystal structure; detonation synthesis; X-ray techniques 

Introduction 

The spinel lithium manganese synthesized by the conventional method has several disadvantages, such as 

inhomogeneity, irregular morphology, large particle size, broad particle size distribution, high synthesis 

temperature and repeated grinding. To overcome the disadvantages of solid-state reaction, several soft 

chemistry methods, such as hydrothermal method, sol–gel, solvothermal method, coprecipitation and 

pechini process have been developed. Among these methods, solvothermal method should use organic 

methods. It is toxic and unsafe. The sol–gel, coprecipitation and pechini process need further calcination 

and grinding. The hydrothermal synthesis is a powerful method to prepare various oxides. The advantage 

features of this method are to control the morphology, the particle size and the crystalline of products. 
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However, most spinel LiMnO products synthesized by the hydrothermal method reported in literature 

were powders with irregular shape.  

Jianjun Liu et al [1] thinks that the shock-induced chemical reactions leading to synthesis of 

compounds in powder mixtures occurred under conditions of the microsecond-scale duration of the high 

pressure, stress, strain- rate, and temperature states. Such high-rate chemical reactions can be 

advantageously utilized to synthesize materials with novel phases and unique microstructures, or to 

generate radically modified materials with physically interesting or technologically useful properties.  

Shuhua Ma et al [2] said that Spinel structure Li–Mn–O compounds are the most promising lithium ion 

insertion electrode materials for rechargeable lithium batteries because of a number of advantages over 

their alternatives, e.g., a lower cost compared with LiCoO2 or LiNiO2, a high cell voltage, and a high 

environmental tolerance, etc. The excess of Li and substitution of Cr to Mn and small surface area 

impeded the occurrence of the split. The split is presumably considered relating to the disproportionation 

dissolution of stoichiometric spinel intensified by the elevated temperatures in slightly acidic electrolyte 

due to residual water impurity. LiMnO can selectively insert Li from an aqueous solution [3]. Mitsuharu 

Tabuchi et al [4] reported that the excess Li could substitute the Mn ion on the 16d site in the spinel 

structure. And they introduced that excellent cycling behavior for nonstoichiometric Li1.0Mn1.93O4. Jong-

Uk Kim et al [5] investigated characteristics of charge/discharge cycling of LiMn2O4. I.J. Davidson et al 

[6] reported that using solid-state reactions method, however, the powder preparation route is also quite 

complicated, for example, several times calcination and subsequent physical grindings. Moreover, its 

electrochemical properties are greatly dependent on its crystalline particle size [7].  

Zhanqiang Liu et al [8] synthesized nanostructured spherical spinel lithium manganese oxide (LiMnO) 

with about 200nm in diameter for the first time by mild hydrothermal method, and systematically studied 

the influence of the reaction temperature and the time of formation of the nanostructures.  

Experimental 

The explosive charges were put into a thin plastic bag with an approximate 1780 kg/m3 density and the 

mass was fixed at 1.609 kg of explosive matter. For each charge an electric No.8 initiator and a 0.038 kg 
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plastic RDX booster were used. The detonation experiments were performed in an explosive chamber 

(shown in Fig.1). This method provides a very fast quenching space. The air surrounding the charge 

provides efficient cooling of detonation products and thus reduces the reuniting of obtained nanoparticles. 

The detonation experiments were done in a steel tank of 14.1 m3. The explosive charge was placed in a 

polyethylene bag, which was suspended at the tank center. The detonation products contained some 

impurities such as fragments from the tank walls (Fe2O3, Al2O3), copper and steel from the detonator, and 

PE from the bag and the leg wires of the detonator. Large size impurities were eliminated by simple 

filtration of the suspension. So for all the experiments, the detonation of slurry explosives synthesized a 

black powder containing mainly ultradispersed composite oxides of Lithium and Manganese.  

 

1－powerline;2－explosion chamber;3－detonator;4－explosive; 

5－lifting rope; 6－exhausting hole; 7－deslagging pipe 

Fig.1 Schematic of explosive chamber.      Fig. 2. XRD pattern of Lithium Manganate. 

The detonation soot was then studied by use of X-ray diffraction (XRD). Scanning electron 

microscopy (SEM) analysis was performed with JEDL JEM-1200EX for detonation synthesized Lithium 

Manganese oxides. XRD analysis was carried out on an XRD-6000 Shimadzu diffractometer using Cu Kα 

irradiation with input power of 50 kV and 150 mA. The divergence slit angle, scattering slit angle and 

receiving slit height were selected as 2, 2°, and 0.3 mm. The diffraction intensities were measured every 

0.028 step for 1 s in the wide 2θ range from 10 to 100° at room temperature (293 K). The shape and size 
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of the as-obtained particles were observed by transmission electron microscope (TEM, Tecnai G2 20 S-

twin). Single-point BET surface area measurements were made using a NOVA 4000 Series 

Quantachrome instruments surface area analyser. The TG/DTA curves were determined on a 

TGA/SDTA851 thermogravimetric apparatus in nitrogen with a heating rate of 10 K /min. 

Results & Discussion 

Fig. 2 shows the XRD pattern of the dynamically synthesized Lithium Manganate. It is obvious that the 

Bragg reflection peaks of the dynamically synthesized Lithium Manganate are broadened, which may 

result form small grain size and/or presence of microstrain. V. Berbenni et al. [9] reached that LiMn2O4 

forms directly and its formation is completed within 700 °C, and at T>820 °C LiMn2O4 reversibly 

decomposes to LiMnO2 and Mn3O4 with an enthalpy of 30.05 kJ mol-1 of LiMn2O4. C.M. Julien et al [11] 

concluded that spinel structure λ-LiMn2O4 is primarily characterized by structural groups. Fig. 3 shows 

the curves of Adsorption (A) and Desorption (D) curves of spinel lithium manganate in the BET test. The 

surface area of particles is 58 m2/g in the BET testing. Fig. 4 and Fig. 5 are morphologies by SEM and 

TEM respectively. Li1+xMn2O4 with 1~2μm spherical morphology and more uniform secondary particles, 

but with smaller primary particles of diameters from 20 to 60 nm and a variety of morphologies were 

found. 

The results of thermal analysis for nano-spinel LiMn2O4 are presented in Fig. 6. In the TG–DTA 

curves (Fig.6) of the spherical phase products, the endothermic peak at 140 °C attributes to the loss of the 

absorbed water and the weight loss is about 42%. The DTA peak of 220 °C is corresponding to a weight 

loss of the residual water and the surfactants. The peak between 250 and 700 °C may result from the 

removal of the residual surfactants. Up to 750 °C, the total weight loss is about 85%. During calcinations 

of the materials in nitrogen to only 400 °C, the characteristic small-angle diffraction peaks are all lost. 
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Fig. 3 Adsorption (A) curves of BET           Fig. 6. TG/SDTA curves for LiMn2O4 

P.W. Chen et al [12] regarded that due to the active surface and strong adsorption activity, UFD 

particles were aggregated into clusters of dimensions from hundreds of nanometers to several 

micrometers. Troyanov et al [13] reported that for a mixture of 20% gibbsite and 80% hexogen the 

theoretical temperature of the explosion is about 2000°C. Moon-Kyu Kim et al [14] concluded that 

LiMnO synthesized by the emulsion drying shows most capacity loss in the high-voltage region and no 

capacity loss in the voltage-drop region in the 4 V-range. Yang-Soo Kim et al [15] studied the electronic 

structure and chemical bonding of the LiM0.5Mn1.5O4 with the use of the DV-Xα molecular orbital 

method. 

 

 

Fig. 4. SEM image of detonation synthesized Lithium Manganates 
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Fig. 5. TEM image of detonation synthesized Lithium Manganates. 

Jun Sugiyama [16] discussed the mechanism for formation of oxygen defects using a defect cluster 

model. LiMn2O4-δ. Piszora [17] applied the computer modelling techniques and investigated the Li+, Mn3+ 

and Mn4+ ion distribution. Yongyao Xia [18] suggested that a single spine1 phase exists in the range of 1 

.O <x < 1.14 in LixMn2O4. Vincenzo Massarotti [19] concluded that fast cooling inhibited the equilibrium 

with O2. The poor thermal stability could be resulted from incomplete condensation in the gel process, 

which also happened in other mesostructured metal oxide [20]. 

Conclusions 

For slurry explosive detonation, the detonation pressure, the detonation temperature and the adiabatic 

gamma were 15 – 30 GPa, 2500 – 3100 K and close to 3. The inherent short duration, high heating rate 

(1010 – 1011 K/s) and high cooling rate (108 – 109 K/s) prevent the Lithium Manganate crystallites from 

growing into larger sizes and induce considerable lattice distortion. The simple and efficient approach 

employed for the nano-LiMn2O4 products can be successfully used for the fabrication of LiMn2O4. 

Indeed, the advantage of the ability to induce surface modification of LiMn2O4 makes the method useful 

as well as usual high-technological methods. Further investigations of different cases may lead to new 

opportunity for the fabrication of LiMn2O4 powders with improved properties based on the simple method 

of detonation synthesis. 
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ABSTRACT 

 
Knowledge of hazardous chemical properties under process conditions highly beneficial to chemical 
industry and society.  Data listed in MSDS are not always optimum for process conditions.   
 
Autoignition temperature sometimes referred to as spontaneous ignition temperature, self-ignition 
temperature, or autogenous ignition temperature, is the minimum ignition temperature at which a liquid 
vapor self ignites without an external ignition source such as spark, pilot flame under specific conditions 
and usually in air. 
 
It is important to take autoignition temperature into account when assessing the fire hazard risk in areas in 
which ignitable vapor-oxidant mixtures might be present. 
 
In this paper, the results of set parameters affecting the autoignition temperature are studied and 
discussed. 
 
 
Key words:  Autoignition Temperature, Fire risk assessment, physical-chemical hazards in process 

conditions. 
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ABSTRACT 
 
Knowledge of the hazardous chemical properties under process conditions is highly beneficial to the 
chemical industry and society. Data listed in MSDS are not always optimum for process conditions. 
Autoignition temperature (sometimes referred to as spontaneous ignition temperature, self-ignition 
temperature, or autogenous ignition temperature) is the minimum ignition temperature at which a liquid 
vapor self ignites without an external ignition source such as spark, pilot flame under specific conditions 
and usually in air. 
 
It is important to take autoignition temperature into account when assessing the fire hazard risk in areas in 
which ignitable vapor-oxidant mixtures might be present. In this paper, results of the set parameters 
affecting the autoignition temperature are studied and discussed. 
 
Key words: 
 Autoignition Temperature, Fire risk assessment, physical-chemical hazards in process conditions. 
 
Introduction 
 
There are many industrial applications where a flammable vapor/air mixture can develop or process near 
a hot surface. However, the ignition of premixed vapor or gases and oxidant (air in most cases) is a major 
source of fires and explosions in chemical plant industries. These fires and explosions might have 
happened due to the autoignition temperature of flammable liquid and vapor even though the process 
temperatures were set under the lower temperature that was measured by the ASTM method. 
AutoIgnition Temperature (AIT) for flammable liquids have been measured by many researchers. 
Available AIT data on Material Safety Data Sheets (MSDS) determined mostly by ASTM E659 Method 
as the standard.(1) AutoIgnition Temperature is the minimum temperature at which autoignition occurs 
under the specified conditions of test in the absence of an external ignition source such as a spark or 
flame. It is the lowest temperature to which a combustible mixture must be raised, so that the rate of heat 
liberation due to an exothermic oxidation reaction will over balance the rate at which the heat is lost to the 
surroundings thereby causing ignition at a given size and time duration. 
 
Autoignition Temperature is a notoriously complex phenomenon. Because the Autoignition temperature 
is not only the value specific to the material, it is different at various measuring conditions. Therefore, an 
experimental method for the reliable determination of Autoignition temperature under a variety of 
simulated process conditions is of primary importance to identify the safe operating threshold 
temperature. 
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Prediction of Autoignition Temperature 
 
Many Chemical and Petrochemical Industries have estimated the hazardous conditions and safe operating 
limits through prediction in their design.(2, 3) Most of these predictions ignore the factor that may 
contribute to the significant change in critical value such as AIT. Most of the time the reality check on 
these prediction results have not always been conducted. Many questions are raised in defining fire risk 
and other hazardous conditions: 
 

• Are these predictions reasonable? 
• What is the typical basis for estimations? 
• What is the impact of design condition? 
• What are critical hazardous conditions? 
• What are the mechanisms to control hazardous conditions? 

 
Without information on specific operating conditions, most calculation techniques are based on 
assumptions that provide very conservative predictions. In general, by using more details on the process 
or equipment, construction and how it is operating, the proper control, improvement could obscure 
serious hazards.(4-6) 
 
Variables Affecting the Autoignition Temperature 
 
The AIT determined by ASTM E659, or any other method, does not necessarily represent the minimum 
temperature at which a given material will self-ignite in air. The following are important factors affecting 
the AIT and should be considered for determination of safety margins. 
 

• Fuel material characteristics 
• Vessel volume 
• Vessel (hot) surface material 
• Pressure 
• Oxygen and fuel concentration 
• Catalytic additive or contaminants 
• Vessel geometric shape 
• Hot surface residence contact time 
• Flow conditions 

 
Design engineers face increasing pressure to improve the level of safety in their designs. 
Although cost is probably the driving factor, other issues include productivity, time and mental 
energies directed to constructive design effort. 
 
As stated earlier, there are many factors affecting the autoignition temperature. There are several articles 
suggesting safety margin of 25ºC below the AIT value (7-8). The following experiments were carried out to 
determine if the safety margin is or is not satisfactory. AIT measurements are typically carried out using 
ASTM E659, 500- ml. in a glass flask vessel. 
 
Experimental Study 
 
In order to determine the effect of the vessel volume on AIT tests were conducted in the following 
apparatuses: 
 

• Autoignition Temperature test, in 500-ml flask, (standard flask size). 
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• Autoignition Temperature tests in 5000-ml flask 
• Autoignition Temperature test in 12000-ml flask 

 
As an example of liquid fuel, the chemical C-3hydrocarbon (Solvent A) is tested. Borosilicate glass flasks 
(Corning) were utilized as combustion chambers. They are shown in Figure 1. 

 
 
Figure1. Borosilicate Flask; a.) 12000-ml, b.) 5000-ml and c.) 500-ml 
 
Autoignition Temperature Test in 500-ml Flask 
 
Testing is conducted per ASTM E659-78 (Reapproved 2005) “Standard Test Method for Autoignition 
Temperature of Liquid Chemicals.” 
 
Summary of Test Method 
 
A small metered sample of the material to be tested is inserted into a uniformly heated 500-ml glass flask 
containing air at a predetermined temperature. The contents of the flask are observed in a darkened room 
for ten (10) minutes following insertion of the sample or until autoignition occurs. Autoignition is 
evidenced by the sudden appearance of a flame inside the flask and by a sharp rise in the temperature of 
the gas mixture. The lowest internal flask temperature at which hot-flame ignition occurs for a series of 
prescribed sample volumes is taken to be the hot-flame autoignition temperature (AIT) of the chemical in 
air at atmospheric pressure. 
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Test Apparatus, Equipment and Materials 
 
The test setup consisted of a cylindrical shape electrically heating furnace used to contain the test flask 
(Borosilicate 500-ml boiling flask) and maintain a uniform temperature within the flask. Model CN 76000 
Temperature Controller (from OMEGA Engineering) is used to control the temperature in the furnace, 
The flask is closely wrapped in reflective aluminum foil and was suspended in the furnace so as to be 
completely enclosed with the top of the neck being inset below the top of the insulated cover, a 
hypodermic syringe equipped with a 6-inch fine stainless steel needle and calibrated in units of 10 μl is 
used to inject the liquid samples into the heated flask, a laboratory balance capable of weighing to the 
nearest 1-mg., a fine stainless steel shielded iron-constantan thermocouple is used for measuring the gas 
temperature inside at the center of the flask. A digital stopwatch calibrated in 0.1s units was used to 
determine the time lag before ignition (time interval between the instant of sample insertion and that of 
ignition as evidenced by the appearance of the flame), and a 6-in. mirror mounted above the flask in order 
to observe the inside of the flask. An air gun is used to purge the product (material) gases after a reaction. 
 
Autoignition Temperature Test in 5000-ml Flask 
 
Test Setup and Procedure 
 
The general test setup is similar to that of 500-ml flask. 
 
Borosilicate Pyrex round-bottom short neck 5000-ml boiling flask (Corning 4260-5L) was used as the 
combustion chamber. The flask was closely wrapped with aluminum foil and equipped with the test 
center probe. The flask then is suspended in the cylindrical heating furnace. 
 
The test data obtained in 500-ml flask is used to set the initial sample size and initial test temperature. 
 
After the 5000-ml flask is heated uniformly, the desired amount of sample (liquid) is inserted into the 
flask. The interior of the flask is monitored in a darkened room for ten minutes following the insertion of 
the material or until autoignition occurred. The test temperature and the amount of sample are varied 
between trials until the lowest autoignition temperature is obtained. 
 
Autoignition Temperature Test in 12000-ml Flask 
 
Test Setup and Procedure 
 
The general arrangement of AIT 12000-ml flask setup is similar to that described for 500-ml flask. For 
testing under confinement the 12000-ml flask test setup is equipped with a springloaded bung to 
close/seal the chamber. The bung is made of stainless steel with a grove and silicone o-ring to set on the 
short neck opening of the flask. The bung is machined with four (4) threaded holes to accommodate the 
fittings for pressure transducer, internal center temperature probe, rupture disc holder and sample 
insertion port. The internal temperature probe is set at the center of the 12000-ml flask. The sample port is 
also extended using 1/8” tubing to about the center of the flask. The flask is equipped with an observation 
window. The observation window is situated to view the midsection of the flask through the furnace wall. 
The bung arrangement with O-ring is shown in Figure 1. In order to prevent the breakage of the glass 
flask; a 3/4:” rupture disc holder is added to the bung arrangement assembly. 
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Figure 2. Stainless steel bung closure with required fittings installed (Insulation around the bung not 
shown) 
 
The pressure transducer (Cole-Parmer Model 68075-32-14.7 to 15 psig) was connected to the data logger. 
The external and internal temperature probes were also connected to the data logger. The pressure 
transducer calibration was performed prior to testing. 
 
Results 
 
The Autoignition temperature tests results in borocileate flask of different sizes are listed in 
Table 1a. The ignition of Solvent A was very rapid. Example of reaction is shown in Figure 3. 

 
TABLE 1a 

 
VARIATION OF AIT FOR SOLVENT-A WITH CHAMBER VOLUME 

 
Flask Volume 

(ml) 
 

Test 
Condition 

 

AIT 
(ºC) 

 

Time to 
Reaction 

(sec) 
 

Observation/ 
Remarks 

 

500 Open system 421 4 Flame 
5000 Open system 375 5 Flame 

12000 Open system 340 6 Flame 
12000 Confined System 238 15 Flame 
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As a comparison the variation of AIT with chamber volume the data cited from the Fire Protection 
Handbook (1967 ) for carbon disulphide is listed in Table 1b. 
 

 
TABLE 1b 

 
VARIATION OF AIT FOR CABON DISULFIDE WITH CHAMBER VOLUME 

 
AIT Chamber Volume 

(ml) (ºC) (ºF) 
200 120 248 

1,000 110 230 
10,000 96 205 

 
AIT is generally found very inversely as the logarithm of the test vessel volume, in estimating the AIT at 
other volumes a plot of AIT versus log of the vessel volume can be helpful. Graphical illustrations of the 
AIT values (Table 1a and 1b), as a function of the log vessel volume are 
shown in Figure 4. 
 
Our previous study of Autoignition temperature of n-Butane at elevated pressure in 1000-ml spherical 
stainless steel is listed in Table 2. For comparison, the AIT in 500-ml glass flask is also listed in Table 2. 

 
TABLE 2 

 
VARIATION OF AIT WITH TEST PRESSURE 

N-BUTANE 
 

Chamber Size Condition 
Test Pressure 

 

Optimum 
Concentration 

(vol %) 
 

AIT 
(ºC)) 

 
500-ml glass Open System Atmospheric 3.0 290 

1000-ml stainless 
steel 

Open System Atmospheric 3.0 284 

1000-ml stainless 
steel 

Closed System 30 psig 3.5 211 
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Figure 3. Example of autoignition of Solvent A in a confined 2000-ml chamber. Flame through aluminum 
foil rupture disc 
 

 
 
Figure 4. Variation of AIT with chamber volume top line for Solvent A, lower line for carbon disulfide 
(data from Reference 2). Closed dot = confined chamber. 
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Discussion 
 
Autoignition temperature has been measured previously for many materials mostly using ASTM E659 
procedure in an extensive study by other investigators similar to those of Zabetakis et al (1954), Mullins 
1955, Zabetakis (1965) NFPA Fire Protection Handbook (1997). 
 

• K.C. Smyth et al (1997) indicated AIT on hydrocarbon fuels were obtained on short contact time 
(~130msec) much higher than those found by ASTM E659 procedure (9). A study conducted by 
F. Norman et al (2006) showed that the AIT of propane decreased when the pressure increased 
(10). In same paper showed that AIT was higher with nickel surface than lowest for stainless 
steel. A study conducted by D. Duarte (1998), showed the geometry of hot surface has influence 
on AIT; AIT’s were obtained in different height cylinders. Lower AIT was reported in the 
cylinder with the largest length. 

 
• When a process is designed to operate near the Autoignition temperature, protective measure such 

as rupture disc flame arrestor, vent system, temperature control systems etc, must be installed. 
 

• Temperature should also be considered with process design. The down time, repair, cleaning 
maintenance material and switching operation temporarily put the dynamic process in study state 
for a short period of time, therefore, fuel resistance contact time with the hot surface increases 
which may lead to autoignition. 

 
• Every time design engineers pushed the envelope in higher temperature without considering all 

factors affecting the AIT, they made the rupture disk salesman happy. 
 

• There is no realistic empirical expression for AIT. As mentioned, the AIT is a function of many 
variables; some listed earlier. Therefore, it is essential to determine the AIT experimentally at 
conditions close to prevailing process conditions and we believe it is important to exercise 
extreme caution when using AIT published and an MSDS data. 

 
• The laboratory scale tests can be used to predict the general trends of full-scale process tests and 

thus, identify, control and minimize the potential hazards. 
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SYNTHESIS, COMBUSTION REGULARITIES AND IMPACT 
SENSITIVITY OF HYDRAZINNITRAMINES SALTS AND THEIR 

MIXTURES WITH AMMONIUM PERHLORATE 
 

N.F. Pyatakov, I.B. Vyunova and S.S. Novikov 
 

N.N. Semenov Institute of Chemical Phisics Russian Academy of Sciences 
4, Kosygin Str., Moscow 119991, Russia 

 
 
Initial connections for reception primary nitramins, received by the way of nitration using appropriate 
amides. The study of their burning was carried out with the purpose of an estimation of burning velocities 
of such substances and comparison parameters of their burning with analogues - secondary 
nitramines:CH3NNO2(CH2)nNNO2CH3 , n=1 (dimetilmetilendinitramin, DHA). and 2 
(dimetiletilendinitramin, DHA-2). Despite of some upturn of the contents of oxygen at introduction CO 
group in secondary nitramines, nitramides: CH3CONNO2(CH2)nNNO2CH3 , n=1 
(methilenbis(methilnitramid), MDN) . and 2 (ethilenbis(metilnitramid), EDN) have higher velocity of 
burning and smaller critical pressure of the beginning of their burning, which is equal 1 atm. The values 
of parameter of the degree in dependence of velocity of burning on pressure (v) is observed. The presence 
of ethylene in structure of nitramide, as well as in secondary nitramines considerably reduces value of (v). 
Dihydzine salt of methilene and ethilendenitramines were synthesized при сливании растворов в 
органическом растворителе. 
The laws of burning were investigated in “bomb of constant pressure» in pressure limits of nitrogen from 
1 up to 150 atm (N2). Samples with the diameter of 5 mm were used. Sensitivity to impact Pcrit (in 
kilobars) is defined using the method of critical pressures on vertical impact tester K-44П. 
For dihydrazinmedina (DHM) the following values were received: linear velocity of burning at 40 atm. = 
8 mm/sec., at 100 atm. = 16 mm/sec, v = 0,82, Pcr = 1 atm. It was established, that dihydrozinedna (DHE) 
in these conditions does notburn at pressure up to 120 atm. The oxygen balance of the investigated 
substances are accordingly: - 32 and – 52. The temperatures of melting them differ unsignificantly. 
Thus , the analogy in laws of burning DHM, DHE, DNA, and DNA-2, which not burn at P<120 atm, were 
observed. 
In the given work burning of mixtures salts with ammonium perchlorate in stehiometric correlation was 
investigated and burning at which the carbon in products of burning was present as oxide of carbon – CO. 
It was established, that all four substances begin to burn at 1 atm. Also practically identical are 
dependencies of velocities on pressure. In recalculation on linear velositice of burning at values v = 0,5 
the following results were received: DHM + AP steh., at 40 atm U= 15,6 mm/sec., at 100 atm., U = 23 
mm/sec., DGE + AP steh., accordingly at 40 atm., and 100 atm. 
   P = 40 atm   P = 100 atm 
      mm/sec      mm/sec 
DHM+AP steh    15,6       23,0 
DHE+AP steh     12,0       19,0 
DHM+AP to CO    13,2       20,0 
DHE+AP to CO    11,00      18,0 
 
This work was financial supported by Russian Foundation for Basic Research  
(grant N06-03-33181). 
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ABSTRACT 
 

The new European regulation of chemicals named REACH (for “Registration, Evaluation and 
Authorization of CHemicals”, published by the European Commission in December 2006) implies that a 
tremendous number of substances (up to 30000) may require a new assessment of hazardous properties. 
Therefore, there is a growing interest in evaluating capabilities of predictive methods for assessing 
hazardous properties of chemical substances as a screening process. If Quantitative Structure-Property 
Relationship (QSPR) type methods have been up to now mainly devoted to screening toxic properties, 
their use to establish relationships between the explosibility of dangerous substances and structural, 
energetic or physicochemical descriptors could lead to new perspectives. This contribution focuses on the 
case of a series of nitroaromatic compounds, which are all expected to present more or less severe 
explosive properties due to the presence of the nitro group. In particular, this paper shows that a 
multilinear regression model links correctly adequate molecular descriptors of nitroaromatic compounds 
with thermal stability (taken as a macroscopic property related to explosibility). The descriptors are 
mostly obtained by ab initio quantum chemical calculations. Moreover, we present a detailed theoretical 
investigation on the decomposition pathways of substituted nitrobenzenes using quantum chemical 
methods that provide pertinent information for the use of descriptors in relation with energetic aspects to 
access to more robust QSPR models. 
 
 
1. Introduction 
 

Identifying and determining as soon and 
as accurately as possible explosive abilities of 
molecules, -whatever their final use- represent 
an important initial step in managing industrial 
risks. Moreover, the explosive intrinsic property 
of a substance ranks at top of physicochemical 
hazards that may be feared from use of a given 
chemical [1]. This is a reason why, in addition to 
the complexity with which this hazardous 
property is triggered in real case, the 
experimental approach has remained the 
“golden” way to assess this hazard until now. 
Keeping on this unique approach would however 
be a real burden for the industry with the 
requirements that will come by now very soon 
with the new regulatory framework named 
REACH (for “Registration, Evaluation and 
Authorization of Chemicals”, a new regulation 
published by the European Commission in 

December 2006), and its tool the GHS (Globally 
Harmonized System for classification and 
labeling of chemical products) given the 
tremendous number of substances (up to 30000) 
that might require a new assessment of 
hazardous properties. Another interest for 
predictive methods is to address needs of 
screening processes of substances that are 
applied to search for a targeted chemical activity 
(e.g. phytotoxicity, medical efficiency for a 
given illness, reactivity…) at the R&D level. 

 
In the field of hazard prediction a 

number of early works are worth being 
mentioned. At first, some methods of prediction 
based on thermodynamic concepts have been 
developed. Significant weaknesses in those 
methods lie in the chemical thermodynamic and 
energy release evaluation (CHETAH) [2] and 
the calculated adiabatic reaction (CART) [3]. 
Grewer [4] proposed another way to predict the 
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thermal stability by considering the influence of 
the chemical structure on the decomposition of 
nitro compounds. Saraf et al. [5] already 
outlined the pertinence (in terms of way of 
investigation) of screening tools based on the 
identification of relationships between chemical 
structure and thermal stability for nitroaromatic 
compounds and we have made up our mind to 
explore ourselves in this route. 

 
The Quantitative Structure Activity or 

Properties Relationship (QSAR or QSPR) 
methods can be an alternative, yet reliable, tool 
for predicting chemical hazard. Nowadays, they 
are generally limited in scope to screening toxic 
properties for example of nitrobenzene [6]. 
Indeed, the first applications of these methods 
based on statistical analyses have concerned 
mainly biology [7], toxicology [8,9] or drug 
design [10] but their interest has been growing 
up in recent years for other physico-chemical 
activities [11-13]. In such a methodology, 
computational chemistry can help to describe the 
molecular structure of energetic materials and 
their decomposition process.  

 
In this paper, we explore the abilities of 

molecular modeling in the prediction of 
explosibility of chemical potentially explosive 
substances like nitroaromatic compounds. A 
series of geometric, physico-chemical 
descriptors are determined by quantum 
calculations to look at correlations with the 

experimental decomposition enthalpy (as a first 
indicator for thermal stability). The main 
objective of this work is to obtain QSPR models 
that could be used to predict explosibility of 
nitrobenzenes. Computational chemistry is used 
in a second step as a tool to examine the 
decomposition mechanisms of nitrobenzene 
derivatives in order to bring to light other 
descriptors. 

 
2. Methods 
 
QSPR Methodology 
 

A quantitative structure-property 
relationship (QSPR) consists in correlating 
quantitatively an experimental property with a 
set of molecular descriptors (representing the 
molecular structures) of the considered 
compounds (see Figure 1). The general 
mathematic form of this relationship is the 
following. 

 
Property = f (Descriptors) 

 
An experimental data set gives the 

property values. A key to the QSPR study is the 
selection of molecular descriptors. The method 
can be based on statistical analysis such as 
multilinear regressions to determine a predictive 
model.  
 
 

 
 
 
 

QSPR Model

Molecular DescriptorsMolecular Descriptors
Constitutional
Topological
Geometric
Electronic

…

PropertyProperty

Decomposition temperature
Heat of decomposition

Impact sensitivity
…

 
 

Figure 1 - Quantitative Structure-Property Relationship Principle 
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Data Set Selection 
 

The experimental property studied in 
this work is the decomposition enthalpy [14] 
obtained from Differential Scanning Calorimetry 
(DSC). The data set selection is composed of 22 

nitroaromatic compounds, which are likely to 
present explosive properties due to the nitro 
group [15]. The 22 molecules and their 
corresponding decomposition enthalpy values 
are presented in Figure 2. 

 
 
 
      R- (-ΔH) in kJ/mol 
  1 nitrobenzene  339 
  2 1,2-dinitrobenzene 2-NO2 518 
  3 1,3-dinitrobenzene 3-NO2 586 
  4 1,4-dinitrobenzene 4-NO2 622 
  5 2-nitrotoluene 2-CH3 329 
  6 3-nitrotoluene 3-CH3 284 
  7 4-nitrotoluene 4-CH3 318 
  8 2,6-dinitrotoluene 2-CH3-3-NO2 576 
  9 3,4-dinitrotoluene 3-CH3-6-NO2 666 
  10 2,4-dinitrotoluene 2-CH3-4-NO2 596 
  11 2-nitroaniline 2-NH2 307 
  12 3-nitroaniline 3-NH2 314 
  13 4-nitroaniline 4-NH2 279 
  14 2-nitrobenzoic acid 2-COOH 297 
  15 3-nitrobenzoic acid 3-COOH 298 
  16 4-nitrobenzoic acid 4-COOH 304 
  17 2-nitrophenol 2-OH 345 
  18 3-nitrophenol 3-OH 316 
  19 4-nitrophenol 4-OH 300 
  20 1-chloro-4-nitrobenzene 4-Cl 360 
  21 2,4-dinitrophenol 2-OH-4-NO2 662 
  22 2,4,6-trinitrophenol 2-OH-4,6-NO2 1173 

 

Figure 2 – Experimental decomposition enthalpies (-ΔH) of substituted nitrobenzene R-C6H5NO2 

from [14] 
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Descriptors 
 

Different types of descriptors are used to 
describe the selected molecules.  
Table 1 are presented the 14 descriptors 
calculated among the large number and diversity 
of those actually used in QSPR methodology 
[16].  

 
 

Geometric, electronic and energetic descriptors 
are calculated with help of the Density 
Functional Theory (DFT) [17] with Gaussian03 
[18] at PBE0/6-31+G(d,p) level to describe 
correctly the molecular structure of our 
compounds. The atomic charges were defined 
using the natural bond orbital (NBO) approach 
and the related natural population analysis 
(NPA) [19,20]. 
 

 

Descriptors Definitions  
dCN Carbon nitrogen distance  
Mw Molecular weight  

OB Oxygen balance 

( )[ ]
wM

ZYXOB −+−= 221600  

X: number of carbon   Y: number of hydrogen 

Z: number of oxygen   Mw: molecular weight 
IP Ionization potential  
EA Electron affinity  
DM Dipole moment  

χ Electronegativity μχ −=
+

=
2

)( EAIP  

μ: chemical potential 

η Hardness 
2

)( EAIP −=η  

ω Electrophilicity index η
μω
2

²=  

QNO2 NO2 charge  

Vmid Mid-point potential of the C-NO2 bond 
CN

NC
mid d

QQV
5.0
+

=  ; Qi: atomic charge  

α Mean polarisability ( )zzyyxx3
1 αααα ++=  

Eatom Atomization energy )()( moleculeEatomEE
i

atom −=∑  

Ediss C-NO2 dissociation energy 
••→− 22 NO+RNOR  

)()()( 2RNOENOE+REE 2diss −= ••  
 

Table 1 - Descriptors definitions 
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3. Prediction of the decomposition enthalpy 
[21] 

 
The molecular descriptors, presented 

above, have been calculated for each molecule 
of the data set. Simple linear fittings were 
computed between each descriptor and the 
experimental enthalpy change. Correlations were 
appreciated from the correlation coefficient R² 
(in Table 2). 

 
Descriptors R² 

dCN 0.10 
Mw 0.76 
OB 0.64 
IP 0.35 
EA 0.71 
DM 0.10 
χ 0.52 
η < 0.01 
ω 0.75 

QNO2 0.46 
Vmid < 0.01 
α 0.00 

Eatom 0.21 
Ediss 0.42 

 
Table 2 – Correlation coefficients between the 
descriptors and experimental decomposition 

enthalpies in Figure 2 

The most significant correlations are 
exhibited for the molecular weight (R²=0.76), 
the electrophilicity index (0.75), the electron 
affinity (0.71) and the oxygen balance (0.64) but 
they are not sufficient to predict the 
experimental property. So, all the descriptors 
previously studied have been integrated in a 
multivariable analysis using the multilinear 
regression in Codessa software [22] to search 
better relationships. 

 
The most predictive QSPR model 

corresponds to the following equation composed 
of six parameters from quantum chemical 
calculations: the hardness, the electrophilicity 
index, the mean polarizability, the ionization 
potential, the dipole moment and the 
dissociation energy. It presents promising 
correlation (R²=0.91) and predictivity 
(R²cv=0.84) considering the cross-validation 
method.  

 
 
 
 
 
 
 

 

84.0²,91.0²
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Figure 3 - Plot of calculated vs experimental decomposition enthalpies 

 
Obviously, 22 molecules are not 

sufficient to have an absolutely predictive 
model. But the obtained equation is very 
promising for larger experimental data set. 
Figure 3 gives a representation of the accordance 
of calculated values of decomposition enthalpies 
with the experimental one. On this graph the 
number of nitro group can be distinguished, 
three groups of compounds being separated upon 
the number of nitro groups they contain. This 
illustrates the importance of this explosophore 
groups. 
 
4. Decomposition Mechanisms 
 

The prediction of the thermal stability 
fails with our calculations if we only use the 
carbon nitrogen bond dissociation energy (see 
the corresponding correlation coefficient in 
Table 1). To find an explanation to this first 
observation, we explore the decomposition of 
these nitroaromatic compounds. We use DFT 

abilities to realize the mechanistic study of these 
decompositions. 

 
The kinetics and mechanism for the 

unimolecular decomposition of nitrobenzene 
have been deeply investigated by theoretical 
study [23]. It suggests that the two reaction paths 
following are in competition between 500 and 
800K leading respectively to NO2 and NO 
radicals.  

 
22 NO+HCNOHC 5656 →  (1) 

NO+OHCNOHC 2 5656 →  (2) 
 
The first reaction path is the direct 

breaking of the carbon nitrogen bond whereas 
the second one is characterized by a two-step 
mechanism: nitrobenzene (C6H5NO2) first 
isomerizes to phenylnitrite (C6H5ONO), then 
oxygen-nitrogen bond is broken to give the 
phenoxyl (C6H5O) and nitric oxide (NO) 
radicals. 
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Figure 4 - Relative Gibbs free energy diagram for dissociation reactions to NO and NO2 of p-substituted 
nitrobenzenes calculated at the PBE0/6-31+G(d,p) level 

 
 

The relative weight of these major 
decomposition paths seems to be determined by 
the substituents to the aromatic ring according to 
experimental studies [24]. 

 
Our first computational investigations 

present a detailed theoretical investigation on the 
substituent effect on the competition between 
these two channels in nitroaromatic molecules 
[25]. Nitrobenzene and 15 other derivatives, 
obtained by changing the substituent groups 
(nitro, methyl, amino, carboxylic acid and 
hydroxyl) in the ortho, meta and para positions 
to the nitro group, have been considered. For 
each system, the reaction channels (1) and (2) 
have been analyzed through the characterization 
of the stationary points (reactants, transition 
states, products) and the corresponding energies. 
We demonstrate an influence of the nature and 

position of substituents on these two major 
decomposition channels of nitrobenzene. 
Nevertheless the nature of the substituents does 
not influence the competition between the two 
channels (see for example Figure 4 where 
relative Gibbs free energies diagram is 
represented for dissociation reactions to NO and 
NO2 of para-substituted nitrobenzenes). 

 
But for ortho-subsituted nitrobenzene, 

new channels can occur involving the interaction 
between the nitro group and ortho substituents 
[26]. This channel for example is the primary 
one for ortho-nitrotoluene decomposition [27]. 
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5. Conclusion 
 

The abilities of molecular modelling, 
and particularly DFT, have been demonstrated in 
this study to predict chemical properties of 
energetic materials. Our first investigations 
focused on experimental decomposition enthalpy 
concerned only a limited set of 22 nitroaromatic 
compounds. If single descriptor correlations do 
not bring to light important correlations between 
the decomposition enthalpy and the calculated 
descriptors, we propose a QSPR model based on 
six parameters obtained with a multilinear 
regression with a promising predictivity 
(R²cv=0.84). Efforts will continue with the use of 
an extended set of nitroaromatic compounds and 
descriptors. 
 

Thanks to quantum calculations, the two 
major decomposition paths of nitrobenzene have 
also been investigated for substituted. The 
coming perspectives of this work concern the 
study of the decomposition process for the 
ortho-substituted nitrobenzenes for which 
different reaction paths have to be calculated. 
This approach could allow us to identify new 
descriptors in order to obtain a better QSPR 
model. 
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ABSTRACT 
 

The Fire Propagation Apparatus (ASTM E 2058), also called the Tewarson apparatus in Europe, 
is of the more versatile fire test equipments that has gained rather recently considerable scientific 
recognition after a long period of technical maturation (1975-1995). The poster briefly reviews technical 
characteristics of this polyvalent apparatus and recalls major steps of its development. Then it provides 
first results of the exploration of two new interconnected domains of use under the leadership or 
contributions of the authors that regards reactive materials. Those domains lead to consider combustion 
processes that depart significantly from those observed in conventional fires. One deals with the burning 
behavior of so called energetic materials (e.g. pyrotechnic compositions) outside of the explosion case, 
the other raises the qualification of oxidative substances with a view of developing pertinent test protocols 
aiming at an enhanced hazard driven classification scheme for such substances (that would be 
implemented in an updated version of NFPA 430). First results reveal the type of technical challenges that 
we have to face and solve to access the actual rate of heat released from energetic materials under 
decomposition, while revealing promising capacity in supplying toxic potency data associated to gaseous 
emissions. Preliminary testing of oxidizers carried out under the hospices of the Fire Protection Research 
Foundation reveals a clear advantage of the FPA against conventional empirical test procedures (such as 
UN O1 test for transport of dangerous goods and EU A17) for developing a modern classification scheme 
of oxidizers.  
 
1. INTRODUCTION 

In the preceding session of this conference 
(33th IPS seminars in July 2006 at Fort Collins) 
and in fire science journals, Marlair et al [1, 9] 
presented papers reviewing some basic aspects 
of toxicity issues of burning chemicals and 
pyrotechnics, illustrating among other aspects 
the interest of coupling the use of the Fire 
Propagation Apparatus (FPA) and more 
conventional equipment associated to thermal 
analysis techniques to investigate in that field. 
This paper comes back again in more details on 
the former apparatus (FPA), in order to offer a 
more comprehensive information on such an 
equipment and its capabilities to the 
Pyrotechnics scientific community and give first 
results from on going research work aiming at 
exploring new potential use of the apparatus 
dealing with hazard related energetic and 
oxidative materials. 
The FPA, also called in Europe the Tewarson 
apparatus, is one of the very few fire test rigs 

that belongs to the family of fire calorimeters (as 
does the ISO 5660 cone calorimeter). The 
instrument (see figure 1) is basically composed 
of two sub-systems, the bottom part (the 
combustor), in which a given sample of material 
is submitted to a simulated and well controlled 
fire or decomposition environment, to learn on 
its behavior in such incidental conditions.  
 

 
Figure 1 : INERIS FPA in fire lab. 
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The upper part comprises the collecting hood 
and measuring section, gathering the totality of 
the gases issuing the combustion or 
decomposition process, including dilution air to 
get well mixed smoke flow. Both standards 
ASTM E 2058 [2] and NFPA 287 [3] provide 
full details on the concerned apparatus. 
 
2. HISTORY OF DEVELOPMENT OF 

THE FPA 

The FPA apparatus, as it stands by now, is 
the result of a long term period of maturation of 
the original design, proposed by A. Tewarson in 
the mid 1970’s. At that time a “new” fire risk 
(massive introduction of plastics as materials for 
building applications) had to be taken into 
consideration. As soon as the firstly called 
“lab-scale 50kW flammability apparatus” was 
built up, all important concepts were introduced, 
like the application of the Thornton principle 
that allows for indirect access to the effective 
rate of heat released in a combustion experiment 
through mass flow rate measurement of  carbon 
oxides (CO and CO2) and the set of 
measurements (like accurate sample mass  loss 
versus time) that allows the operator to 
determine product release rates and 
corresponding yields of emissions for scientific 
sound evaluation of both thermal and chemical 
(toxicity, opacity and corrosion) threats. After 
original extensive use of the inventor to 
consolidate basic ideas that guided the 
conception, the current design was fixed 
approximately in 1995, leading to the modern 
version where the following basic on line 
measurements were fixed : 
- mass loss of the sample submitted to fire 

under well defined environment (external 
heat flux and gas stream) 

- CO, CO2, O2, THC gas concentrations in 
the exhaust ducting system 

- smoke density (optical) 
- total gas exhaust flowrate 
- concentration of oxygen in the inlet flow 
- temperatures 
At this stage, the equipment served both 
scientific and technical approval purposes and 
expansion of use outside the EU started, mainly 
in France in a first step (INERIS is operating the 
current version of the equipment since 1997) but 

also in other labs in the US (WPI, Ma), and in 
the UK (U. of Edinburgh). Apart from internal 
approval procedures developed by FM Global, 
the FPA is by now recognized by Standards at 
National and international levels. Experience 
achieved so far in France has shown in particular 
clear capabilities of this equipment for fire 
safety application that were clearly outside the 
original scope. See papers [1, 4, 5, 6] for 
examples of such uses and appropriate 
conditions for use. This important statement 
justifies newly explored uses of the equipment 
that deal with reactive materials like smoke 
powders characterisation (in configurations that 
are not presenting any risk of explosion) and 
assessment of oxidative properties of chemicals. 
This on-going work and current results obtained 
are more specifically presented hereafter to 
show the potential interest of the equipment 
among the Pyrotechnic Community. Also to be 
noticed in addition the recent recognition of the 
apparatus at ISO level [7] as a ‘fire physical 
model’ able to provide suitable data for fire 
toxicity analysis. Detailed parametric studies are 
also within the capabilities of the test rig [8] 
 

INERIS FIRE CALORIMETER  :  REPEATABILITY : 
heptane  tests # 98PRO259 & 98PRO260
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Figure 2. HRR measurement consistency and 

repeatability examination, INERIS 
apparatus, heptane used as a fuel 

 
3. NEW CHALLENGES FOR USE OF 

THE FPA 

The overall aim of the research is to develop 
more efficient materials. Nevertheless, the 
potential to achieve higher energetic levels has 
to be balanced with the risk encountered by the 
use of this type of compounds. The issues 
related with the event of an explosion (e.g. 
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deflagration or detonation) have been largely 
identified and their behaviour is relatively well-
known from empirical and practical points of 
view. However, in the case of a fire where less 
rapid reactions would prevail, the mechanisms 
of heat release associated to the combustion of 
energetic materials still raises unanswered 
questions. 

The primary cause of deaths in a fire hazard 
is the generation of toxic gases [9, 10]. 
Procedures for evaluating the toxic potency of 
materials have early been developed. 
Nevertheless, one of the most important 
variables for characterising a fire is the Heat 
Release Rate (HRR). Since the last two decades, 
the Fire Propagation Apparatus [11] has proven 
its potential to study flammability parameters for 
polymers, standard fuels and even chemicals in 
various conditions [12]. The methods used to 
estimate the HRR are based on the measurement 
of exhaust gases concentration. One relies on the 
amount of oxygen consumed during the 
combustion (Oxygen Consumption principle, 
OC) [13] and the other on the amount of carbon 
dioxide and carbon monoxide generated (Carbon 
Dioxide Generation principle, CDG) [14]. These 
techniques have been validated for a large 
number of fuels (organic liquids, gases or solids) 
and polymer [12, 14, 15]. Their applicability to 
substances such as energetic materials would 
allow to access essential data by means of 
several measurements introduced into simple 
equations and could offer a new domain of study 
to the FPA. 

The aim of this section is to study the 
applicability of general calorimetric equations 
when a standard energetic material is burned and 
assess the ability of the FPA to thermally and 
chemically characterise this type of compounds. 
Considering usual assumptions for OC and CDG 
calorimetry, HRR estimations obtained with the 
two methods have been compared.  
 
HRR Calculation Methodology 

Any material generates heat when it burns. 
In case of energetic materials, it is likely that it 
comes along with smoke but also possibly with 
toxic gases and vapours. The productions of 
smoke and toxic gases are closely related to the 
HRR [10]. Different techniques have been 

developed to estimate this variable. A good 
evaluation can be obtained from a simple 
calculation using the mass burning rate and the 
heat of combustion of the material. However, it 
requires prior identification of the burning 
material. 

Over the past few years, new approaches 
have been developed. The starting point comes 
from thermo-chemistry considerations: every 
mole of fuel releases a certain amount of energy. 
Considering a complete combustion reaction for 
a chemical CxHyOz , the following relationship is 
found to bind the reactants and the products: 
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NzyxOHyCOxNOzyxOHC zyx ⎟
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⎜
⎝
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In 1917, Thornton established that for a 
large number of organic liquids and gases, the 
amount of energy released during the 
combustion was proportional to the amount of 
O2 consumed for complete combustion [13]. 
Thornton’s rule suggests that changes in O2 
concentration and a constant of heat released per 
unit mass of O2 consumed are sufficient to 
estimate the net heat releases of the combustion 
[16]. Moreover, Huggett obtained an averaged 
value for the constant of 13.1 kJ.g-1 of O2 
consumed also valid for organic solids. With 
standard fuels, the accuracy of constant is within 
± 5% [15]. The method is called Oxygen 
Consumption Calorimetry (OC) and the 
calculation principle is given by the following 
equation: 

( ) ( )( ) ( )2COCO2O2O2COCO2O2O
0

2O2OOC mEEmmEq →→ −−= &&&& -  (2) 

2OE  is the constant of heat release per unit mass 
of O2 consumed and ( )2O

0
2O mm && -  corresponds to 

the depletion of O2. The second term on the right 
side of equation (2) is a correction term taking 
account of incomplete combustion. The CO 
production is considered as an incomplete 
oxidation of the volatiles from the fuel into CO2. 
Considering complete combustion would result 
in an overestimation of the HRR. ( )2COCO2OE →  
is the energy released for the oxidation of CO 
into CO2 and ( )2COCO2Om →&  is the O2 that would 

be required to oxidise the CO produced into 
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CO2. Then, these two terms represent the 
overestimation of HRR and need to be 
subtracted [17]. 

The OC calorimetry is the most widespread 
method to evaluate HRR. It is easier to operate 
than methods based on a heat balance and given 
the energy constant, it does not require knowing 
the material burning. The calculation requires at 
least two measurements: the volume flow rate of 
the exhaust gases and an accurate estimation of 
the O2 concentration. 
In the early eighties, another method has been 
developed by Tewarson based on carbon dioxide 
and carbon monoxide generations rather than 
oxygen consumption [14]: the Carbon Dioxide 
Generation calorimetry (CDG). Tewarson 
showed that during the combustion of many 
organic gaseous, liquids and solid compounds, 
the energy released per unit mass of CO2 
produced was relatively constant. He found an 
averaged value of 13.3 kJ.g-1 of CO2 within a 
range of ± 11%. He also evaluated that the heat 
release per unit mass of CO generated was also 
virtually constant with a value of 11.1 kJ.g|-1 of 
CO ± 18% [14]. The relationship is given by: 

( ) COCOCOCOCO mEmmEq
CDG

&&&& +−= 0

222
 (3) 

Like OC, CDG requires at least two 
measurements: the volume flow rate of the 
exhaust gases and the concentration in CO2. In 
the case of incomplete combustion, a correction 
taking account of the CO concentration as to be 
integrated into the calculation. Otherwise, HRR 
would be underestimated. Janssens and Parker 
[17] provide complete expressions to estimate 
HRR. In reality, experience and detailed studies 
show that accurate determination of the rate of 
heat release in some cases may require 
refinements in the calculation procedures [18]. 

To demonstrate the validity of the HRR 
estimations for new types of materials by means 
of OC and CDG calorimetry, convergence of the 
results is a necessary condition. They both have 
already shown their ability to predict HRR 
accurately for standard fuels, polymers or 
chemicals [12]. It is critical to assess the validity 
of the calorimetric methodology with materials 
presenting peculiarities such as energetic 
materials. The effect of the presence of an 
oxidizer inside the burning compound has to be 

investigated. Fires involving energetic materials 
clearly differ from conventional ones, firstly 
because of their specific chemistry but also 
because of the specific toxicity emitted when 
they burn [10]. On the other hand, another 
consequence of their particular composition is 
their very rapid rate of reaction. Beside the 
validity of different assumptions required to 
apply the calorimetric equations [9], it is also 
essential to assess if the FPA is able to acquire 
accurate data in the timeframe corresponding to 
short reaction time characteristics of energetic 
materials combustion. 
 
Experimental Analysis 

Two standard energetic materials have been 
selected to carry out combustion tests. They 
have the appearance of a powder and consist in 
ternary mixtures of lactose and starch as fuels 
and potassium nitrate (KNO3) as the oxidizer. 
Their characteristics are presented in Table 1. 
 

Table 1. Composition in mass percentage of 
tested smoke powders. 

Components Smoke 
Powder 1 

Smoke 
Powder 2 

Starch  
(C6H10O5) 

30% 25% 

Lactose 
(C12H22O11) 

30% 25% 

KNO3 40% 50% 
 

Experiments have been conducted using the 
FPA. No external heat flux was applied. For 
tests run under air atmosphere with a volume 
flow rate of 200 l/min, samples were ignited by 
means of a pilot flame of ethylene/air mixture 
and were enclosed by a quartz tube.  

The HRR resulting from the combustion 
of the two standard energetic materials have 
been estimated. The standard energy constants 
(

2OE  and 
2COE ) introduced earlier have been 

used. A comparison of the HRR calculated by 
means of OC and CDG for the 2 mixtures is 
presented on Figure 3. For each powder, results 
diverge significantly. Table 2 presents the 
relative deviation of peak and total energy 
values. It appears that CDG results are twice 
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higher than the ones obtained through OC 
calorimetry. Calculating the O2 depletion for 
both cases highlights that there an excess of O2 
in the combustion products (CO2, CO, H2O) 
compared to the amount in the fuels (starch, 
lactose) and the one consumed from the air. The 
balance in O2 is not verified. This fact 
strengthens the assumption that the oxidizer acts 
as a significant contributor in the combustion 
reaction and by supplying volatiles with a 
considerable quantity of O2. 

It is critical to assess if an underestimation 
of the consumption of O2 can be the source of 
the discrepancies observed on Figure 3. In a 

previous work, the robustness of the calorimetric 
equations was evaluated by means of a 
sensitivity analysis [19]. It was underlined that 
the main factors able to significantly influence 
the HRR calculations were the energy constants, 
the O2 concentration and the volume flow rate. 
However, OC and CDG equations are both 
linearly dependent on the volume flow rate. An 
error in this variable would propagate with the 
same intensity on each calculation. Finally, 
regarding energetic materials, the energy 
constants and the O2 concentration measurement 
represent the most sensitive parameters of the 
HRR evaluation. 

 

a. b. 

  

Figure 3. Comparison of calculated Heat Release Rates by mean of Oxygen Consumption and 
Carbon Dioxide Generation using basic assumptions and energy constants. a. 40% KNO3 powder, 

b. 50% KNO3 powder, Incoming flow rate: 200 l/min. 
 

Table 2. Relative deviation between the HRR estimation obtained from Oxygen Consumption 
Calorimetry and Carbon Dioxide Generation Calorimetry. 

Material Relative  Deviation of 
Peak Values  

Relative  Deviation of 
Total Energy Values 

40% KNO3 
 
50% KNO3 

53% 
 

44% 

56% 
 

46% 
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Correction Procedure 
 
The pilot flame heats the sample. The 

inside temperature rises and the thermal 
decomposition of the oxidiser starts. Freeman 
[20] showed that KNO3 first decomposes into 
potassium nitrite (KNO2). Above 750ºC, the 
decomposition of KNO2 leads to the formation 
of K2O (cf. equations (4) and (5)). 

1st decomposition reaction: 

223 O
2
1KNOKNO +→  

(4) 

2nd decomposition reaction (T>750ºC): 

2222 NO
2
3OKKNO2 ++→  

(5) 

 
Analysis of the material residues points the 

presence of char but also significant amount of 
potassium carbonate (K2CO3). From a mass 
balance, it emerges that the thermal 
decomposition of KNO3 reached the second 
stage.  

A previous hypothesis was that the 
divergence between the 2 methods raised from 
the amount of O2 produced by the KNO3 
consumed during the combustion while only O2 
from air was considered in the calculation. A 
correction can be applied by evaluating the rate 
of O2 that KNO3 will supply to the volatiles. 
This would only affect the OC method. The 
equation (2) is modified by adding an extra term 
accounting for the O2 oxidizer supply 
( oxidizer2Om&Δ ), 

( ) ( ) 2O2OCOoxidizer2O2O
0

2O2Ooc mEEmmmEq ′−−+−= &&&&& ΔΔ  (6) 

oxidizer2Om&Δ  is estimated from the mass loss 

rate of the specimen assuming the mixture burns 
homogeneously and KNO3 decomposes into 
K2O. The OC calorimetry gave a higher HRR 
than the CDG. The relative deviation is about 
50% at the peak and if total energy is 
considered. The assumption of a homogeneous 
burning may be not valid. Moreover, because of 
the number of parameters in the estimation of 

oxidizer2Om&Δ , uncertainties propagate.  

It can also be assumed that there is an 
additional source of discrepancy. The sensitivity 
analysis highlighted that energy constants can 
significantly alter the HRR. Huggett’s and 
Tewarson’s constants have been defined for 
standard fuels. Their validity for compounds 
such as energetic materials has to be established. 
Actual energy constants can be estimated if the 
heat of combustion of the material is known as 
well as its composition in order to balance the 
stoichiometric combustion equation.  

Knowing the composition of the 2 tested 
materials and assuming the decomposition of the 
oxidiser, an estimate of the heat of combustion 
of the mixture can be obtained. Taking into 
account the mass balance and the assumed 
decomposition of the oxidizer, a fictitious 
molecule can be modelled, encompassing the 
fuel components and the O2 generated by KNO3. 
By energy balance, the heat of combustion of the 
fictitious molecule can be calculated (cf. Table 
3). The new energy constants can be determined 
using the following expressions: 

22

2
OO

c
O M

H
E

ψ
Δ

=  
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22

2
COCO

c
CO M

H
E

ψ
Δ
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(7) 

 

(8) 

 

Table 3. Heats of reaction of the compounds 
present in the 50% KNO3 material and heat 

of combustion of the fictitious molecule. 

Material ΔHreaction (kJ.g-1) 

Starch (C6H10O5) 
-17.5 

(Combustion) 
Lactose 
(C12H22O11) 

-16.5 
(Combustion) 

KNO3 → K2O 
6.21 

(Thermal 
decomposition) 

Fictitious 
molecule 
C3.64H6.36O6.18NK 
(M=202 g.mol-1) 

-5.4 
(Combustion) 
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HRR results are presented on Figure 4. The 
relative standard deviation between the 2 
calorimetric methods is less than 10%. Finally, a 
reasonable convergence of HRR estimations by 
means of OC and CDG principles from the 
tested energetic material has been achieved this 
way. The FPA is able to provide accurate data to 
allow the evaluation of this critical parameter. 
However, the basic assumptions of the 2 
calorimetric methods did not all comply. It 
appears that Huggett’s and Tewarson’s energy 
constants are not applicable for this type of 
compounds departing to much from hydrocarbon 
fuels. A correction procedure has been 
developed in order to access the HRR. Energy 
constants have been recalculated from the 
decomposition chemistry of the material. The 
method can be applied to various energetic 
materials. Nevertheless, the nature of the 
oxidiser and its thermal decomposition have to 
be known.  

 
Figure 4. HRR comparison from OC and 
CDG estimations with calculated energy 

constants for a 50% KNO3 material. 

4. IMPROVING LAB-SCALE TESTING 
AND CLASSIFICATION OF 
OXIDIZERS 

Oxidizers (like some nitrates, chlorates, 
chlorites, perchlorates, nitrites, persulfates…) 
are hazardous substances for the reasons they 
may enhance combustion of combustible matters 
21or present explosive decomposition 
phenomena under thermal stress. It is for this 
reason particularly important to identify 
correctly such substances that may present in 
liquid, gaseous or solid state. The latter physical 
state may concern products presenting like 
powders, prills or dense pellets. The history of 
development of classification schemes for such 
substances has extended over several decades. 
Valuable reviews have been made available in 
the literature [22] 
There are basically three major classification 
schemes for oxidizing solids. All of them rely on 
the use of low cost lab-scale methods that 
originate from the early 1970’s. SeeTable 4. All 
those methods show as very simple systems but 
unfortunately suffer significant drawbacks in a 
number of circumstances, like non-pertinence to 
qualify adequately modern forms of oxidizers 
(e.g. pool chemicals) or the inability to resolve 
borderline cases. Such limitations are in 
particular due to the vague, sometimes 
subjective or inapplicable description of 
proposed classification criteria (like duration of 
significant combustion) as compared to 
perceivable or measured information accessible 
in those testing procedures. The role of the 
operator, as a witness of the combustion process 
keeps very important as compared to measured 
parameters, explaining experience will be 
determining in the final result given in practice. 
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Table 4. main classification schemes of oxidizers 

Designation Classification schemes Reference method 
NFPA 430 4 classes from class 1  

(weakly oxidizing 
substances) to class 4  
(explosive reaction risk) 

NFPA 430, annex 1,  
qualitatively described criteria 

EU A17 test 
method 

solely discriminates 
oxidizing  
from non oxidizing 
substances  
and mixtures 

Longitudinal v-shaped rail test 
method,  
« max. burning rate » 

UN O1 test method  
(transport), also for 
use in GHS 

Classification oxidizers  
in three packing groups 

Conical pile test protocol,  
« combustion time » 

 
Interestingly, the need to make some progress in 
the field was identified by a number of 
organisations or companies experienced in 
oxidizer testing, like INERIS, Bayer, Solvay, 
TNO, NRIFD and others [23, 24, 25, 26].Most 
of them are collaborating to a long time 
established network of experts meeting annually 
called IGUS (www.oecdigus.org). This is all the 
more important as with the development at the 
UN level of the so-called GHS 27will reinforce 
the use of the UN O1 method, whereas 
alternative scientific sound methodologies will 
be accepted according to expert judgement. In 
the same time, the FPA has the inherent 
capabilities to roughly combine UN O1 
methodology (based on comparison of mixtures 
of some 30 g of test material with cellulose at 

different ratios and reference systems) and FPA 
routine protocols allowing access to modern 
measurements of fire behavior such as rate of 
heat release, mass loss rates (that may be 
averaged by different ways) and so on. 
Table 5 gives an example of exploring sub-
criteria that have been made recently at FM 
Global and that fits a research work conducted 
by E. Buck et al [28,29] under the hospices of 
the US Fire Protection Research Foundation. In 
these experiments, 30 g of mixtures have been 
used, as in the UN O1 test protocol, and attempts 
have been made to identify how routinely 
measured parameters in the FPA (linked to rate 
of heat release from CDG or mass loss rate) may 
assist the evaluation of the actual burning time 
of test substances.  

Table 5. Transposing the UN O1 test procedure in the FPA : exploratory results regarding 
reference systems based on KbrO3 /Sawdust (SD) mixtures (source : [29]) 

Concentration.  
KBrO3 :SD(a) 

Active  
burning 

time 
(s) 

Active burning 
time from  
mass loss 
profile (s) 

Mass loss 
rate 
(g/s) 

Rate of heat  
release 

by CDG, 
(kW) 

60 :40 9 6 3.9 12.9 
60 :40 8 5 4.72 12.1 
60 :40 12 5 4.48 11.2 
40 :60 22 11 1.83 7.10 
30 :70 33 37 0.04 4.10 

sawdust 231 332 0.04 1.02 
 
The final goal there is to consolidate the way 
classification of oxidizers in 4 classes is 
performed for the application of the NFPA code 
430 dealing with safe storage of solid oxidizers. 

But it may also serve at the end the application 
of “expert judgment” that will be necessary in 
the future for the application of the GHS. In this 
field of investigation, on the one hand, INERIS 
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serves as a panelist member of the FPRF 
research and on the other hand, it is currently 
applying the same kind of protocol using its own 
FPA to further investigate on the feasibility of 
replacing the reference oxidizer « potassium 
bromate » (a carcinogen) by calcium peroxide 
[30], with appropriate modification of cellulose 
to reference oxidizer ratios. 
 
 
5. CONCLUSIONS 
 
The Fire Propagation Apparatus, which history 
of development has been briefly reviewed here, 
is a well known fire calorimeter that 
continuously serves fire research and fire 
engineering purposes for more than three 
decades. New types of use not necessarily 
anticipated by his inventor have been developed 
progressively within the Fire Science 
community, including with chemicals of all 
sorts. 
This paper aims essentially to inform the 
pyrotechnic community on the potential 
advantages this apparatus may offer to study 
thermal and chemical issues relating to safety of 
energetic or reactive substances. The properties 
of energetic materials have however to be taken 
into account to assess and adapt calculation 
procedures, this was illustrated here with results 
on smoke powders. We also briefly describe 
encouraging results obtained by use of the FPA 
to consolidate the classification of oxidizers, by 
extrapolating existing lab-scale procedures (UN 
O1 test). Here, improvement is hoped from 
additional access to more modern and scientific 
sound diagnostics that can be derived from 
appropriate use of the FPA, like heat of heat 
release, or computed mass loss versus time. 
 
The FPA is indeed a very versatile equipment 
that benefits from a mature design and allow for 
many scientific sound diagnostics regarding fire 
safety which deserves some interest for our own 
community. Combining its use with most up to 
date analytical techniques like FTIR 
spectrometry still improves the potential of use. 
 

NOMENCLATURE 
 
A  Cross-sectional area of the exhaust duct, 

m2  
E  Energy release per unit mass, kJ/kg 
M  Molecular weight, g.mol-1 
m&  Mass flow rate, kg.s-1 
q&  Heat release rate, kW 
X  Molar fraction 

CHΔ  Heat of combustion, kJ.mol-1 
ψ   Stoichiometric yield   
 
Subscripts 
a  Incoming gas 
e  Exhaust gas 
oc  Oxygen Consumption Calorimetry 
cdg  Carbon Dioxide Generation Calorimetry 
 
Superscript 
A Measured analyzer value 
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Abstract 
 

Ultrafine aluminum powder (UFAL) is a nanosized powder, particle size of 0.1 μm (the typical 
particle size of the aluminum usually used in propellants is 30 μm). 

We prepared propellant compositions, containing 88% solids, including 18% of aluminum 
powder. In those propellants we replaced 1/3 of the micron size aluminum by UFAL. In the literature, the 
optimum amount of UFAL (cost and viscosity considerations) is 1/3 of the aluminum content. 

In the previous work we studied the effect of UFAL content on the burning rate of cured 
propellants (Strand Burner apparatus). Using UFAL as 2/3 of the total aluminum content – the burning 
rate is 2.3 times higher (at a pressure of 10 MPa). 

In this work we studied the combined effect of UFAL and burning rate catalysts on the burning 
rate of the propellant. The propellant compositions contained up to 2% of the following burning rate 
catalysts: Iron oxide, liquid ferrocene derivative, transparent and semi-transparent iron oxide, and 
nanosize iron oxide powder (in dioctyl adipate). 

Using 1% of the iron oxide - the burning rate is 37% higher (at a pressure of 10 MPa). Using 1% 
of the transparent and semi-transparent iron oxide or ferrocene derivative - the burning rate is about 70% 
higher (at the same pressure). Using 1% of the nanosize iron oxide - the burning rate is about 300% 
higher (at the same pressure). 

The combined effect of UFAL and burning rate catalysts leads to a high burning rate propellant. 
 
 

1. Introduction 
 

Fine aluminum powders have a very large surface area, rendering it useful in energetic materials. 
Propellants containing nano-sized aluminum powder have considerably enhanced burning rates over those 
containing micron-sized powder. There may also be applications of nanometric aluminum in energetic 
materials for insensitive munitions. Many IM formulations contain aluminum powder. Aluminum 
nanopowder, like ALEX®, exhibits a strong exothermic peak in air that is 100-200°C below the melting 
point of aluminum (~660°C), due to the oxidation of the particles1,2,3. 

ALEX® is a nanosize aluminum powder made by electroexplosion of aluminum wire. Particles of 
ALEX® are typically spherical with diameters in the range of 100-200 nm and BET surface area of 
12m2/g. Analysis showed active aluminum contents in the range of 87% to 99% with the remaining 
material predominately aluminum nitride (AlN) and small quantities of oxide (Al2O3)4. 

The burning rate of the propellant increases with ultra fine aluminum powder (UFAL) content in 
the formulation, up to a level of 15%, in medium burning rate propellants. Substitution of 15% of micron-
size aluminum by UFAL increases the burning rate of the propellant by 60%, at 10 MPa pressure5. 

In the case of high burning rate propellants, the burning rate is also enhanced by UFAL, but the 
effect is less prominent. The heat generated from the exothermic reaction of UFAL in the condensed 
phase is large, but the heat transfer time is too short to increase the subsurface temperature significantly, 
causing only 20% increase in the burning rate5. 

Transition metal oxides, especially iron oxide, catalyze the decomposition of ammonium 
perchlorate, and so enhance the burning rate of the propellant6. The use of liquid catalysts, such as 
ferrocene derivatives, has some advantages: It is possible to introduce them in large concentration (up to 
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9%), and the burning rate might increase 2-3 times; They have a positive effect on the propellant rheology 
properties and the pot life of the propellant7. The best burning rate catalyst is a superfine iron oxide (~3 
nm), Nanocat®, made by Mach I. Compositions containing Nanocat have a higher burning rate and lower 
pressure exponent than those containing iron oxide, and they are much safer and also give better aging 
stability and burning rates than those containing Catocene8. 

In the previous work9, we studied the effect of UFAL content (from 2% to 12%) on the burning 
rate. The tests contained static firing of small motors. The end-of-mix viscosity of compositions 
containing more than 12% of UFAL were too high to cast the propellant. The present study includes only 
results from strand burner. 
 
 
2. Experiments 
 

We studied the formulations of HTPB/AP/Al propellants, containing 12% of micron sized 
aluminum, and 6% of UFAL (1/3 of the total aluminum content). Particle size of micron sized aluminum 
is ~30 μm. Particle size of UFAL is ~150 nm (0.15μm). The different amounts of burning rate catalysts 
came at the expense of the oxidizer. Table 1 summarizes the basic propellant composition. 

 
Table 1: Basic Propellant Composition 

 
Materials  Functions  Percent Mass  

HTPB + IPDI + DOA +  
Bonding agent  

Binder  12.0  

Ammonium perchlorate (AP)  Oxidizer  68.0-70.0  

Aluminum powder, micron 
sized  

Metal fuel  12.0  

Aluminum powder, UFAL  Metal fuel  6.0  

Burning rate catalyst  Burning rate 
catalyst  

0-2  

 
The burning rate of the propellants was measured using a Strand Burner. 

 
 
3. Results and discussion 
 
3.1 Compositions Without Burning Rate Catalysts 
 

The burning rate of the propellant was measured by Strand Burner apparatus, at pressure range of 
5-12 MPa. We calculated the ballistic parameters (a and n) of Saint Robert’s equation (r=aPn) from the 
average measured burning rates and pressures. 

The first group of experiments checked the influence of UFAL on the burning rates of the 
propellant compositions. The different compositions include 0 to 12% of UFAL (the total aluminum 
content was 18%). The end-of-mix viscosity of the composition containing 15% of UFAL was too high, 
and we could not cast it9. Fig. 1 shows the effect of pressure and UFAL content on burning rate. The 
burning rates of the propellant increase with the content of UFAL and the pressure. 



-689- 

 
Fig 1: Effect of UFAL content on the Burning Rate of the Propellant 

 
3.2 The Effect of Ferric Oxide Content 
 
Ferric oxide powder is a burning rate catalyst in composite propellants. These formulations contain 6% 
UFAL and 12% coarse aluminum powder, with different concentrations of ferric oxide powders (particle 
size about 250 nm, 0.25μm). Figure 2 shows the effect of ferric oxide content on the burning rate of the 
propellants at the pressure of 10 MPa, with or without UFAL. 
 

 
Figure 2: The effect of ferric oxide content on the burning rates at the pressure of 10 MPa, with or 

without UFAL – Strand Burner tests 
 

The burning rate of propellants increases with the content of ferric oxide and with the pressure. 
The burning rate of the propellant formulation containing 2% ferric oxide and 6% UFAL is ~58% higher 
than the formulation without ferric oxide (at a pressure of 10 MPa). The burning rate of the propellant 
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formulation containing 2% ferric oxide and 6% UFAL is ~34% higher than the formulation containing the 
same concentration of ferric oxide, but without UFAL (at the same pressure). 

The exponent n of the burning rate equation increases with the content of ferric oxide. In the same 
concentrations of ferric oxide, introduction of UFAL almost doesn’t change the n value. 
 
3.3 The Effect of Ferrocene Derivative Content 
 

We used a liquid derivative of ferrocene. The advantage of a liquid catalyst is that it is possible to 
include it on the account of the binder, whereas the solid percent of the energetic materials in the 
propellant is kept high. 

The formulations contain 6% UFAL and 12% coarse aluminum powder, with different 
concentrations of ferrocene derivative. Figure 3 shows the effect of ferrocene derivative content on the 
burning rate of the propellants at the pressure of 10 MPa, with or without UFAL. 

 

 
Figure 3: The effect of liquid ferrocene derivative content on the burning rates at the pressure of 10 MPa, 

with or without UFAL – Strand Burner tests 
 

The burning rate of the propellants increases with the content of the ferrocene derivative and with 
the pressure. The burning rate of the propellant formulation containing 2% Catocene and 6% UFAL is 
~100% higher than the formulation without the ferrocene derivative (in pressure of 10 MPa). The burning 
rate of the propellant formulation containing 2% ferrocene derivative and 6% UFAL is ~38% higher than 
the formulation containing the same concentration of the ferrocene derivative, but without UFAL (in the 
same pressure). 

The ferrocene derivative has no effect on the exponent n of the burning rate equation. The n 
values of formulations containing UFAL are lower than those of the compositions without UFAL. 
 
3.4 The Effect of Transparent and Semi-Transparent Iron Oxides Content 
 

We used transparent and semi-transparent iron oxides. All the formulations contain 6% UFAL 
and 12% coarse aluminum powder, with different concentrations of transparent iron oxides. Figure 4 
shows the effect of the transparent iron oxides content on the burning rate of the propellants at the 
pressure of 10 MPa, with or without UFAL. 
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Figure 4: The effect of transparent iron oxides content on the burning rates at the pressure of 10 MPa, 

with or without UFAL – Strand Burner tests 
 

The burning rate of propellants increases with the content of the transparent iron oxides and with 
the pressure, from 0 to 1%. Transparent iron oxides concentration over 1% does not affect the burning 
rate any more. The burning rate of the propellant formulation containing 1% (or 2%) of Sicotrans and 6% 
UFAL is ~70% higher than that of the formulation without transparent iron oxides (at a pressure of 10 
MPa). The propellant formulation containing 1-2% of transparent iron oxides and 6% UFAL – the 
burning rate is ~36% higher than the formulation containing the same concentration of Sicotrans, but 
without UFAL (at the same pressure). 

The transparent iron oxides concentration has no effect on the exponent n of the burning rate 
equation. The n values of formulations containing UFAL are lower than those of the compositions 
without UFAL. 
 
3.5 The Effect of Nanosize Iron Oxide Content 
 

We used an ultrafine iron oxide (about 5 nm), 30% in DOA. The formulations contain 6% UFAL 
and 12% coarse aluminum powder, with different concentrations of nanosize iron oxide. Figure 5 shows 
the effect of the nanosize iron oxide content on the burning rate of the propellants at the pressure of 10 
MPa, with or without UFAL. 
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Figure 5: The effect of the nanosize iron oxide content on the burning rates at the pressure of 10 MPa, 

with or without UFAL – Strand Burner tests 
 
The burning rate of propellants increases with the content of nanosize iron oxide and with the 

pressure. The burning rate of the propellant formulation containing 1% nanosize iron oxide and 6% 
UFAL is ~230% higher than that of the formulation without nanosize iron oxide (at a pressure of 10 
MPa). The burning rate of the propellant formulation containing 2% nanosize iron oxide and 6% UFAL is 
~96% higher than that of the formulation containing the same concentration of nanosize iron oxide, but 
without UFAL (in the same pressure). 

The nanosize iron oxide has no effect on the exponent n of the burning rate equation in propellant 
formulations without UFAL. The n values of the formulations containing UFAL and nanosize iron oxide 
are much higher, especially the composition containing 1% of nanosize iron oxide. 

 
4. Conclusion 
 

The combined effect of UFAL and burning rate catalysts leads to a high burning rate propellant. 
The burning rate catalysts influence the burning rates of the propellant in this order: ferric oxide < 
transparent iron oxides = ferrocene derivative < nanosize iron oxide. Figure 6 shows the effect of 1% 
concentration of different types of burning rate catalysts on the burning rate of the propellant 
compositions, with or without UFAL, at a pressure of 10 MPa. The burning rate catalysts had only small 
effects on the burning rates of compositions without UFAL. The highest burning rate obtained from the 
composition contained 1% nanosize iron oxide and 6% of UFAL. 
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Figure 6: The effect of 1% burning rate catalyst on the burning rates at the pressure of 10 MPa, with or 

without UFAL – Strand Burner tests 
 

The effect of burning rate catalysts on the exponent n of the burning rate equation: The ferrocene 
derivative has no effect; The n values of compositions containing transparent iron oxides and ferric oxide 
rise with the concentration of the catalyst; The nanosize iron oxide has a very strong effect, and 
composition containing 1% nanosize iron oxide has n=0.7. Figure 7 shows the effect of burning rate 
catalysts concentration on the exponent n for propellant compositions containing 6% of UFAL. 
 

 
Figure 7: The effect of burning rate catalyst on the pressure exponent (n) – Strand Burner tests at pressure 

range of 5-12 MPa 
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ABSTRACT 
 
Three nitrocellulose based propellants for use in micro gas generators equipped with different stabilizing 
systems have been investigated to assess the stabilizers with regard to in-service time, whereby strong 
time-temperature profiles have been applied. The three stabilizing systems have been (i) 0.74 mass-% di-
phenylamine (DPA) and 0.48 mass-% Akardite II (Ak II); (ii) 1.25 mass-% Ak II; (iii) 2.04 mass-% Ak II. 
Several profiles were considered. Two simulate the heating at sun exposure in hot area, others considers 
environmental temperatures in hot - humid and hot - dry areas and one was taken from a delivery and ac-
ceptance quality control. They were evaluated according to the load and finally one was chosen for the 
assessment. The stabilizer contents were determined by high performance liquid chromatography after ex-
traction. To describe stabilizer consumption the most suitable kinetic model was taken. Therewith a pre-
diction was made using the chosen time-temperature profile named ‘Phoenix’, designed for temperatures 
at the steering wheel. The objective was to reach with this profile 15 years until the consumption of pri-
mary stabilizer content. This is conservative, because with the stabilizing action of the consecutive prod-
ucts of the stabilizers longer times are possible. 
 
Keywords in-service time period prediction, propellants, stabilizer DPA, stabilizer Ak II, simultane-

ous decrease of two stabilizers, time-temperature profile load equivalence, kinetic de-
scription of stabilizer consumption, prediction with time-temperature profiles  

 
 
1 INTRODUCTION 
 
Seat belt restraint systems need fast burning gas generator substances, which should burn completely to 
have a high gas production per used mass of propellant in order to miniaturize the gas generator (GG) sys-
tem. These demands are excellently fulfilled by so named single base nitrocellulose propellants. Nitrocel-
lulose (NC) is known as a self decomposing substance and must be stabilized. Then good to very good 
behaviour is obtained with long in-service times of the propellants and GG. In the 1990 the car manufac-
tures raised the acceptance conditions for GG used in belt pre-tensioners. At high actual temperature loads 
in the cars 15 years of in-service time must be guaranteed. With typical single base propellants using DPA 
(diphenylamine) as stabilizer this was hardly to fulfil. A German propellant manufacturer ordered at ICT 
about the mid of the 1990s an investigation about the possible in- service times of three differently stabi-
lized propellants. The objective was to reach 15 years even with high load time-temperature profiles, 
simulating the situation in the car at steering wheel exposed to hot and dry areas.  
 
 

                                                      
1 Presented on the 35th International Pyrotechnics Seminar July 13 to 18, 2008, Fort Collins, Colorado, USA. Organized and pro-
ceedings by International Pyrotechnics Seminar USA, Inc. and the International Pyrotechnics Society. 
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2 PRINCIPLES OF PREDICTION METHODS OF IN-SERVICE TIME  
 
Generally all pyrotechnic gas generators are energetic substances which decompose at time-temperature 
loads. This decomposition can produce heat (exothermal decomposition), permanent gases and solid and 
liquid decomposition products. Besides chemical change decomposition means further a degradation of 
performance. The task of a prediction of in-service time is to give an answer on how long the gas genera-
tor can be used at an applied time-temperature load without loosing its designed performance. This is 
done by determining the time ty(T) after which changes of suitable chosen properties have reached set 
limits values. In other words these times are the times to reach preset conversion limits monitored by one 
or several properties of the considered system. The principle properties and methods listed in Table 1 can 
be applied to determine the in-service time as function of temperature or as function of time-temperature 
loads. 
 
Table 1: Properties and methods applicable for in-service time predictions. 
 
Property experimental method assessment with  remark 
mass loss • weighing by analytical 

balances 
• thermogravimetric analy-
sis instrument 

time to reach allowed 
mass loss limit 
special description neces-
sary if solid products are 
formed /1/ 

not applicable if no 
or only little mass 
loss occurs 

gas generation pressure measurement time to reach allowed gas 
generation limit 

not applicable if no 
or only little gas 
formation occurs 

heat generation • determination of heat 
generation rate by micro-
calorimeter 

time to reach allowed 
heat generation limit, 
means energy loss limit 

not applicable if no 
or only little heat 
generation occurs 

stabilizer consump-
tion 

• following concentration 
decrease by HPLC, GC 

time to reach allowed 
stabilizer concentration 
limit 

needs the presence 
of a stabilizer 

formation of a main 
decomposition 
product 

• chemical analyses, possi-
ble with  
GC, HPLC, IC, IR, AAS, .. 

time to reach allowed 
substance conversion 
limit 

may be expensive to 
analyse 

decrease of a main 
component 

• chemical analyses, possi-
ble with HPLC, IC, AAS, 
AES, .. 

time to reach allowed 
substance conversion 
limit 

can be to inaccurate, 
because of relatively 
small changes 

 
The ageing determined via changes in chemical composition is one aspect. Another is the ballistic per-
formance, means the fulfilment of the designed shape of the pressure-time curve /see for example 2/. 
Generally two of the methods of Table 1 must be applied, thereby ensuring to have enough prediction re-
liability. The prediction of in-service times is made with data obtained from accelerated aged samples. To 
use them with time-temperature profiles any employed property must be measured as function of time 
and temperature. A second method is an estimation of the possible in-service time by loading the sample 
with high test condition at one temperature over some time. This test condition is thought to represent the 
load over the whole in-service cycle. If after this load the gas generator still functions according to the 
demanded performance data, this gas generator type fulfils the expected in-service conditions. Such test-
ing is appropriate only for already established systems and as surveillance testing during series produc-
tion. For development of new systems the more extensive assessment should or better must be made, in 
order to know the behaviour of the gas generating substance before starting the series production in more 
detail and with higher accuracy and to exclude unwanted surprises. 



-359- 

3 MATERIALS AND INVESTIGATION CONDITIONS 
 
The three differently stabilized NC based propellant samples have been: 
sample P1,  stabilized by: 0.74 mass-% diphenylamine (DPA) and 

0.48 mass-% Akardite II (Ak II) 
sample P2,  stabilized by: 1.25 mass-% Ak II 
sample P4,  stabilized by: 2.04 mass-% Ak II 
 
All three propellants are typical NC based singlebase propellants and have been produced freshly with the 
same NC (nitrocellulose) with a nitrogen content of 13.3 mass-%. NC content of singlebase propellants is 
typically between 90 and 98 mass-%, here 97 mass-%. Some plasticizer can be used. The grains have 
been cylindrical with one center bore, about 3 to 4 mm long and 1.5 mm in diameter. The applied prop-
erty for assessment was with all three propellants the stabilizer content. The samples have been aged at 
elevated temperatures which have been chosen to be near or in the expected in-service temperature range. 
For the higher ageing temperatures high degrees of consumption of the stabilizer have been achieved. 
This means the data base for assessment includes high conversions of the property ‘stabilizer content’, 
which is an important aspect for the accuracy and reliability of the prediction. The ageing times are tem-
perature dependent, means decomposition rate dependent. The longest ageing time was nearly 1000 days 
at 60°C. Further ageing times and the reached levels of consumption can be seen in Table 2 below. 
The accelerated ageing temperatures have been: 
 
sample P1 60°C,  70°C,  ----- ,  80°C,  85°C,  90°C 
sample P2 60°C,  70°C,  75°C,  80°C,  85°C,  90°C 
sample P4 60°C,  70°C,  75°C,  80°C,  85°C,  90°C 
 
The stabilizers have been extracted from the propellant grains by so named Soxhlet extraction with a low 
boiling solvent and their amounts determined by reversed phase HPLC. Only the primary (means added at 
production) stabilizers DPA and AkII have been determined. The chemical formulas of the two stabilizers 
can be seen in Fig. 1. 
 
Table 2: Maximum ageing times and reached levels of consumption for the stabilizers in the three 

gas generator propellants. 
 
Sample P1, DPA, S(0) = 0.74 mass-% 
ageing 
temp. 
[°C] 

max. 
ageing 

time [d] 

S(t) 
[mass-%] 100*S(t)/S(0)

90 10 0.012 1.6 
85 12 0.03 4.1 
80 24 0.027 3.6 
70 250 0.006 0.8 
60 356 0.031 4.2 

 
 

Sample P1, AkII, S(0) = 0.48 mass-% 
ageing 
temp. 
[°C] 

max. 
ageing 

time [d] 

S(t) 
[mass-%] 100*S(t)/S(0)

90 33 0.1 20.8 
85 87 0.017 3.5 
80 24 0.027 5.6 
70 545 0.085 17.7 
60 989 0.311 64.8 

 
 
 



-360- 

Sample P2, AkII, S(0) = 1.25 mass-% 
ageing 
temp. 
[°C] 

max. 
ageing 

time [d] 

S(t) 
[mass-%] 100*S(t)/S(0) 

90 44 0.15 12.0 
85 104 0.038 3.0 
80 190 0.151 12.1 
75 400 0.094 7.5 
70 751 0.152 12.2 
60 989 0.734 58.7 

Sample P4, AkII, S(0) = 2.04 mass-% 
ageing 
temp. 
[°C] 

max. 
ageing 

time [d]

S(t) 
[mass-%] 100*S(t)/S(0)

90 72 0.07 3.4 
85 162 0.03 1.5 
80 276 0.153 7.5 
75 588 0.137 6.7 
70 751 0.428 21.0 
60 989 1.3 63.7 

 
 

                               
 

    DPA     AkII 
 
Fig. 1:  Chemical formulas of diphenylamine (DPA) and akardite II (AkII). 
 
 
4 TIME-TEMPERATURE PROFILES 
 
Besides determining the ageing behaviour and its temperature dependence a second important part is the 
application of these data with representative time-temperature profiles for the expected load during 15 
years of in-service of the car. This part is still not satisfactorily solved for the situation of use of cars. Be-
cause of the great variety of climatic conditions, developers of acceptance tests tend to take the most se-
vere conditions for all the in-service time. However, the best would be to record for each car the experi-
enced temperature load by on-board data logger systems and after reaching the limit of performance to 
exchange the corresponding components. Meanwhile the solution is to apply adapted time-temperature 
profiles for the situation in the car. Just to make the single time-temperature test assessment is allowed 
only, if the decomposition and ageing behaviour have been determined and the gas generator compound is 
known already in ageing behaviour. 
 
To design time-temperature profiles and to compare them, some scaling procedures are given below. For 
chemically caused ageing processes the following formula has proven by experience as suitable. With ac-
tivation energy values Ea of about 80 to 120 kJ/mol and a temperature range between 20°C to 90°C the 
scaling factor F has the value 3. This has been applied in /2/. 
 

O=C

N

N

CH3

H

H
N
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(1) d25.365/F]d[t]a[t FET T/)TT(
TE

Δ−⋅=   
 
tE time in years at temperature TE 
tT test time in days at test temperature TT 
F reaction rate change factor per 10°C temperature change, here 3 to 4 
 De-celeration with temperature decrease / ac-celeration with temperature increase 
TT test temperature in °C 
TE in-service temperature in °C 
ΔTF temperature interval for actual value of F, here ΔTF is always 10°C  
 
It is necessary to know that the assessment properties given in Table 1 often have different activation en-
ergies even for the same system. The reason is the complex reaction behaviour with several reactions go-
ing on in parallel, which are differently weighed by each method and by the applied temperature range. 
Temperature weighs according to Ea values. Processes with lower Ea values are preferred at lower tem-
peratures against the ones with higher Ea values. With heat generation and with mass loss one determines 
often lower Ea values than with stabilizer consumption. Therefore to be more independent of assumed Ea-
value ranges and temperature ranges the scaling with the Arrhenius expression is preferable. According to 
Eq.(2) the reaction rate constants ki are proportional to time ti to reach a certain conversion or change in 
property. Therewith the scaling is done from test data tT and TT to the looked for data tE or TE (one of 
them has to be given), see Eq.(3). 
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The first equation in equation set (2) is named the Arrhenius equation for the reaction rate constant k. Z is 
the pre-exponential factor, Ea is the activation energy, R is the general gas constant and T is the tempera-
ture in Kelvin. From Eq.(2) the Eq.(3) is obtained to scale test time tT to the target time tE using the tem-
peratures TE and TT in the Arrhenius expression. 
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If two temperature dependent main processes with different activation energies occur /3, 4/, the following 
scaling formula applies. 
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R
Eaexptt   TE ≤ TS   and   TT ≥ TS 

  
The activation energy Ea1 is valid from TS upwards. 
The activation energy Ea2 is valid from TS downwards. 

 
Temperature TS is the so-named switch temperature for the activation energies. Its value is for NC-based 
materials between 55°C and 65°C. Mostly 60°C are taken. Eq.(4) is formulated for the situation that the 
target temperature TE is lower than TS and TT is higher than TS. 
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time-temperature profiles
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Fig. 2: Graphical comparison of some time-temperature profiles. One data set is taken from an accep-

tance test, with a test cycle time of 15 days; this is formally scaled to one year. But it is assumed 
that the 15 days test cycle simulates the whole load during in-service of the car. 

 

time-temperature profiles
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Fig. 3: Graphical comparison of time-temperature profiles including military time-temperature profiles. 

All have a total duration of one year. 
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Table 3: Comparison of some time-temperature profiles. The corresponding test times at 90°C are 
given for one and for 15 profile cycles. 

 

Phoenix 

Witt-
mann, 

Arizona, 
USA 

Miami, 
Florida, 

USA 

STANAG 
2895 

M1, UTH 

STANAG 
2895 

M1, ITH 

AK-TK, 
accept. test 

Profile type → 
In car at 
steering 
wheel 

Environ-
mental 

Envi-
ron-

mental 

Environ-
mental, 

maritime, 
hot 

Induced, 
maritime, 

hot 

Simulating 
load at 
steering 
wheel 

Time period of one cycle [d] 365 365 365 365 365 15 
Time averaged mean tempera-
ture [°C] 37.74 24.98 29.4 32.5 51.6 62.99 

Lowest temperature[°C] 5 4 15 20 36 10 
Highest temperature[°C] 80 49 42 49 71.5 80 
 extrapolation with factor F = 3.0 
Equivalent test time at 90°C for 
one profile cycle 6.46 d 0.52 d 0.56 d 0.98 d 7.63 d 3.24 d 

Equivalent test time at 90°C for 
15 profile cycles 96.9 d 4.76 d 8.33 d 14.7 d 114.4 d 48.5 d 

 extrapolation with factor F = 4.0 
Equivalent test time at 90°C for 
one profile cycle 3.26 d 0.111 d 0.11 d 0.23 d 3.07 d 2.40 d 

Equivalent test time at 90°C for 
15 profile cycles 49.0 d 1.67 d 1.61 d 3.5 d 46.1 d 35.9 d 

 Arrhenius-type extrapolation with Ea = 141.5 kJ/mol 
Equivalent test time at 90°C for 
one profile cycle 3.25 d 0.06 d 0.05 d 0.14 d 2.80 d 2.54 d 

Equivalent test time at 90°C for 
15 profile cycles 48.7 d 0.9 d 0.72 d 2.1 d 42.1 d 38.1 d 

 
In Fig. 2 and 3 several time-temperature profiles can be seen. The profile named ‘Phoenix’ simulates the 
temperature in the range of the steering wheel in a hot and dry climate. Profile Wittmann, Arizona simu-
lates the environmental temperatures, as does the profile Miami, Florida /5/. In Fig. 2 an acceptance test 
time-temperature profile is included /6/. The total test cycle is 15 days. It was designed to simulate the to-
tal temperature load during whole in-service time. Fig. 3 compares two of the mentioned profiles with 
military ones /7/, defined in STANAG 2895. The military profile STANAG 2895 M1-ITH simulates the 
temperatures induced by sun radiation on surfaces, whereas profile STANAG 2895 M1-UTH simulates 
environmental temperatures. In Table 2 the characteristic data of these profiles are given. Profile Phoenix 
and the AK acceptance test cycle have with 80°C the highest temperature. The military profile M1-ITH 
assumes only 71.5°C as highest temperature reached in the surface of materials and in the air layer in con-
tact with this surface. The highest time-averaged mean temperature has with 51.6°C the profile M1-ITH. 
Further comparison of the profiles is made in that the corresponding equivalent load test times at 90°C are 
given in Table 3 for one and for 15 cycles. Three extrapolation procedures are used for this: two use 
Eq.(1) with F = 3 and F = 4. The third extrapolation uses Eq.(3) with activation energy Ea = 141.5 kJ/mol. 
As will be shown later this Ea value describes in average the stabilizer consumption in the three gas gen-
erator propellants. With profile Phoenix and the Ea-extrapolation the test time is 48.7 days for 15 cycles 
corresponding to 15 years of in-service. This is the longest time of all compared profiles in this row of 
Table 3. Especially the environmental temperature profiles have very much shorter equivalent test times 
at 90°C. With factor 3 extrapolation the profile M1-ITH has the longest equivalent test time and would be 
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considered as strongest in load. These differences in ordering arise from the different weighing of tem-
peratures by the methods. The best is the have activation energies for the temperature range of interest for 
extrapolation and assessment. 
 
Table 4: Comparison of the loads of some test conditions applied to gas generators, done by 

equivalent times calculated for 25°C and 90°C. Four extrapolation procedures have been 
used. Unit ‘a’ stands for year, derived from Latin ‘annum’. 

 
Test temperat.TT → 
         Test time tT → 

90°C 
41.67 d or 1000 h 

107°C 
17 d or 408 h

115°C 
41.67 d or 1000 h 

125°C 
0.5 d or 12 h 

Target temp. ↓ 
extrapolation with factor F = 3.0 

t(Ttarget) = tT(TT)*3.0^((TT - Ttarget)/10°C) 
time t(Ttarget) at 90°C 41.67 d 110 d 650 d 23.4 d 
time t(Ttarget) at 25°C 141 a 380 a 2245 a 81 a 

 extrapolation with factor F = 3.5 
t(Ttarget) = tT(TT)*3.5^((TT - Ttarget)/10°C) 

time t(Ttarget) at 90°C 41.67 d 143 d 2.61 a 40.1 d 
time t(Ttarget) at 25°C 392 a 1 347 a 8 991 a 348 a 

 extrapolation with factor F = 4.0 
t(Ttarget) = tT(TT)*4.0^((TT - Ttarget)/10°C) 

time t(Ttarget) at 90°C 41.67 d 180 d 3.65 a 64.0 d 
time t(Ttarget) at 25°C 935 a 4 025 a 29 905 a 1435 a 

 Arrhenius-type extrapolation with Ea = 141.5 kJ/mol 
t(Ttarget) = tT(TT)*exp(-Ea/R/(1/TT[K] – 1/Ttarget[K])) 

time t(Ttarget) at 90°C 41.67 d 138 d 2.33 a 30.8 d 
time t(Ttarget) at 25°C 3 121 a 10 355 a 63 857 a 2 305 a 

 
In Table 4 some acceptance test conditions applied for gas generators are compared, using the equivalent 
times calculated for the temperatures 25°C and 90°C. The test 107°C and 408 h is already quite demand-
ing. With Ea = 141.5 kJ/mol extrapolation one gets at 90°C a test time of 138 days. At 25°C the equiva-
lent time is 10355 years ! The test at 115°C and 1000 h seems somewhat ‘oversized’ in that it corresponds 
at 90°C to 2.33 years of isothermal storage. The test 90°C, 1000 h corresponds at 25°C to 3121 years. 
 
 
5 STABILIZER DECREASE IN GAS GENERATOR PROPELLANTS  
 
5.1 Decomposition and stabilization of NC-based propellants 
 
In nitrocellulose (NC) based propellants a slow decomposition is on-going all the time. NC forms a lot of 
reaction products among them are nitric oxides and especially nitrogen dioxide NO2 which is formed by 
nitrate ester splitting. This product acts in such a way that it attacks NC and opens further decomposition 
channels. This effect is called autocatalysis. The following reaction scheme shows the essential reactions 
of NC or generally nitrate ester (NE) decomposition and their stabilization by removing of P by a stabi-
lizer S and thereby suppressing the autocatalytic decomposition /8,9,10/.  
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       NE      ⎯⎯ →⎯ NEk     P + R-NE  intrinsic decomposition of NC or any nitrate ester NE. 

  NE + P    ⎯⎯⎯ →⎯ autok     2 P + R-NE  autocatalytic decomposition of NC or NE 

    S + P     ⎯⎯ →⎯ SPk      P-S   stabilizing reaction, stabilizer S is catching product P 

 
Typical stabilizers used are DPA (diphenylamine), EC (ethylcentralite) and AkII (akardite II). Most effec-
tive are DPA and AkII, whereby AkII is superior to DPA. As long as active stabilizer is present the pro-
pellant is protected against autocatalytic decomposition. Only the intrinsic decomposition is going on, and 
thereby the stabilizer is consumed. To follow the concentration of the primary stabilizer (this is the stabi-
lizer added at production of the propellant) one can assess the residual in-service time, if the consumption 
rate as function of temperature is known. This information must be obtained by accelerated ageing of 
propellant samples. Then the prediction can be made: by information about the time-temperature loads the 
propellant has experienced, the stabilizer conversion or consumption can be calculated. With this data the 
residual time can be determined until a set limit of stabilizer concentration is reached and this is the resid-
ual in-service time /11,12/. For this procedure a good description of stabilizer consumption is necessary 
/11,12/. 
 
 
5.2 Reaction kinetic description of stabilizer decrease in propellants 
 
In detail the consumption of stabilizer S is a quite complicated process /8,9,12/. From the shape of the 
curve of stabilizer consumption one could assume an exponential decrease. But this has proven to sim-
plify too much, especially when reaching low stabilizer contents /12, 13/. The rate equation Eq.(5) for 
stabilizer consumption is a combination of the reactions of first and zero order /13/ and describes stabi-
lizer consumption very well for all stabilizers in all propellant types and down to low residual contents 
/12/. The two reaction rate constants have temperature dependence according to Arrhenius, Eq.(6). The 
integration of Eq.(5) gives Eq.(7), which is used to describe the stabilizer consumption. It is named model 
‘S: exponential + linear’. 
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The calculation of in-service times tyS(T) is achieved by defining the degree of stabilizer consumption, 
Eq.(8). Inserting this in Eq.(7) the Eq.(9) results. Therewith the times tyS(T) to reach yS can be calculated. 
The times to reach yS are the looked for in-service times. With Eq.(10) the times t0(T) to reach zero con-
tent of stabilizer, means yS = 0, can be calculated. 
 

(8) 
)0(S
)T,t(SyS =      degree of stabilizer consumption 
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In Table 5 the mostly used kinetic equations to describe stabilizer consumption have been compiled. A 
short description is given in the following listing. All equations but Eq. T6 are parametric equations. Only 
Eq. T6 is mechanistically exact, because it uses explicitly the two basic reactions involved: decomposition 
of NC and the stabilizing reaction /8, 12/. 
 
Eq. in Table 5 Type Model name 

T1 combination of first and zero order /13/ ‘S: exponential + linear’ 
T2 first order ‘S: exponential’ 
T3 zero order ‘S: linear’ 
T4 nth order, one reaction rate constant /14/ ‘S: nth order’ 
T5 nth order, two reaction rate constants /4, 12/ ‘S: nth order, two constants’ 

T6 kinetic-mechanistically exact expression,  
only two reasonable approximations used /8, 12/ ‘S: extended’ 

 
In principle all could be used. But only Eq.T1 gives a reasonable conservative estimate on the time t0 to 
reach stabilizer content zero. Equation T4 is now used in the new edition 2 of NATO AOP 48 /14/. The 
use of this equation was made easier in giving linearised form for data evaluation. In this form simple 
spread sheet algebra can be used for data evaluation. This is not possible with Eq. T1; it can be handled 
only with non-linear fit algorithms. But Eq. T4 cannot be used in the way done here with Eq. T1, because 
it predicts much too long times if the stabilizer concentration approaches zero. In AOP 48 it is recom-
mended Eq. T4 not to use for stabilizer concentrations less than 5% of S(0). S(0) is the value of stabilizer 
content S before ageing. But own experience indicate it should not be used at concentrations less than 
20% of S(0), sometimes even higher, see section 6.1, Fig. 9 and section 6.2 Fig. 15. If the order n of 
model ‘S: nth order’ is obtained negative, then very probably two stabilizers have been added to the pro-
pellant, see /11/ for discussion. In AOP 48 this occurrence is interpreted as possible indication of auto-
catalytic behaviour. But such behaviour is with an active stabilizer contradictory in itself. 
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Table 5: Models for prediction of stabilizer consumption. Given are rate equations and integrated equations and the formulas for the times tyS 
to reach degrees of consumption yS and the equations for the time t0 to reach zero stabilizer content /11/. 

 

Eq. kinetic rate equation kinetic equation (integrated rate equation) time t0(T) to zero stab. content tyS(T) to reach 
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5.3 Application of the reaction kinetic description with time-temperature data 
 
The above given description of stabilizer decrease can be used with time-temperature profile data straight 
forward by applying it stepwise with the profile data /2,11/. The corresponding formulation of Eq.(7) for 
this method is given with Eq.(11). Continuous temperature data have also time Δti at Ti until next Ti+1 and 
this same procedure is taken. Eq.(12) gives the time, when one full profile cycle was applied and Eq.(13) 
the total time after j profile cycles. Eq.(11) is applied in a loop until S has approached zero or a preset 
limit value. 
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6 RESULTS AND DISCUSSION 
 
6.1 Reaction kinetic description of stabilizer consumption in the propellant 
 
With Eq.(7) the experimentally determined data on stabilizer consumption have been described and the 
Arrhenius parameters determined. In applying Eq.(7) a non-linear fit algorithm was used, here the Leven-
berg-Marquardt procedure form the programme package ‘OriginTM’ Version 7, SR (service revision) 4 
/15/. The package allows defining the fit function by the user. The fit equation was used in the form given 
as Eq.(7). No logarithmic form is necessary, which is advantageous because the logarithmic forms will be 
weighed differently to non-logarithmic forms with every fit procedure what expresses in different results, 
and this can be quite dramatic /12/. The fits have been made in two ways: (i) with single temperature data, 
obtaining the two reaction rate constants k1 and k0 and (ii) using all the time-temperature data at once. In 
the latter the fit parameters have been the two activation energies Ea1 and Ea0 and the two pre-exponential 
factors Z1 and Z0. This method has advantage if for some temperatures the data are not obtainable over a 
broad enough consumption range. The obtained Arrhenius parameters are compiled in Table 6.  
 
Sample P2 and P4 could be evaluated directly, because only one primary stabilizer was added. With sam-
ple P1 the two stabilizers have to be evaluated separately, because they react in sequence. As long as DPA 
is present AkII is not consumed /11/. An offset time tv was introduced to shift the AkII data to a virtual 
zero in time. In this way both sets of stabilizer consumption have been evaluated again directly. Fig. 4 
shows an example of the evaluation of P1 data. The evaluation of the data of sample P4 can be seen in 
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Fig. 5 and 6. The graphs for the other propellants look in the same way as the ones for P4, see Fig. 7 and 
Fig. 8 showing the evaluation for P2, but other t0 values are obtained. 
 
In Table 7 the times t0(T) are given calculated by Eq.(10). Also with these values corresponding Ar-
rhenius parameters can be determined, here using the formal rate constant 1/t0. The activation energy of 
1/t0 is about in the middle of the two values Ea1 and Ea0 for stabilizer decrease. In this way one transforms 
the description of stabilizer consumption to another one using only one set of Arrhenius parameters. The 
average activation energy Ea-1/t0 for the 1/t0 times is about 141 to 142 kJ/mol. Such a value was taken for 
the Arrhenius type extrapolation shown in the Tables 3 and 4. In Table 7 the offset times tv to shift the 
AkII consumption in P1 are compiled also, together with the Arrhenius parameters. These should be simi-
lar to the ones of the DPA consumption, which governs the tv values and this congruence has been found. 
 
Table 6: Arrhenius parameters obtained from ‘all-temperature’ fits with model ‘S: expon.+linear’.  
  Used temperatures: 70, 80, 85, 90°C with P1;  70, 75, 80, 85, 90°C with P2 and P4. 

 Sample P1 Sample P1 Sample P2 Sample P4 
primary stabilizer DPA AkII AkII AkII 
S(0) [mass-%] 0.74 0.48 1.25 2.04 
Used temp. [°C] 70, 80, 85, 90 70, 80, 85, 90 70 - 90 70 - 90 
Ea1 [kJ/mol] 114.2 ± 1.2 114.8 ± 4.0 126.5 ± 1.6 124.9 ± 1.3 
lg(Z1 [1/d]) 15.794 ± 0.16 14.749 ± 0.47 16.524 ± 0.18 16.165 ± 0.15 
Ea0 [kJ/mol] 210.8 ± 45.5 170.7 ± 24.6 182.9 ± 24.0 172.9 ± 17.5 
lg(Z0 [mass-%/d]) 29.096± 4.64 22.491± 2.68 24.422 ± 2.55 22.975 ± 1.88 
R2 [-] 0.9916 0.9930 0.9967 0.9972 

 
 

 
Fig. 4: Example of the evaluation of stabilizer consumption data of sample P1. DPA reacts faster than 

AkII. The two stabilizers are described separately by introducing a time offset (toff or tv) for the 
AKII decrease. 
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Fig. 5: Evaluation of the stabilizer consumption of sample P4, temperatures 80°C, 85°C and 90°C, model 

‘S: exponential+linear’. The times t0,s and t0,a are the times to zero stabilizer content, from ‘sin-
gle-temperature’ and ‘all-temperature’ fits respectively.  

 

 
Fig. 6: Evaluation of the stabilizer consumption of sample P4, temperatures 60°C, 70°C, 75°C and 80°C, 

model ‘S: exponential+linear’. The times t0,s and t0,a are the times to zero stabilizer content, from 
‘single-temperature’ and ‘all-temperature’ fits respectively. 
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Fig. 7: Evaluation of the stabilizer consumption of sample P2, temperatures 80°C, 85°C and 90°C, model 
‘S: exponential+linear’. The times t0,s and t0,a are the times to zero stabilizer content, from ‘sin-
gle-temperature’ and ‘all-temperature’ fits respectively.  

 

 
Fig. 8: Evaluation of the stabilizer consumption of sample P2, temperatures 60°C, 70°C, 75°C and 80°C, 

model ‘S: exponential+linear’. The times t0,s and t0,a are the times to zero stabilizer content, from 
‘single-temperature’ and ‘all-temperature’ fits respectively. 
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Table 7: Times t0(T) to reach stabilizer content zero calculated from Arrhenius parameters of ‘all-
temperature’ fits. Primary stabilizer(s) is (are) the one(s) added at production of the pro-
pellant. 

 
 Sample P1 Sample P1 Sample P2 Sample P4 Sample P1 
primary stabilizer DPA AkII AkII AkII tv of AkII 

T [°C] t0 [d] t0 [d] t0 [d] t0 [d] tv [d] calc 
30 56508.51 391802.57 828782.8 928537.79 34805.55 
40 11099.3 74381.25 140403.51 163092.03 6197.41 
50 2327.29 15048.97 25789.91 31176.06 1227.88 
60 512 3204.39 5071.51 6415.54 268.11 
65 242.99 1502.35 2298.76 2982.75 129.58 
70 115.78 710.96 1055.42 1407.63 63.97 
75 55.21 339.39 490.27 673.64 32.23 
80 26.26 163.39 230.2 326.64 16.55 
85 12.42 79.33 109.17 160.36 8.66 
90 5.83 38.85 52.27 79.66 4.61 

100 1.25 9.59 12.32 20.33 1.38 
      
 Arrhenius parameters of the t0 times  

Ea-1/t0 [kJ/mol] 139.5 ± 2 140.6 ± 2 147.5 ± 1 142.8 ± 1 136.2 ± 5 
lg(Z-1/t0[1/d]) 19.212 ± 0.3 18.584 ± 0.2 19.446 ± 0.17 18.607 ± 0.13 18.927 ± 0.75 
R2 [-] 0.9998 0.9992 0.9996 0.9997 0.9960 

 

sb NC propellant, S(0) = 0.78 mass-%
comparison of three models
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-0.1

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

0 20 40 60 80 100 120 140 160 180

time [d]

DPA [mass-%]

70°C  experiment
zero
70°C  expon.+lin.-aT  to=102.36 d
70°C  nth order-aT     te=128.6 d
70°C  extended-aT     te=160 d

'S: extended'
'S: exponential + linear'

'S: nth order', n = 0.4838'S: extended'

 
Fig. 9: Comparison of the descriptions from three models, always with ‘all temperature’ fits, the data for 

70°C extracted. Only with model ‘S: exponential + linear’ a true time t0 for S(t) = 0 is obtainable 
always. With model ‘S: extended’ finite t0 values are not possible. Model ‘S: nth order’ provides 
here with a value for t0 because n < 1, see /11/. The tailing of the nth order model gives 25% 
longer time t0 compared to model ‘S: expon.+linear’. 
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In Fig. 9 the comparison is shown of the descriptions from three models, always with ‘all-temperature’ 
fits, the data for 70°C have been extracted. Here another gas generator propellant is described. It is a 
singlebase propellant also stabilized with DPA. Model ‘S: exponential + linear’ provides always with 
time t0 for S(t) = 0. With model ‘S: extended’ finite t0 values are not possible. Here model ‘S: nth order’ 
gives n= 0.4838 and a time t0 =128.6 days. Clearly to see that model ‘S: nth order’ predicts significantly 
longer time to reach S equal to zero: 103 days to 129 days, just 25% longer time. In spite of the good de-
scription of the data down to 13% of original stabilizer content, the prediction of t0 times is to ‘positive’. 
The application of this model needs special care and experience to get reliable predictions. It will be 
shown below that it may be impossible to use the nth order model because of its inherent tailing behav-
iour at small stabilizer concentrations. 
 
The descriptions of the stabilizer data of P4 and P2 with model ‘S: nth order’ are shown in Fig. 10 and 11 
for propellant P4 and in Fig. 12 and 13 for propellant P2. All times t0 are longer than the ones obtained 
with model ‘S: exponential + linear’, see Fig. 5, 6 and Fig. 7, 8. Further one recognizes that the ‘all-
temperature’ fits gives better values than the ‘single-temperature’ description, especially to see with the t0 
values for 60°C ranging between 14000 and 20000 days against 5500 to 7500 days with ‘all-temperature’ 
fits. This is definitely much too long. With model ‘S: exponential + linear’ one finds also differences be-
tween the two procedures, but the differences are within the error limit. In Table 8 the evaluation data ob-
tained with model ‘S: nth order’ are listed. 
 
Table 8: Arrhenius parameters obtained from ‘all-temperature’ fits with model ‘S: nth order’.  
  Used temperatures: 70, 80, 85, 90°C with P1;  70, 75, 80, 85, 90°C with P2 and P4. 
 

 Sample P1 Sample P1 Sample P2 Sample P4 
primary stabilizer DPA AkII AkII AkII 
S(0) [mass-%] 0.74 0.48 1.25 2.04 
Used temperat.[°C] 70, 80, 85, 90 70, 80, 85, 90 70 - 90 70 - 90 
Ea1 [kJ/mol] 135.5 ± 1.4 142.1 ± 0.6 144.1 ± 0.9 140.0 ± 0.5 
lg(Z1 [1/d]) 18.977 ± 0.14 18.989 ± 0.06 19.216 ± 0.09 18.477 ± 0.04 

n 0.656 ± 0.26 0.389 ± 0.12 0.587 ± 0.15 0.584 ± 0.08 
R2 [-] 0.9891 0.9924 0.9943 0.9971 

 
 
The Table 9 and 10 shows the t0 data obtained with the two models in discussion for P4 and the Tables 11 
and 12 the data for P2. The Arrhenius parameters of the ‘all-temperature’ fits are similar for both models 
and for the same propellant. Even the differences between the propellants P2 and P4 can be seen inside 
the error range. This is reasonable because both propellants are similar in design. Again to see that be-
tween ‘single-temperature’ evaluation and ‘all-temperature’ evaluation the differences in Arrhenius pa-
rameters are much smaller with model ‘S: exponential + linear’ than with model ‘S: nth order’. For this 
model a formal parameterisation was given for the reaction order n in ‘single-temperature’ evaluation, see 
Table 10 and 12 respectively. 
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Fig. 10: Evaluation of the stabilizer consumption of sample P4, temperatures 80°C, 85°C and 90°C, model 

‘S: nth order’. The times t0,s and t0,a are the times to zero stabilizer content, from ‘single- tem-
perature’and ‘all-temperature’ fits respectively.  

 
 
Fig. 11: Evaluation of the stabilizer consumption of sample P4, temperatures 60°C, 70°C, 75°C and 80°C, 

model ‘S: nth order’. The times t0,s and t0,a are the times to zero stabilizer content, from ‘single-
temperature’ and ‘all-temperature’ fits respectively. 
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Fig. 12: Evaluation of the stabilizer consumption of sample P2, temperatures 80°C, 85°C and 90°C, model 

‘S: nth order’. The times t0,s and t0,a are the times to zero stabilizer content, from ‘single- tem-
perature’ and ‘all-temperature’ fits respectively.  

 

 
Fig. 13: Evaluation of the stabilizer consumption of sample P2, temperatures 60°C, 70°C, 75°C and 80°C, 

model ‘S: nth order’. The times t0,s and t0,a are the times to zero stabilizer content, from ‘single-
temperature’ and ‘all-temperature’ fits respectively. 
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Table 9: Time t0 to reach zero stabilizer content according to ‘all-temperature’ fits, propellant P4. The 
times of the nth order model are always longer. 

model expon.+lin - aT nth order - aT  
stabilizer AkII AkII  
S(0) [mass-%] 2.04 2.04  
Ea1 [kJ/mol] 124.9 140.1  
lg(Z1 [1/d]) 16.165 18.477  
Ea0 [kJ/mol] 172.9 -  
lg(Z0 [m.-%/d]) 22.975 -  

n - 0.5843  
T [°C] t0 [d] t0 [d] ratio 

20 5823249 7370028 1.27 
30 928538 1106642 1.19 
40 163092 187559 1.15 
50 31176 35480 1.14 
60 6416 7417 1.16 
65 2983 3511 1.18 
70 1408 1699 1.21 
75 674 839 1.24 
80 327 423 1.29 
85 160 217 1.36 
90 79.7 113.7 1.43 

    

Ea-1/t0 [kJ/mol] 142.8 ± 1 140.1 ± 0  
lg(Z-1/t0 [1/d]) 18.607 ± 0.13 18.096 ± 0  

R2 0.9997 0.999999  
 
Table 10: Time t0 to reach zero stabilizer content according to ‘single-temperature’ fits, propellant P4. 

The times of the nth order model are always longer and the reaction order n is temperature de-
pendent. One is forced to use ‘all-temperature’ fit with model ’S: nth order’, but not with 
model ‘S: expon.+linear’, see data of Table 8. 

 expon.+lin - sT nth order - sT 
T [°C] t0 [d] t0 [d] t0 ratio n 

60 5586 19907 3.56 0.88461 
70 1268 2108 1.66 0.69181 
75 687 1001 1.46 0.67676 
80 322 431 1.34 0.56620 
85 162 191 1.18 0.52984 
90 81 104 1.28 0.54322 

     

Ea-1/t0 [kJ/mol] 141.5 ± 2 175.6 ± 7 Ea-1/n [kJ/mol] 17.6 ± 2.3 
lg(Z-1/t0 [1/d]) 18.428 ± 0.3 23.317 ± 1.1 lg(Z-1/n [-]) 2.829 ± 0.35 

R2 0.9992 0.9934 R2 0.9355 
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Table 11: Time t0 to reach zero stabilizer content according to ‘all-temperature’ fits, propellant P2. 
The times of the nth order model are always longer. 

model expon.+lin - aT nth order - aT  
stabilizer AkII AkII  
S(0) [mass-%] 1.25 1.25  
Ea1 [kJ/mol] 126.5 144.1  
lg(Z1 [1/d]) 16.524 19.216  
Ea0 [kJ/mol] 182.9   
lg(Z0 [m.-%/d]) 24.422   

n - 0.5865  
T [°C] t0 [d] t0 [d] ratio 

20 5376891 6974294 1.3 
30 828783 992036 1.2 
40 140404 159827 1.14 
50 25790 28830 1.12 
60 5072 5764 1.14 
65 2299 2671 1.16 
70 1055 1266 1.2 
75 490 613 1.25 
80 230 303 1.32 
85 109.2 152.6 1.4 
90 52.3 78.4 1.5 

    

Ea-1/t0 [kJ/mol] 147.5 ± 1.1 144.1 ± 0  
lg(Z-1/t0 [1/d]) 19.446 ± 0.17 18.832 ± 0  

R2 0.9996 0.999999  
 
Table 12: Time t0 to reach zero stabilizer content according to ‘single-temperature’ fits, propellant 

P2. The times of the nth order model are always longer and the reaction order n is tem-
perature dependent. One is forced to use ‘all-temperature’ fit with model ’S: nth order’ 

 expon.+lin - sT nth order - sT 
T [°C] t0 [d] t0 [d] t0 ratio n 

60 5844 14406 2.47 1.81345 
70 1120 2343 2.09 0.80669 
75 475 634 1.33 0.5953 
80 262 435 1.66 0.71948 
85 107 125 1.17 0.50545 
90 53.2 63.5 1.19 0.46385 

     

Ea-1/t0 [kJ/mol] 157.2 ± 5.0 183.2 ± 15.4 Ea-1/n [kJ/mol] 26.3 ± 8.9 
lg(Z-1/t0 [1/d]) 20.883 ± 0.79 24.565 ± 2.27 lg(Z-1/n [-]) 4.108 ± 1.3 

R2 0.9968 0.9793 R2 0.7453 
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6.2 Application of profile Phoenix for assessment of the three gas generator propellants 
 
As shown in Table 3 the profile ‘Phoenix’ is a quite strong one. It can be expected that it overestimates 
the temperature loads at the position of micro gas generators for belt restraint systems, because it was de-
signed for temperatures at steering wheel region, which is exposed to direct sun radiation. But in spite of 
this the evaluation was done using this profile. The results can be seen in Fig. 14. Sample P4 allows 27 
cycles, means it can endure 27 years at the high load of this profile. But this in-service time corresponds 
to the consumption of the primary stabilizer content (added at production) only. Consecutive stabilizer 
products have stabilizing ability also and the propellant will be able for further in-service. Sample P1 ful-
fils the demand only very narrowly, so it should not be used. 
 
In Fig. 15 the comparison can be seen of model ‘S: exponential + linear’ and model ‘S: nth order’, the 
model of AOP 48 /14/. The prediction with model ‘S: nth order’ deviates very significantly from the pre-
dictions of model ‘S: exponential + linear’. The AOP 48 model predicts too long times from about 
S/S(0)=0.4 on, means already from 40% of initial stabilizer content on! This is much higher than the val-
ues allowed according to AOP 48. To use this model as described in AOP 48 would result in much to 
long times and the assessment of propellant P4 would be much to ‘positive’ and in the case here presented 
it would result an unreliable prediction of in-service time period of about 50 to 55 years, see section 6.3. 
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Fig. 14: Stabilizer consumption in samples P1, P2 and P4 according to the profile ‘Phoenix’. One profile 

cycle corresponds to one year. Sample P4 allows 27 cycles until stabilizer content zero is reached. 
Sample 2 can withstand 20 cycles and P1 reaches just 15 cycles, adding the 2 cycles reached from 
DPA and 13 cycles with AkII. 
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Fig. 15: Stabilizer consumption in sample P4 according to the profile ‘Phoenix’. One profile cycle corre-

sponds to one year. Comparison of model ‘S: exponential + linear’ and model ‘S: nth order’, the 
model of AOP 48 /14/. The prediction with model ‘S: nth order’ deviates very significantly from 
the predictions of model ‘S: exponential + linear’. The AOP 48 model predicts too long times 
from S/S(0) equal about 0.4 on, means already from 40% of initial stabilizer content on! 

 
 
6.3 Evaluation with ‘time until end of stabilization’ obtained from mass loss measurements 
 
To further validate the obtained result mass loss measurements up to the end of stabilization have been 
performed. At the end of stabilization a strong increase in mass loss rate occurs. Such data have been 
proven already very useful in assessing in-service times of naturally aged belt restraint units /2/. The 
evaluation was done with mass loss data obtained at 90°C. The results can be seen in Fig. 16, 17 and 18 
for samples P1, P2 and P4 respectively. Besides the mass loss data of two determinations for each propel-
lant three sentencing limits are drawn in. One is the German military limit for gun propellants (GP). Ac-
cording to this the mass loss must be less the 3% in 18 days at 90°C. The condition 18 days at 90°C corre-
sponds to 50 years at 25°C. Another limit shows the equivalence time of 15 cycles of Phoenix load, ob-
tained with Arrhenius type extrapolation using Ea = 141.5 kJ/mol. The corresponding time is 48.7 days, 
see Table 3. A third limit is shown, corresponding to extrapolation by factor F = 3.0, which gives an 
equivalent time of 96.9 days.  
 
Fig. 16 shows the situation for sample P1. As already seen with stabilizer consumption this propellant ful-
fils very narrowly the demand inside the prediction accuracy range. Sample P2, Fig. 17, has already a 
good time reserve. Only after 60 days the end of stabilization is reached. The data for sample P4 can be 
seen in Fig. 18. The start of autocatalysis or the end of stabilization respectively is at about 92 days. 
Comparing the 81 days of time t0 of P4 at 90°C, see Fig. 5, with the time of end of stabilization, 92 days, 
provides a safety margin of about 10 days (at 90°C) after reaching stabilizer content zero. This means 
nominally after about 30 years the end of stabilization is achieved. This is significantly less than the 55 
years the extrapolation based on model ‘S: nth order’ has predicted. 
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singlebase propellant P1
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Fig. 16:   Evaluation for sample P1 with mass loss measured up to the end of stabilization (start of 

strong mass loss increase) after 47 days at 90°C. 
 

 singlebase propellant P2
S(0) = 1.25 mass-% AkII
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Fig. 17:   Evaluation for sample P2 with mass loss measured up to the end of stabilization (start of 

strong mass loss increase) after 61 days at 90°C. 
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singlebase propellant P4
S(0) = 2.04 mass.-% AkII
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Fig. 18:  Evaluation for sample P4 with mass loss measured up to the end of stabilization (start of 

strong mass loss increase) after 92 days at 90°C. 
 
 
7 CONCLUSION 
 
Three differently stabilized NC-based propellants, so-named singlebase propellants, have been evaluated 
with regard to possible in-service time, whereby a severely stressing high load time-temperature profile 
was used to determine the consumption of the stabilizers. This profile, named Phoenix, simulates the 
temperatures in a car at steering wheel in hot and dry climate. Sample P1 with a mixed stabilizer system 
fulfils the demand of 15 years at Phoenix profile load only very narrowly and should not be used. It was 
stabilized by 0.74 mass-% DPA and 0.48 mass-% Akardite II (AkII). Stabilizer DPA reacts much faster 
than stabilizer AkII, whereby AkII shows no reduced stabilizing ability compared to DPA. The stabilizer 
AkII remains longer active than DPA and is now the preferred stabilizer for NC propellants. Sample P2 
with 1.25 mass-% AkII fulfils the demand without any problem, it reached about 20 years of in-service 
time. The third sample P4 with 2.04 mass-% AkII has with 27 years the longest in-service time and 
therewith considerable in-service elongation capability.  
 
The assessment has taken into account that both stabilizers form consecutive products which again act as 
stabilizers. Therefore the evaluation could be done by using the times t0(T) to reach primary stabilizer 
content of zero. For such an evaluation a special kinetic description of the stabilizer consumption data is 
necessary /11/. Typical descriptions often used show a ‘tailing’ as does the exponential decay function. 
With such models as ‘S: nth order’ from AOP 48 Ed.2 an evaluation up to zero content of stabilizer can-
not be done. Here the model ‘S: exponential + linear’ /13/ was used. This model provides an operator in-
dependent data course to be determined and a conservative determination of the times t0(T). 
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8 LIST OF ABREVIATIONS 
 
GG gas generator or gas generation 
ML mass loss 
mass-% percent by mass, also m.-% 
S stabilizer content (in mass-%) 
EL  energy loss 
HGR heat generation rate, measured by microcalorimeters 
HG heat generation (time integrated HGR) 
HPLC high performance liquid chromatography, determination of organic components 
GC  gas chromatography, for permanent gases 
IC ion chromatography, to analyse salts as strontium nitrate 
IR infrared spectrometric analyses, with full range spectrometer or single component de-

signed instruments for CO, CO2 
AAS atom absorption spectrophotometry, to analyse metallic cations 
AES atom emission spectrophotometry, to analyse metallic cations 
 
GP gun propellant 
NC nitrocellulose (cellulose nitrate), main ingredient in belt restraint gas generators 
NE nitrate ester, general term for components containing the group ≡CO-NO2 
DPA Diphenylamine (stabilizer for NC) 
N-NO-DPA N-Nitroso-Diphenylamine 
AkII  Akardite II (stabilizer for NC) 
 
Ea  activation energy in Arrhenius expression 
Z  pre-exponential factor in Arrhenius expression 
R  general gas constant, used in Arrhenius expression 
T  in Arrhenius expression the absolute temperature in Kelvin 
TT  test temperature in single time-temperature tests 
tT  test time in single time-temperature tests 
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ABSTRACT 

 
For the first time a high energy density material based on magnesium and xenon(II) fluoride, XeF2, has 
been prepared and characterized spectroscopically. With Tc = 2575 K MAX exceeds the combustion 
temperature of magnesium/Teflon/Viton (MTV) in air which is ~ 2100 K. MAX displays very high mass 
consumption rate and similar exothermicity as MTV. The UV spectra of MAX combustion flames under 
nitrogen atmosphere show Mg* and MgF as transient specie. 
 
 
Introduction 
 
Increasing the performance of an energetic 
material is an ongoing task in the development 
of new explosives. The performance, P, of an 
energetic materials can be related to the its 
reaction enthalpy, E, [J g-1] times its mass 

consumption rate, 
⋅

m , [g s-1
 cm-2]. 

Only recently the author could show that the 
application of certain strained fluorocarbons 
might lead to an increase in both mass 
consumption rate and reaction enthalpy when 
compared to common magnesium/Teflon system 
[1,2]. 
As early as 1965 Shidlovski proposed to use 
xenon(IV) fluoride, XeF4, as a potential oxidizer 
in pyrotechnic compositions [3]. However 
among the known fluorides of xenon, besides 
XeF4 there are also XeF2 and XeF6, only the 
difluoride is available commercially [4] 
restricting possible tests to the latter compound. 
Some time ago Jennings-White also proposed to 
use xenon-oxygen compounds such ae e.g. 
KXeO3F as possible substitutes for common 
oxy-anion based oxidizers [5]. Although XeF2 is 
close to be quite affordable on a small scale (460 
EUR/10 g [6] no reports on using it as an 

oxidizer in energetic materials have ever 
appeared in the literature. 
However due to its low ionization energy xenon 
gas has been proposed as filler for detonative 
infrared countermeasure payloads [7]. 
 
Xenon(II) fluoride, XeF2, 
 
Xenon(II) fluoride is a hydrolytically less 
sensitive [8], kinetically stable, linear molecule. 
The bond Xe-F dissociation energy, 131 kJ mol-

1, is lower than for any other element. [8]. The 
standard heat of formation equals -163 kJ mol-1. 
XeF2 melts at 120 °C. Further physical data are 
summarized together with data on common 
fluorine based oxidizer PTFE, (C2F4)n for 
comparison in table 1. 
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Table 1. Physical data of xenon(II) difluoride CAS-
No.[13709-36-9] and polytetrafluoroethylene CAS-
No. [9002-84-0] 
 
Formula  XeF2 (C2F4)n 

Symmetry  D∞h n.a. 
Molecular mass g mol-1

 169,287 100,016 
Density at 20 °C g cm-3

 4,32 2,31 
Fluorine content wt-% 22,44 75,98 
 g cm-3

 0,969 1,755 
Melting point at 
0.1 MPa 

°C 120 324 

Vapor pressure at 
20°C 

kPa 5 – 6 n.a. 

Heat of formation kJ mol-1
 -163 -809 

Heat of sublimation kJ mol-1 -45 -172* 
*depolymerisation enthalpy 
 
Reaction of Magnesium with Xenon(II) 
difluoride 
 
Formal reaction of magnesium with xenon(II) 
difluoride yields: 
 
Mg + XeF2(s) → MgF2(s) + Xe + 961 kJ (1) 
 
The adiabatic flame temperature is calculated 
with NASA CEA Code [9], Tc = 3862 K. More 
thermochemical data are listed in table 2. 
In the course of our spectroscopic investigations 
on Mg/(C2F4)n combustion flames [10, 11] we 
could identify the transient MgF in the UV-
range between 250 – 380 nm. However other 
combustion products present in aerial 
combustion such as CF, CF2, CO, CO2 and MgO 
also yield signals in the same range hence 
disturbing clear assignment. 
We thus aimed at applying a carbon-free “naked 
fluorine” source. 
Experiments with ammonium fluoride, NH4F, 
were not that successful due to the very poor 
exothermicity of the reaction forcing us to use 
additional oxygen to support the overall 
combustion reaction again leading to MgO 
signals that interfered with the signals of MgF in 
the 350 – 390 nm range (Figure 1). 
 

Mg + 2 NH4F(s)  MgF2(s) + H2 + 2 NH3 + 
290 kJ (2) 

 
Figure 1. UV-recording of combustion of Mg/NH4F 
in O2-atmosphere 
 
Table 2. Thermochemical data for XeF2/Mg 
compared with PTFE/Mg at 0.1 MPa 
 
Molar  nXeF2/n n(C2F4)n/n 
Stoichiometry  Mg Mg 
  1/1 1 / 2 
Density g cm-3

 3.996 2,086 
Heat of 
reaction 

kJ mol-1
 961 1439 

 kJ g-1
 4,96 9,68 

 kJ cm-3
 19,83 20,19 

Combustion 
Temperature 

K 3862 3355 

Mean 
molecular 
mass 

g mol-1
 78,230 36,532 

Cp kJ kg-1
 3,53 5,41 

K-1    
Gamma -- 1,1377 1,0785 
 Mol-%   
F  19,182 3,184 
Mg(g) 

 3,975 0,550 
MgF(g) 

 11,232 4,345 
MgF2(g) 

 25,201 44,255 
Xe  40,409 n.a. 
 
Experimental 
 
Xenon(II) fluoride, ≥ 97.0 % was purchased as 
Art.-No. 95584 at FLUKA, Buchs, Switzerland. 
Since technical XeF2 is contaminated with 
higher fluorides spontaneous hydrolysis of latter 
to HF takes place. Hence care must be taken to 
avoid poisoning with highly toxic HF [12]. 
 
As there were serious warnings on spontaneous 
combustion and explosion upon contact of XeF2 
with any combustible material [13] only small 
amounts (~ 500 mg) of Mg/XeF2 composition 
were prepared in an agate mortar. Although we 
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did not encounter any dangerous reaction it may 
not be excluded that such can happen under 
different circumstances. Hence we advise 
everyone to take the utmost care when repeating 
the reported experiments. 
 
The compositions were transferred to an optical 
bomb and ignited via constantan wire. 
 
Discussion 
 
Magnesium/xenon(II) difluoride at 0.1 MPa N2 

yields a Tc ~ 2575 K ± 125 K. That is 
significantly higher than the temperature we 
measured for magnesium/Teflon/Viton 
combustion flame in air which yields only Tc ~ 
2075 K ± 175 K [10]. Under pure oxygen the 
combustion temperature of Mg/XeF2 is ~ 3100 K 
± 100 K. 
Figure 2 shows the UV spectrum at 240 – 280 
nm. It shows signals for MgF in absorption [14] 
as well as a dublett like signal at 258 nm , *, that 
is not yet assigned. 
 

 
Figure 2. UV-recording of combustion of Mg/XeF2 
in N2-atmosphere 
 
Figure 3 shows the UV-spectrum between 350 - 
380 nm with signals for MgF in absorption. 
Figure 4 now shows the von 355 – 395 nm range 
with signals assigned to MgF in emission. In 
addition the prominent Mg-Triplett at 383 nm 
can be assigned also. 
 

 
Figure 3. UV-recording of Mg/XeF2 combustion in 
N2-atmosphere 
 

 
Figure 4. UV-recording of Mg/XeF2 combustion in 
N2-atmosphere 
 
Figure 5 shows the combustion flame of 
magnesium/xenon(II) fluoride under nitrogen 
atmosphere. 
 
Mechanism 
 
Fluorocarbons react with magnesium in the 
condensed phase to give some type of 
fluorogrignard, R-Mg-F [15]. This highly 
exothermic reaction triggers the further 
decomposition of the pyrolant causing 
depolymerization of PTFE to give highly 
reactive species C2F4 and both :CF2. 
Given the weakness of the Xe-F bond (131 kJ 
mol-1) compared to C-F (552 kJ mol-1) in PTFE 
such a mechanism is quite unlikely to happen 
with XeF2. 
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Figure 5. Mg/XeF2 combustion flame under N2. 
 
Thus a more feasible mechanism in the case of 
MAX combustion reaction is a single electron 
transfer from magnesium to XeF2 to give the 
radical anion, XeF2

- which in turn decomposes 
into a fluoride anion and XeF radical. 
 

SET 
XeF2 + Mg  XeF2

.- + Mg+ (a) 
 
XeF2

- + Mg+  XeF. + MgF (b) 
 
A concurrent pathway may be also the 
successive homolytic dissociation of XeF2 into 
fluorine radicals and Xe according to c-d. 
 
XeF2   XeF. + F-. (c) 
 
XeF. Xe + F- (d) 
 
And their highly exothermic reaction with Mg in 
both condensed and gas phase. 
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Condensed phase reactions and their combustion characteristics have been very thoroughly investigated 
for the large scale production of a number of ceramic and intermetallic materials.  However, these types 
of self-propagating reactions conducted in small diameter channels (e.g. less than 10-mm) are also useful 
for a number of applications but far less explored and hence understood.  Our previous work with the 
highly exothermic reaction between titanium and boron conducted with diluent/binder (Ti/B4C-Ni/Al) in 
borosilicate glass capillaries ranging from 0.399-to 1.049-mm internal diameter showed that a steadily 
propagating combustion front can result even at diameters as small as 0.399-mm.1  The measurement of 
the combustion front propagation velocity unexpectedly had shown no significant decrease of that 
velocity with decreasing capillary size.  In this work a 2-D mathematical model has been utilized to 
explore the combustion characteristics of the condensed phase reactions Ni/Al and Ti/2B as a function of 
capillary diameter.  The commercially available software FlexPDE was utilized in numerical analysis of 
the combustion front propagation and its intraction with the capillary.  The mathematical model assumes 
constant thermal and physical properties.  The influence of both effective thermal conductivity and 
porosity on the combustion characteristics has been examined.  For the Ni/Al system the implemented 
model follows the observed trend; there is no significant decrease in combustion front propagation 
velocity when the capillary diameter is decreased from 1.049- to 0.798-mm. 
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ABSTRACT 
 

 

Red phosphorus (RP) is a stable form of phosphorus; it is neither toxic nor spontaneously 
combustible, although it is highly flammable, very sensitive to impact and friction and prone to evolving 
phosphine when in humid environments. Oiled amorphous RP is used industrially in the manufacture of 
signaling flares, military pyrotechnic devices (smoke screens) and as a flame retardant additive in 
polymers, however due to its high reactivity there have been many historical incidents as a result of 
material handing, incompatibility and contamination. Micro encapsulated RP (mRP) has been developed 
as a less sensitive and process friendly material and has been offered as a possible replacement to the 
current oiled amorphous grade. Micro encapsulated RP is coated with, for example, an epoxy resin during 
manufacture which protects the particles surface from moisture and oxygen and reduces sensitivity to 
incompatible materials. 

 
Encapsulated forms of RP developed in partnership with TTCP KTA 4-27 are now commercially 

viable for use in the pyrotechnic industry, though questions still remain about the performance and safety 
in RP compositions. A program of work was undertaken by Chemring Defence UK on behalf of the 
Defence Science and Technology Laboratory (DSTL) to assess the sensitiveness, performance and 
suitability of two types of micro encapsulated RP against an industry standard when processed into an 
established RP munition. Both micro encapsulated forms of RP appear to offer significant safety and 
performance benefits over the current oiled amorphous grade as they are less sensitive to accidental 
ignition and offer reduced phosphine evolution without compromising performance.  
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A very efficient pyrotechnic aerosol flame suppressant 
 

Phil Posson 
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Heat stable, insensitive, nondetonable, nontoxic smoke.  Aerosol puts out any flames but flares or 

burning metal: methane gas, gasoline, jet fuel, alcohol, burning wood, feathers, etc. Stops incendiary 
ignition of hot jet fuel.  Transparent to infrared vision devices. Unusual ingredients. Also useful as an 
immobilizing or flow tracer smoke. 
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The Photo-real creation of High Dynamic Range Images, HDRI, of combustion mechanisms is developed 
for film and gaming productions pipelines. The phenomenological considerations of Ignition and 
Extinction are identified for the major processes in combustion. The asymptotic structure of flames is 
presented and their classification based flow types, flame regimes, and their parametric boundaries. This 
work covers the combustion mechanisms in flow systems like laminar flow flames and combustion waves 
like: turbulent, boundary-layer, two phase and supersonic. These system simulations require volumetric 
models of particle systems and their motion is driven by procedural animation techniques. The production 
workflow pipeline for creating, animating and rendering these self-luminous mechanism and the 
challenges to generate this phenomena in photo-real animations are reviewed. 
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Perchlorate is an oxidizing anion most commonly found in the solid salts of ammonium, potassium, and 
sodium.  These salts are highly water soluble; therefore, perchlorate has been discovered in ground and 
surface waters throughout the United States.  In these natural aqueous systems, perchlorate is both 
extremely mobile and persistent since it adheres poorly to mineral and organic materials and is relatively 
inert in typical ground and surface water environments.1 

The presence of perchlorate in the environment is largely the result of human activities though recently 
lightning has been shown to be a natural source.2 It is a component of a variety of products, such as road 
flares, blasting agents used in construction, grenades, mortars, and propellants used to fuel rockets, 
missiles, and fireworks.3  Additionally, roughly 568 tons of sodium perchlorate are formed or imported 
each year as a by-product of the synthesis of sodium chlorate, which is used in the pulp and paper 
industries.4   

Although there are currently no enforceable limits for perchlorate contamination, the Environmental 
Protection Agency (EPA) has become increasingly concerned about the possible risk to public health due 
to perchlorate contamination of ground water. In early 2005, a National Academy of Sciences (NAS) 
study indicated that at sufficiently high doses, perchlorate could interfere with the production of thyroid 
hormones by decreasing the uptake of iodide by the thyroid gland.3  In February of 2005, the EPA 
established an official “reference dose” - the daily exposure level that is safe for humans – for perchlorate 
in accordance with the findings of the NAS study.1  Currently, this proposed threshold stands as 0.0007 
mg/kg/day, which translates to a maximum value of 24.5 ppb in drinking water.  However, several states 
have set their own maximum allowable perchlorate levels for drinking water; these include Massachusetts 
(2 ppb), California (6 ppb), New Jersey (5 ppb), and Arizona (14 ppb).5 As legal limits for perchlorate are 
likely to be established, it is necessary that sources of environmental perchlorate be identified and their 
potential for release into the environment assessed.  The work described focused on road flares and 
propellant.  

Experimental Section 
Flares of varying burn times (5, 10, 15, 20, and 30 minutes) were acquired from Orion (the only North 
American flare manufacturer) and the National Flare Company.  Flares from the National Flare Company 
were labeled “made in China,” and are thus referred to as Chinese flares.  Filler material from 
representative flares of each type was sampled to determine initial perchlorate concentration.  Fresh flares 
were selected and burned undisturbed over a clean container in the laboratory fume hood until they self-
extinguished.  The container was analyzed to determine the amount of perchlorate left behind by each 
flare.  Perchlorate concentration was determined using a Hewlett-Packard 1100 high-performance liquid 
chromatograph and external standards. 

Propellant samples were prepared using formulations found in hobby rocket literature.6  Formulations 
used one of two polymers as binders--hydroxyl-terminated polybutadiene (HTPB) or carboxy-terminated 
polybutadiene (CTPB)]. Some of the propellants were aluminized, and some were not. Each motor 
contained a mixture of 300μm and 90μm ammonium perchlorate (AP). Since a known amount of AP was 
added to each sample, no analyses of initial perchlorate levels were necessary.  Using the prepared 
propellants, motors of various sizes were cast (Fig. 1 and 2). Small motors were burned in a clean 
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container in the laboratory fume hood.  Large motors (~1.7kg) were burned outdoors in a brick chimney 
over a bed of clean sand.  After the burn, the test bed was thoroughly extracted with distilled, deionized 
water, and the water was analyzed via EPA method 314.0. 

 

 
Figure 1:  Motor being cast. Figure 2: Finished motor. 

 

Results and Discussion 
Although percentage of perchlorate varied slightly from flare to flare, the initial amount of perchlorate in 
each flare was approximately 6 wt %.  In contrast, the percent perchlorate remaining after burning 
(milligrams of perchlorate residue/initial weight of flare) varied dramatically from 0.006% to 1.0% (Table 
1).  The Orion flares consistently left less perchlorate than the flares acquired from China.  In all samples, 
a substantial amount (38-54%) of the flare material remained after burning.  This leftover material 
contained between 7mg (Orion) and 1000mg (Chinese) of perchlorate per kilogram.  While these 
quantities may seem trivial, it is important to remember that they translate to as much as 65.5 mg of 
perchlorate residue per burned flare.  These results and the report that more than 40 metric tons of flares 
were burned in a single county in California in 2002 indicate that flares may contribute significantly to 
perchlorate pollution.7 

The amount of perchlorate remaining after burning of the propellants was small compared to both initial 
perchlorate concentrations and total motor weights (Table 2).  The levels of initial perchlorate in the 
motors ranged from 67% to 84% of the total motor weight; after burning, the average percent perchlorate 
remaining was 0.0025% of the initial perchlorate and 0.0015% of the initial motor.  The ranges were quite 
large, with standard deviations over 100% of the average.  The results indicate that propellant 
composition—i.e. polymer type, presence or absence of aluminum or perchlorate particle size-did not 
strongly affect the amount of perchlorate remaining after burning.  Nor did we observe a significant 
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difference in percent perchlorate remaining relative to the initial amount of perchlorate or the size of the 
propellant motor. 
 
When comparing the percent perchlorate remaining after burning (in terms of perchlorate residue/initial 
weight of device), in general, the propellants left behind less perchlorate than the flares. It is thought that 
the large amounts of slag remaining after burning flares trapped the perchlorate, preventing it from being 
consumed.  Another factor in terms of flares creating perchlorate residue was that bits of flare material 
sometimes broke away from the main device and, thus, remained unburned.  As might be expected, the 
efficiency of the burn controlled the amount of perchlorate remaining.  Even though the rocket motors 
tested contained much higher perchlorate levels than the flares, their efficiency of burn ensured most of 
the perchlorate was consumed.  Studies are ongoing to determine how well perchlorate is consumed in 
perchlorate-containing explosives. 
 
 
Table 1: Perchlorate Analyses of pre- and post-burn of road flares. 
 

Pre-Burn Analysis Post-Burn Analysis 

Flares  

Weight 
of 

material 
burned 

(g) 

% 
Initial 
ClO4

-* 

Initial 
ClO4

- 
(g) 

slag 
(g) 

% flare 
residue by 
weight (g) 

mg 
ClO4

- 

mg 
ClO4

- 
per kg 
slag 

mg 
ClO4

- 
per kg 
flare 

% ClO4
- 

(residue / 
initial) 

% ClO4
- 

(residue / 
total flare 

weight 
Chinese Flare ID           
10 min BC 10.1 120 5.40 6.48 64.4 53.7 65.5 1016 546 1.0% 0.055% 
10 min BC 10.2 117 5.40 6.31 60.1 51.4 17.7 295 152 0.28% 0.015% 
10 min BC 10.3 117 5.40 6.34 60.2 51.3 19.4 322 165 0.31% 0.016% 
15 min BC 15.1 162 6.50 10.5 82.4 51.0 9.4 114 58.3 0.090% 0.006% 
15 min BC 15.2 160 6.50 10.4 82.1 51.3 8.7 106 54.5 0.084% 0.0054% 
15 min BC 15.3 159 6.50 10.3 81.6 51.3 46.5 570 292 0.45% 0.029% 
Orion            

15 min 1 88 6.22 5.47 43.3 49.2 0.6 6.7 6.82 0.011% 0.00068% 
15 min 2 176 6.22 10.9 88.4 50.2 6.2 71 35.2 0.057% 0.0035% 
15 min 3 174 6.22 10.8 67.0 38.5 0.6 8.8 3.45 0.006% 0.00034% 

Averages 6.04      146 0.25% 0.015% 
Standard Deviations       177 0.0032 0.00018 

* values represent averages obtained using unburned flares of same type 
 
 
Table 2: Perchlorate analyses of pre- and post-burn of AP propellants 

Pre-Burn Analysis Post-Burn Analysis 

Prop 
HTPB 

(g) 

CTP 
B 

(g) 

A P 
300um 

(g) 

A P 
90um 

(g) 
Al 
(g) 

weight 
of 

material 
burned 

(g) 

% 
initial 
ClO4

- 

initial 
ClO4

- 
(g) 

ppb 
(ug/L) 
ClO4

- 
mg 

ClO4
- 

mg ClO4
- 

per kg 
unburned 
propellant 

% ClO4
- 

(residue / 
initial) 

% ClO4
- 

(residue / 
total 

propellant 
weight) 

burn A      4  15 5 0 24.6 0.0 16.7 3100 0.775 31.5 0.0046% 0.0032% 
burn B      4  18 7 0 23.6 0.0 16.8 965 0.097 4.1 0.00057% 0.00041% 
burn C      4  18 7 0 30.2 0.0 21.5 1780 0.445 14.7 0.00207% 0.0015% 

              
B1 18.0  67.5 22.5 22.5 56 0.0 31.8 460 0.053 0.94 0.00017% 0.000094% 
B2 18.0  67.5 22.5 22.5 56 0.0 37.6 6100 0.61 10.9 0.0016% 0.001089% 
B3 18.0  65.8 22.0 2.2 58 0.0 35.1 7300 0.847 14.6 0.0024% 0.001460% 
B4  20.3 73.0 24.6 15.0 43.9 0.0 24.1 25500 2.58 58.7 0.011% 0.005867% 
B5 284  924 460 35.3 1692 0.0 1118 401 2.33 1.4 0.00021% 0.000138% 
B6 275  1024 395 0 1670 0.0 1131 4230 28.0 16.8 0.0025% 0.001677% 
B7 275  1024 395 0 1737 0.0 1176 357 1.70 1.0 0.00014% 0.000098% 

Averages   12.9 0.0025% 0.0015% 
Standard Deviation   17.2 0.000032 0.000020 
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