
 

 NOTE:  

THIS PDF WAS ASSEMBLED FROM MULTIPLE 

FILES CONTAINED ON THE ORIGINAL CD. 

THE PAPERS MAY NOT APPEAR IN THE 

ORDER PRESENT IN THE PRINTED BOOK. 

REFER TO THE TABLE OF CONTENTS FOR 

PAGE NUMBERS. 

 



Thirty-Third International 
Pyrotechnics Seminar 

 

 
 
 

Fort Collins, Colorado 
July 16-21, 2006 

 
 

Hosted by 
 

IPSUSA Seminars, Inc. 
Under the auspices of the 

International Pyrotechnics Society 
 

 Copyright 2006, IPSUSA Seminars, Inc. 
 ISBN 0-9755274-3-6 



ii 



iii 

Proceedings 
of the 

Thirty-First International Pyrotechnics Seminar 
 

July 11-16, 2004 
 
 

STEERING COMMITTEE 
B. E. Douda, 33rd Seminar Co-Chair, Crane Division, Naval Surface Warfare Center 

L. L. Brown, 33rd Seminar Co-Chair, Applied Research Associates, Inc. 
A. J. Tulis, Applied Research Associates, Inc. 

J. L. Austing, retired 
S. M. Harris, Sandia National Laboratories 

D. R. Dillehay, Technical Consultants Incorporated 
R. L. Simpson, Lawrence Livermore National Laboratory 

 
 

INTERNATIONAL ADVISORY COMMITTEE 
T. Griffiths, United Kingdom 

R. Branka, France 
Y. Frolov, Russia 

G. Hendrickx, Belgium 
E.-C. Koch, Germany 

A. Miyake, Japan 
K. Smit, Australia 

 
Proceedings Editor – F.J. Schelling 

 
IPSUSA Seminars, Inc. 



iv 



v 

Thirty-Third International Pyrotechnics Seminar, July 16-21, 2006 
 

PREFACE 
 

We welcome you to the 33rd International Pyrotechnics Seminar which is the third 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 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 Dr. Ernst-Christian Koch of Germany, presenting a 
paper entitled Experimental Advanced Infrared Flare Compositions.  
 
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 33rd International Pyrotechnics Seminar. 
 

Bernard E. Douda and Larry L. Brown, Co-Chairs 
Thirty-Third International Pyrotechnics Seminar, July 16 – 21, 2006 
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LASER IGNITION OF PROPELLANTS 
 

Manpreet Singh, Raj Kumar, Lalit Kumar, V. S. Sethi 
 

Terminal Ballistic Research Laboratory, Chandigarh, India-160030 
 

ABSTRACT 
 
Lasers have been considered as potential sources of radiant energy for the ignition of pyrotechnics and 

other energetic materials. We have studied the laser ignition characteristics of eight different types of 

standard gun propellants used in small arms to high caliber guns. The experimentation was conducted to 

study threshold laser ignition energy density and ignition delay of different propellants. Dependence of 

threshold ignition energy on optical fiber dia and ignition behavior of different propellants to different 

pulse widths of laser is discussed.  

 
1. INTRODUCTION 
 
Since the laser was first introduced as the source of ignition[1] for the energetic materials, numerous 

studies involving the laser ignition of pyrotechnics, propellants and high explosives[1-16] with different 

types of laser source like, Nd: Glass, Nd: YAG, Ruby, CO2-laser and laser diodes, have been carried out 

and have been published. The objective of those studies has varied from pure study of ignition, and 

decomposition process to design and development of different types of safe and reliable laser ignition 

systems. However survey of much of literature reveals that not much of diode laser ignition of gun 

propellants has been published.   Earlier laser systems were bulkier and were not suitable to be 

incorporated to the weapon system platform due to one reason or other. But now the availability of 

compact solid state lasers and high power QCW laser diodes have changed the scenario and the concept 

of Laser-Optical Fiber system to initiate the pyrotechnics, propellants and high explosives is getting ready 

for engineering development. 

 The most common method of functioning of the initiator of any fuse is by passing the current through the 

bridge wire, which is in direct contact of explosive material, which is not quite safe due to possible 

spurious triggering of Electro-Magnetic Interferences because the energetic material is not completely 

isolated from its environment.  In the number of civil and military applications, fuzes are required to have 

simple safety and arming mechanism. These should be fast, precise in timing and versatile at one hand 

and not susceptible to hazardous stimuli like static charge from human body, charged clouds, 

electromagnetic radiations from high power radar stations, radio transmitters, and even a nuclear event, 

on the other hand.  
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 In this paper we will discuss the mechanism of laser initiation of different propellants 

only and their ignition dependence on various parameters like pulse width of laser, optical fiber dia., etc 

2. Experimental 
 

2.1. Sample Preparation 

For the ignition tests described here, we have used a single layer of various propellant grains confined 

between two quartz glass plates of dia.10mm in a stainless steel ring assembly of internal dia. 6mm and 

external dia 20 mm with thickness of 1mm.  

 

2.2. Ignition Tests 

A schematic overview of the experimental set up is shown in the Figure –1. The ignition source used in 

the performed studies is high power QCW laser diode (model-F40-808-6QCW, Apollo instruments). The 

laser diode has variable pulse width (30μs-cw), and a maximum output of 40 W. The laser diode has 2 

meter, 600μm pigtailed hard Core Silica optical fiber with numerical aperture of 0.22. which is coupled to 

a second optical fiber (core dia of 1000μm, NA.50, length 25 meter) using a SMA fiber adapter. The 

other fiber end is placed in contact with quartz glass plate of the propellant filled assembly fixed to the 

positioning block. The positioning block is placed in a witness box for safety purpose. Before each firing, 

verification measurements were performed with power/energy meter of MellesGreiot (13PEM001) energy 

meter for pulse energy and Infinium Oscilloscope hP- 00000 along with photo detector of TTI (model 

TIA-500-SMA) for pulse width measurements. A high-speed camera (speedcampro, Weinberger) with 

two channels ‘A’ (on the front side of the charge) and ‘B’ (on the rear side of the assembly) is used to 

study the reactions at the initiation face of the propellants and analysis of the results. An optional external 

trigger is provided (with pre selected pulse width, model HP-8116) to trigger simultaneously the laser 

driver and camera to capture the event. 
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Fig.1 Layout of Experimental  
 

2.3. Ignition thresholds 
 
We measured the Ignition threshold energy for all the propellants by keeping the pulse width of the laser 

pulse to minimum possible and the pulse energy to maximum (to the extent of ignition i.e. by passing the 

maximum permissible current through laser diode). The threshold Ignition energy for the various 

propellants is shown in the Table-1 (all the experiments were repeated at least ten times before finalizing 

the data). Threshold values cited here are the lowest energies at which 100% go conditions are achieved. 

Threshold ignition energy is lowest (30mj, 4 ms) for gunpowder and maximum (168mj, 11ms) for NC-

1140 propellant. Three is no significant variation observed in ignition threshold energy with respect to 

pulse width in the range from 3- 100 ms except for gunpowder though the entire phenomena of ignition is 

delayed if we take longer pulse widths. Ignition energy threshold is strongly dependent on fiber dia. 

(table-3, fig-8a&b).  

2.4. Ignition maps: 

A generalized depiction of the ignition process is shown in the Fig.–2. It categorically defines three 

regions: the inert heating region, pre-ignition region and self sustained combustion region, which 

are separated by first gasification curve and the GO/NOGO ignition curve. Detailed ignition maps of 

all the propellant is drawn (at threshold energy) by analyzing the video graph obtained by the 

speedcampro camera, in the above experiments. Fig.-3 shows typical data traces for NRN151 propellant 

  

Fiber 
coupler 

40W QCW laser diode

1000μm Hard core silica fiber  

Laser diode driver

Trigger source

High-speed camera (channel ‘A’) 
(For Front view) 

Propellant sample

Data acquisition system

High-speed camera (channel ‘B’) 
(For Rear view) 
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(at threshold ignition energy 80mj and pulse width 6 ms) from which we derived the ignition delay and 

propellant burning characteristics. First frame shows the on set of laser pulse. Frame 1 to Frame-4 shows 

gas phase evolution and continued absorption of laser light. Frame-4 shows the just start of ignition i.e. 

Ignition point and their after substantial flame development up to the frame 5th and sustained burning of 

the propellant up to–6th frame. Laser absorption remains continued even after ignition point is reached 

and it enhances the rate of burning of propellant. Keeping threshold energy constant if we increase the 

pulse width of laser pulse the entire process got slowed down as evident from Fig.-4. Here frame 1 shows 

the start of laser pulse. Frame 1 to Frame-27 shows the gas phase evolution and continued absorption of 

the laser light. Frame 28th shows the start of ignition i.e. the ignition point and there after sustained 

burning up to the 30th frame. 

If we decrease the pulse width and increase the pulse energy above threshold then the process between the 

gas phase evolution and self sustained combustion becomes micro second phenomenon. For example 

when we used an Nd: YAG laser of pulse width 100 micro sec and pulse energy of 120 mj to study the 

ignition behavior of gunpowder, in the very next frame (after arrival of laser pulse) the ignition starts and 

sustained burning occurs up to 13th Frame (Fig.5). 

Table –1 Ignition threshold test data summary 

S. No. Propellant Threshold energy ε 

(mj) 

Pulse width (tp) 

(ms) 

1. Gun powder 30 4 

2. NRN-151 80 6 

3. FRAG. 85 7 

4. B-16 105 8 

5. NRN-141 118 8 

6. NC-688 120 8 

7. Ball powder 150 11 

8. NC-1140 168 11 
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Fig.3 

LASER IGNITION SEQUENCE OF NRN-151 NC/NG double-based propellant (inter frame time 
interval =1ms) 

Laser Pulse width =6ms, Laser pulse energy 80mj, Fiber dia 1mm 

 

 
 

 
Fig.4 

LASER IGNITION SEQUENCE OF NRN-151 NC/NG double-based propellant (inter frame 
time interval =1ms) 

Laser Pulse width =30ms, Laser pulse energy 80mj, Fiber dia 1mm 

 

 
 

 
 

 
 
 
 

sustained combustion
      time

GO/NO GO ignition locus

inert heating pre ignition reactions

enegy flux

•

•
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•

•
•

•
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Fig.–2  A generalized depiction of the ignition process 
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Dependence of ignition delay on flux is shown in ignition locus for various propellants (table-2a and 2b 

fig-7a and b). The sequence of processes with in an ignition event can be summarized in the ignition map 

of the individual propellants. For example consider the ignition map of NRN-151 propellant in fig-7, 

which shows the plot of irradiance heating time against the irradiance (radiant flux). If we draw a line 

parallel to Y-axis corresponding to a fixed irradiance (say Io=1000 J/cm2.sec), in short time the rise in 

surface temperature will be insufficient to induce any significant reaction. If the irradiance is terminated 

before 2 ms the propellant will appear to be unchanged macroscopically (only a burn spot is observed.). If 

irradiance is continued till 4 ms the surface temperature will start rising and the gasification reactions will 

occur abruptly. This sudden change in the behavior of the propellant shows the ‘first effect’ or gas phase 

evolution boundary. It is usually the result of chemical processes in the condensed phase and is pressure 

independent. Continued surface decomposition reactions give rise to gas evolution and heat release.  

Continued absorption of laser light by the gaseous product increases the temperature of the gaseous 

product and propellant surface up to the ignition point from where onwards sustained combustion of the 

propellants starts. In general the Ignition map of many propellants may not be similar than in fig.-7. 

 

 
Fig.5 

Laser ignition sequence of gunpowder 
Laser pulse width =100 μs, Laser pulse energy =120mj (Nd: YAG, λ=1064nm) 

Effective illuminated area=0.78mm2 

 

 
Fig.6 

Laser ignition sequence of gunpowder 
Laser pulse width =4ms, Laser pulse energy =30mj 

Fiber dia 1mm 
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Fig.7 Ignition map of NRN-151 
 

 
The time gap between the gas evolution and faint IR emission may be of micro second order. The 

boundary between gas evolution and faint IR emission may not always exist if we use laser of few micro 

second pulse width and high energy capable of driving the entire process to over driven combustion 

phenomenon. If we use the nano sec laser pulses the propellant surface instead of burning will be ablated.  

 
Table 2a) Effect of energy flux on ignition delay (determined by 100% go condition) 

 

Gun powder NRN151 FRAG B-16 
Energy 

Flux 
J/cm2.sec 

Time 
msec 

Energy 
Flux 

J/cm2.sec 

Time 
msec 

Energy 
Flux 

J/cm2.sec 

Time 
msec 

Energy 
Flux 

J/cm2.sec 

Time 
msec 

1082 
916 
806 
709 
636 
593 
572 
553 
530 
511 

 

4 
5 
6 
7 
8 
9 

10 
11 
12 
13 

 

1697 
1455 
1273 
1131 
1018 
926 
848 
783 
727 
679 

6 
7 
8 
9 

10 
11 
12 
13 
14 
15 

1545 
1342 
1202 
1082 
983 
901 
832 
773 
721 
676 

7 
8 
9 

10 
11 
12 
13 
14 
15 
16 

1670 
1485 
1336 
1214 
1114 
1028 
955 
891 
835 
786 

8 
9 

10 
11 
12 
13 
14 
15 
16 
17 

16
15
14
13 GO/NO GO ignition curve
12
11                    Ignition point
10
9

time ms 8 faint flame development
7
6 faint IR emission
5
4 gas evolution
3
2
1

6 8 10 12 14 16 18
Energy Flux J/cm2x100
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Fig.-8a) Dependence of ignition delay on flux. 
(Area right side to each curve represents the 
sustained combustion of the propellants.) 

Fig.-8b) variation of ignition threshold energy on 
fiber diameter. 

 
 
 

 
 
 

 
 Optical Fiber Core dia. 

Φμm 
Threshold ignition energy ∈ (mj) Pulse width 

tp (ms) 

Gun powder 1000 
600 
400 
150 

30 
27 
25 
20 

4 
4 
4 
4 

NRN-151 1000 
600 
400 
150 

80 
66 
62 
57 

 
6 
6 
6 
6 

FRAG. 1000 
600 
400 
150 

 
85 
76 
70 
 62 

 
7 
7 
7 
7 

B-16 1000 
600 
400 
150 

 
105 
95 
87 
78 

 
8 
8 
8 
8 
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3. DISCUSSION: 
 
Examination of the results presented clearly shows that the specific design choices can be made to 

optimize the initiation of different propellants depending on systems required performance. While we 

have not yet employed extensive diagnostics tools to determine the details of the initiation mechanism, as 

we do not have sufficient data to explore how the absorption of optical radiation can lead to ignition of 

propellants. In particular we are interested in understanding the process that give rise to ignition delay 

measured in these experiments. For applications of laser initiation it may be necessary to control ignition 

delay as this will govern the function time response. Ignition delay of propellant is dependent on the laser 

absorption characteristics of the propellant under test, its particle size and the power of the laser used. As 

we move towards the micro second region of laser pulse width with sufficient pulse energy, the ignition 

delay falls in the micro second range. But if we go beyond the micro second regime i.e. if we use nsec 

laser pulses, the propellant material surface gets ablated instead of getting ignited.  

              Direct laser ignition of the propellant may not give the same ignition characteristics as of the 

pyrotechnic primer ignition system but it can be engineered in various ways. For example if we use it for 

large caliber guns, direct laser induced ignition is not feasible and simultaneous multi point ignition may 

be one option. In large caliber guns there is small cartridge case of pyrotechnic igniter material which 

when explodes gives the flux of very hot gases which speeds up the process of burning of propellant in 

side the cartridge case. Similar arrangement can be applied here with taking small cartridge case of 

NRN-141 1000 
600 
400 
150 

118 
102 
 98 
80 

 

 
8 
8 
8 
8 

NC-688 1000 
600 
400 
150 

120 
106 
 95 
 82 

 
8 
8 
8 
8 

 

Ball powder 1000 
600 
400 
150 

150 
120 
106 
 93 

 
11 
11 
11 
11 

NC-1140 
 

 

1000 
600 
400 
150 

 
168 
130 
118 
102 

 
11 
11 
11 
11 
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propellant instead of pyrotechnic igniter material for the desired curve of pressure vs. distance inside a 

large caliber gun. Laser ignition is expected to be more beneficial in traveling charge gun.     

 

4. CONCLUSION:  

We have demonstrated that various material parameters can affect the propellant initiation by laser 

radiation. We believe that several design variables can be optimized to reduce the laser energy 

requirement while maintaining fast function time of the device. It has been shown that NRN-151 

propellant can be initiated by using 6 ms laser pulse of energy 57 mj with effective area of dia 150 

micron, but these test conditions under which we obtained these results were not fully optimized. In future 

experiments will be conducted to monitor the transition to steady state burning of the propellant by 

applying the coherent anti stoke Raman spectroscopy (CARS) and laser Doppler velocity meter to 

monitor the surface regression rate instead of high speed cameras. There is a lot of scope for further 

investigation of the problem. 
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ABSTRACT 

In the course of rocket motor service life assessment and life extension trials number of different 
propellants of a certain rocket motor have been examined and analyzed. This paper describes the testing, 
collects together the results from a number of naturally aged propellant charges to enable reasonable life 
predictions to be made. The Investigations have been carried out with double based rocket propellants 
with a view to obtaining predictive data for safe use life of the rocket motors containing these propellants. 
The examination and analysis procedure, chemically and mechanically, for accelerated aged propellant 
charges has been devised to give a comprehensive picture of the future properties of the propellant 
charge. The chemical safe life of all propellants examined, when stored under normal conditions is more 
than adequate to meet any sensible requirement. The results for this investigation indicate that a safe life 
in excess of 30 years is to be expected. The mechanical properties of the different propellants tested have 
been determined over a temperature range of +50°C to -50°C. Results are given and curves are plotted to 
show the temperature effect on both the chemical and mechanical properties for each propellant. It is 
concluded that the results from chemical and mechanical properties tests are unsatisfactory to predict safe 
use life of propellants although the tests are useful to discern, for in-service surveillance, propellant lot 
presenting an early risk of failure. All that can be said is that the chemical and mechanical properties of 
the propellant charges of the rocket motor tested are not significantly changing with age and factors 
connected with them are unlikely to prove life terminating.  

1. Introduction 

1.1 Shelf life and failure modes of propellants 
Shelf life of a rocket propellant is the time for 

which all functions of a propellant charge remain 
intact within given tolerances, although some 
aging processes have already occurred. This can 
be divided into: a) safe storage life and b) safe 
use life. The first determined by chemical 
reactions, the second by more complex physico-
mechanical interrelationship.(1) The failure modes 
of rocket motors based on double base 
propellants might be due to one or more of the 
following: loss of chemical stabilizer, gas 
cracking, ignition due to internal heat production 
(cook off), mechanical failure of propellant 
charge under handling or firing stresses, failure 
of bonds causing separation between 
components, failure of inhibitor due to separation 
of plasticizer, ballistic drift, degradation of 
components due to material incompatibility, and 
degradation of materials due to moisture ingress. 

The safe life of the propellant, in terms of 
autocatalytic degradation leading rapidly to 
deflagration, is defined when there is nil residual 
stabilizer in the propellant. Most propellants are 
formulated to have safe lives of some 50+ years 
at 20°C. The operational life may be much less 
because the chemical changes affect ballistic 
properties (i.e. rate of burning / temperature 
coefficient). To have meaning in estimating 
service life, correlations on a quantitative basis, 
are required between the effects of accelerated 
and natural storage conditions. Chemical kinetics 
to rocket motor life problems has been applied. 
The failure modes studied were divided into 
those which can be studied in the laboratory and 
those which can be studied by full scale motor 
firing because of the problems of simulating the 
situation in the laboratory.(4) 

1.2 Deterioration of chemical properties and its 
effect on shelf life of rocket propellants 

The vital chemical property is the stabilizer 
content of the propellant, and also it is usual to 
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regularly check propellant stability during storage 
by certain tests (e.g. Abel heat test and 
Bergmann-Junk stability test). The vapor 
measurement (volatiles lost on heating for a 
specified time at a set temperature) is also useful, 
and according to the composition of the 
propellant determination of other ingredients may 
be required. 

Life is normally set by the consumption of 
chemical stabilizer added to control the 
autocatalytic decomposition of the propellant by 
reacting with the decomposition products of 
nitric ester breakdown, or by preventing their 
formation by reacting directly with the nitric 
esters themselves to form nitro derivatives or 
oxidation products. The chemical reactions 
involved are slow reactions and for comparison 
purposes times to half stabilizer content at 
elevated temperatures may be related by the use 
of Arrhenius factor 2.88/10 °C to derive the 
period at lower temperatures to achieve the same 
deterioration in stabilizer content.(5) These 
reactions are independent of factor of design, 
size, and configuration and relate only to the 
composition of the propellants. 

Use of unduly high temperature to accelerate 
such testing is objectionable. The vapor pressure 
of nitroglycerine is sufficiently high to cause 
losses from the propellant with the result that: 
- The residual composition may differ 
significantly from that of propellant under normal 
temperature conditions. 
- Decomposition of volatilized nitroglycerine 
may intervene, obscuring the true decomposition 
behavior of the propellant under test. 

Similarly chemical degradation of the 
propellant binder (i.e. the NC binder and NG 
plasticizer) can lead to degradation of mechanical 
properties. Where the cause is purely chemical 
then again correlation between accelerated aging 
and real life temperature is possible. However in 
practice the possible modes of failure are much 
more complex since they frequently involve 
chemico-physical processes. The physical 
processes can involve volatile loss, plasticizer 
migration, rates of stressing and strain, 
relaxation, fatigue and cumulative damage. 
Humidity effects can also be dependent on 
precise history exposure and complex history 
dependent reactions in the propellant.  

The chemical changes involved may have 
ballistic effects; this is particularly evident in the 
case of some lead compounds such as lead 
salicylate which act as stabilizer by nitration or 
other reactions. Also such chemical changes may 
be accompanied by changes in physical 
properties. The Young's modulus decreases 
steadily with time, in some applications this 
limits the service life since the loose grains 
becomes no longer capable of withstanding the 
set-back force. 

1.3 Deterioration of mechanical properties and 
its effect on shelf life of rocket propellants 

The mechanical properties of solid propellants 
are an important design consideration, and 
deficiencies may lead to rocket motor 
malfunctions. Mechanical failures fall broadly 
into three categories, viz cracking, slumping and 
debonding. Cracking of propellant is of concern 
because there is an increase in surface area which 
when reached by the flame front results in an 
increased mass rate of burning. If there is a large 
surface area to begin with (e.g. very short 
burning time and thin web designs) then the 
increase due to cracks may not be significant, but 
for most designs this failure mode is important. 
Ballistic abnormalities and ultimately pressure 
bursts can occur. 

Mechanical deterioration may be caused by 
either chemical or physical changes. Degradation 
of the propellant by chain breaking of the 
polymer binder inevitably affects mechanical 
properties. In the case of double base propellants 
it is thought that deterioration in mechanical 
properties will continue to be a much more 
serious limitation on the life of those rocket 
charges which are subject to high stresses on 
firing than the safe chemical life. (1) 

The requirement for physical integrity during 
manufacture, storage and firing demands a close 
attention to the physical properties of the 
propellant. The greatest single influence on the 
properties of double base system is exerted by the 
nitrocellulose. At any given temperature a 
propellant with higher nitrocellulose content will 
give higher tensile strength, higher modulus and 
lower elongation. This will also control the 
temperature at which the grain becomes brittle. 
The effect of aging is to increase the tensile 
strength and to reduce the elongation at break. 
This is partly due to loss of nitroglycerine by 
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diffusion into the insulator, motor liner and other 
components and partly due to chemical changes 
in the nitrocellulose and nitroglycerine. (4) The 
propellant used in this investigation is not subject 
to significant volatile loss or plasticizer 
migration. 

1.4 Shelf life assessment program and aging 
process 

To assure the efficiency, reliability and 
performance of missiles in service, periodic 
testing programs must be performed to test the 
technical status of the missiles and its 
components during natural aging in their stores. 
It is well known that the different environmental 
conditions of storage drastically affect the 
technical characteristics of missiles components. 
The chemical components are subjected to aging 
to a great extent much more than other 
components of the missile. The most sensitive to 
aging is the rocket motor which contains the solid 
propellant which on its burning gives the missile 
its necessary thrust to reach the target. 
Deterioration in any of the chemical, mechanical 
and ballistic characteristics of the propellant will 
decrease in the efficiency of the missile. During 
storage of missiles in service, it is traditionally 
known that it is necessary to perform periodic 
tests of the different characteristics of the solid 
propellant and other components of the missile 
known to be subjected to deterioration during 
storage.  

Accelerated aging by continuous exposure to 
elevated temperatures may be useful where the 
principal mode of failure is purely chemical in 
nature. However some caution is necessary since 
the type of chemical reaction sometimes differ at 
elevated temperatures in excess of 60°C 
compared to those at lower temperatures. 
Nevertheless chemical changes at 60° and 70°C 
could be correlated reasonably satisfactory, with 
changes at lower temperatures, experienced in 
real service life.  

2. Experimental 

2.1 Materials 

Seven types of propellants of a certain rocket 
motor stored under different environmental 
conditions are the material of this investigation. 
These types are quite similar in chemical 

composition but with different nationality and 
year of production. All these types of rocket 
motors containing these propellants fulfill the 
same specifications for chemical, mechanical and 
ballistic characteristics. 

The rocket motor contains two single 
perforated tubular grains set longitudinally inside 
the rocket motor. The forward propellant grain 
has dimensions of (13.5mm internal diameter, 
92.7mm outer diameter and 893mm length) and 
weighs 10.3 Kg, while the aft grain has 
dimensions of (24mm internal diameter, 
102.5mm outer diameter, and 893mm length) and 
weighs 10.3 Kg. The propellant is double base 
propellant based on a mixture of nitrocellulose 
12% N2 (57%) and nitroglycerine (27%). The 
rocket motors tested in this investigation have a 
natural age of 20-30 years. The original 
specification demanded a service life of not loss 
than 10 years at 25°C, the operational and storage 
temperature of the missile.   

2.2 Preparation of experimental samples  

2.2.1 Selection of rocket motors  

i) The rockets of the different categories required 
to be tested were withdrawn from different stores 
and disassembled to separate the rocket motors.  
ii) The rocket motors were classified according to 
nationality and year of manufacture. These rocket 
motors subjected to this life testing program are 7 
types as follows: (E 80 – Rm 83 – R 73 – K 77 
and 84 – C 77 and 84).  
iii) The rocket motors were disassembled to 
separate the propellant grains. 
iv) Samples for the different chemical and 
mechanical testing were prepared.  

2.2.2 Accelerated aging of propellants  
Propellant charges were aged in order to detect 

what changes had occurred during storage period 
since manufacture. Aging of propellant samples 
is carried out at 60°C for 90 days and at 70°C for 
50 days, and then testing of chemical and 
mechanical properties.  

2.3. Testing of propellants  

A brief account of tests carried out in this 
investigation is given below. 
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1. Visual and radiographic testing of propellant 
grains 

On receipt, the propellant charges are 
subjected to a detailed visual and radiographic 
analysis. Any faults are carefully noted, as their 
locations will affect the final assessment of the 
charge. 

2. Chemical properties measurements  
i) Samples in the from of small rings were cut for 
chemical tests. 
ii) The following chemical properties were 
measured (calorific value - humidity - Bergmann-
junk stability - ether extraction - nitroglycerine 
and nitrocellulose content - ash content - current 
stabilizer content - ignition temperature). These 
tests were performed for all the samples of the 
different seven types of propellants in this 
program according to the traditional methodology 
for each test.  
iii) Every chemical property was determined by 
withdrawing pairs of propellant samples at 
suitable intervals during aging and analyzing by 
the corresponding technique. 

3. Mechanical properties measurements 

i) Compression properties of the propellants were 
determined using an Instron testing machine at 
different crosshead speeds ranging from 0.05 mm 
to 500 mm/min and at seven temperatures from -
50 to +50°C.  
ii) The compression test under constant load is 
used to determine stress and strain at yield, 
maximum and break, also Young's modulus for 
the propellant has been determined. A cylindrical 
specimen is compressed between parallel plates 
under a specified load and the extent of 
movement is observed after a specified time 
interval. A yield value can be determined 
approaching equilibrium when no further 
movement occurs. The crack value (percentage 
compression at which cracks appear on the 
surface) is determined by slowly depressing the 
top platen. The displacement / time relationship 
has been analyzed theoretically and developed 
practically to provide information on strain and 
strain-rate dependency. 
iii) Samples for compression testing were 
machined. The sample size and shape are as 
follows: cylindrical shape with dimensions of 
12.5 x 12.5 mm. The total number of samples is 

882 samples as follows (6 samples each test x 7 
testing temperatures x 7 different propellants  x 3 
testing conditions (before aging – aging at 60°C – 
aging at 70°C).  
iv) The testing of compression is carried out at 7 
different temperatures (+50, +20, +10, 0, -10, -
20, -50°C).  
v) Since the rocket motor consists of two grains 
(with different dimensions) the experiments were 
done on samples from the two grains.  
vi) Aging of propellant samples is carried at 60°C 
and 70°C for the specified periods, and then the 
mechanical properties were measured.  
vii) The mechanical characteristics measured are 
as follows: maximum stress (kp/cm2) – maximum 
strain (%) – yield stress and strain – break stress 
and strain – young modulus (kp/cm2). 
 
3. Results and Discussion 
3.1 Visual and radiographic inspection of rocket 
motor propellant grains  

All the propellant grains of the rocket motors 
subjected to this investigation have been 
thoroughly tested visually and radio-graphically. 
The results have shown that dimensions (lengths 
- outer and inner diameters), weights are 
according to the original specification of 
manufacture. X-ray inspection has shown the 
clearance of all the propellant grains tested from 
any defects (cracks - voids - air bubbles….) 
which would, if found, drastically affect the 
performance of the rocket motors. This is not 
surprising since the chemical composition, size 
and configuration of this type of propellant do 
not lead, during aging; to defects which could be 
discovered radio-graphically (viz voids, 
cracks…). 
3.2 Chemical properties testing results  

The chemical properties for the various 
samples of the propellants were determined 
before and after aging at 60, and 70°C for the 
specified periods. The results have been 
represented graphically for each property. For 
simplicity only some of the figures are presented 
in this context [Figures (1-4)]. 
3.2.1 Test results for chemical stability 

Propellant sample before and after aging were 
withdrawn for chemical stability determination 
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(stabilizer content and gas evolution). The gas 
evolution from the propellant is quantitatively 
measured using Bergmann-Junk stability test 
where the amount of gases (Cm3) evolved from 5 
gm samples during heating at 120°C for 5 hrs is 
determined as a measure of the stability of the 
propellant under determination. The quantitative 
determination of the remaining stabilizer in the 
propellant was determined by HPLC technique. 

Figure 1 shows the values for the volume of 
gases (Cm3) evolved after heating of 5 gm of 
propellant samples (Bergmann-Junk stability 
test). It is noticed from the Figure that all the 
propellant samples tested gave approximately the 
same results. Although the sample from the 
propellant type E 80 gave a higher amount of 
evolved gases compared to the other samples, its 
chemical stability is still within the specification 
limits required in this respect      (< 10 Cm3/5 
gm). The other propellant samples gave 
approximately 2 - 3.3 Cm3/5 gm. These results 
indicate the chemical stability of propellants 
tested in this program, even for the propellant 
naturally aged more than 25 years in their stores.  

Figure 1. Chemical stability of naturally aged 
propellants measured by Bergmann-Junk stability 
test. 

The results for stability testing of the 
propellants by quantitative measuring of the 
current stabilizer content by HPLC technique are 
shown in Figure 2. Figure 2 represents the values 
for the stabilizer remaining in the propellant 
compositions either after natural aging or after 
accelerated aging. The Figure shows quite similar 
results for all the propellant samples except for 
the propellant sample E 80 which shows a 
smaller quantity of stabilizer content. This 
matches the results obtained from Bergmann-
Junk stability test of stability mentioned above.  

. 

Testing of propellant samples after aging at 
60° and 70°C for the corresponding aging periods 
in this program showed that aging at the 
mentioned temperatures didn’t significantly 
affect the chemical stability of all the propellant 
samples. The behavior of the propellant sample E 
80 is similar to that mentioned above when tested 
before aging. 

Additional results(6) indicate that there is a 
little significant change in product gas 
compositions from cast double base propellants 
(CDB) heated at 80 and 65.5°C. Consecutive and 
competing reactions are undoubtedly involved in 
gas production and it might therefore be 
reasonably assumed that such relatively large 

temperature changes could result in significant 
changes in gas composition with a concomitant 
change in overall gas evolution. For this reason 
gas evolution rates cannot be used in the direct 
prediction of propellant life but they yield a 
useful indication of chemical stability and 
thereby an indication of the order of safe life. 

The rate of stabilizer consumption is of 
immediate concern in connection with the 
prediction of propellant safe-life. It is generally 
considered that the safe life is expired when the 
residual stabilizer content has been reduced to 
50% of its initial value. This is a conservative 
view since stabilizers convert to compounds 
which are capable of further nitration and thus 
are still effective to some degree. 

From the chemical stability testing performed 
and studying the effect of aging it is clear that the 
type of propellant composition in this testing 
program has an excellent chemical stability, and 
the aging carried didn’t deviate this vital 
parameter (chemical stability) from the 

 
Figure 2. Effect of accelerated aging on 

stabilizer content in the propellants. 
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specification limits. This perhaps resulted from 
the lower percentage of nitroglycerine / 
nitrocellulose content in the chemical 
composition of these propellants.  

3.2.2 Testing of colorific value 
Testing the calorific value of the propellant 

samples showed approximate equal results in the 
range of (845 ± 5 cal/gm) for all of the 
propellants tested in this program. This is 
illustrated in Figure 3 which shows a comparison 
between the values of the calorific values 
obtained before and after accelerated aging of the 
different types of the propellant charges. Aging 
of propellants at the temperatures 60° and 70°C 
for the corresponding periods resulted in a 
decrease in the calorific value of about 20 cal/gm 
(which represents loss of 2-3% of the original 
value before aging). There was no significant 
difference in effect between aging at the two 
temperatures 60° and 70 0C.  

Figure 3. Effect of accelerated aging on 
calorific value of the propellants. 

3.2.3 Testing of Humidity content 
Figure 4 shows the results obtained by testing 

the humidity content in the propellants. The 
percentage of humidity determined for propellant 
samples ranges between 0.25 and 0.73%, but 
these values lies in the range of production 
specification. Higher values of humidity were 
noticed for propellant samples C 77 and C 84 
compared to the other propellant types. After 
aging at 60° and 70°C, for the period designed in 
this program, the humidity content decreased in 
all the propellant samples. It was surprising that 
all the propellant samples approximately attained 
a humidity of 0.2 %. This might possibly be due 
to heating of propellant samples during aging 

which would cause dryness of propellant 
samples.  

Figure 4. Effect of accelerated aging on 
Humidity content in the propellants. 

 
From the above interpretation of the results 

indicates that chemical safe-life is unlikely to 
become a problem in the design life time of the 
type of rocket motors of this testing program. 
However, since there is always a danger in 
extrapolating results obtained at high temperature 
to a lower temperature, it is desirable that 
verification be sought through in-service 
surveillance programs. 

3.3 Mechanical properties testing results 

The mechanical properties of the seven types 
of propellants under this investigation were 
measured at seven temperatures (+50, +20, +10, 
0, -10, -20, -50°C). Compression stress, strain 
and young modulus values at the different stages 
of the test, viz at yield, at maximum and at break 
were determined and analyzed graphically in 
about 46 figures. For simplicity only some of 
these figures are represented graphically in this 
paper (Figures 5-8). 

3.3.1 Testing of mechanical properties at 
temperature +20°  

Figures (5-7) show the values for yield stress, 
maximum strain, and break stress respectively 
obtained after measurement of the mechanical 
properties of the different propellant charges at 
the test temperature of +20°C. 
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Figure 5. Effect of accelerated aging on yield stress 
(at +20°C) of the propellants. 

Figure 6. Effect of accelerated aging on maximum 
strain (at +20°C) of the propellants. 

Figure 7. Effect of accelerated aging on break stress 
(at +20°C) of the propellants. 

 
It is clear from the results that most of 

propellant samples approximately give similar 
results in both the values for stresses and strains. 
The best graphical representation of mechanical 
properties results is shown for the results 
obtained at +20°C, where the stress values 
decreases and that for strain increases. There was 
no significant effect of aging on stress and strain 
properties of all the propellant charges. The 
graphical representation of young modulus for all 
the propellant samples either before or after aging 
supports the results obtained from measuring the 
stresses and the strains.  

3.3.2 Testing of mechanical properties at 
temperature –50°C 

Figure (8) shows the values for break strain 
obtained after measurement of the mechanical 
properties of the different propellant charges at 
the test temperature of -50°C. 

It was found that the results obtained by testing 
at the temperature of –50°C are quite 
comparable, either for stresses or strains, to that 
obtained at the temperature of +20°C. The values 
of stresses and young modulus decrease while 
that of strains increases by aging of propellant 
samples at the specified temperatures 60 and 
70°C for the corresponding periods of aging. 

The decrease in stresses and young modulus 
with the corresponding increase in strain might 
be explained as a result of decomposition of 
nitrocellulose during thermal aging which would 
lead to that decrease. Nevertheless with the 
uncertainties or absence of the basic data 
however this can only be proved conclusively for 
any propellant by an experimental trial under 
conditions simulating real life. The mechanical 
properties of the double base propellants depend 
on the condition of the nitrocellulose chains, 
these will not be seriously degraded whilst 
adequate stabilizer remains, but weakening can 
occur because of the chains separating under the 
influence of the temperature cycling, mechanical 
shock or plasticizer migration, leading to fatigue 
type fracturing. 
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Figure 8. Effect of accelerated aging on break 
strain (at -50°C) of the propellants. 

4. Conclusions 

(1) All the propellant types tested within this life 
assessment program showed results within the 
production specification limit. This indicates that 
all these propellants didn’t deteriorate from the 
point of view of chemical and mechanical 
properties, and these properties are not changing 
unduly with age and factors connected with them 
are unlikely to prove life terminating.  
(2) The most obvious results of this life 
assessment program are as follows:  
i) The decrease in calorific values of the 
propellant about 20 cal/gm after accelerated 
aging. 
ii) The higher content of humidity in the 
propellant types (C and K) as a result of natural 
aging compared to the other types of propellants 
tested.  
iii) There is no significant effect of either natural 
or accelerated aging on the other chemical and 
mechanical properties tested in this program.  
(3) Accelerated aging performed proved that the 
chemical safe life of propellants tested in this 
program is very long and is unlikely to be a life 
limiting factor. This was confirmed by 
examination of 30 years old propellant charge (R 
73). The chemical stability in terms of safe life of 
the propellants tested compares favorably with 
other double base propellants long established, a 
safe chemical life of 50 years is predicted at 
20°C.  
(4) Unless great care is taken such accelerated 
storage trials can give misleading and irrelevant 

guides to the actual mode of failure determining 
real life. Accelerated aging by continuous 
exposure to an elevated temperature may be 
useful where the principal mode of failure is 
purely chemical in nature. However some caution 
is necessary since the type of chemical reaction 
sometimes differ at elevated temperatures in 
excess of 60°C compared to those at lower 
temperatures. Nevertheless chemical changes at 
60° and 70°C can be correlated reasonably 
satisfactory, with changes at lower temperatures, 
experienced in real service life. 
(5) All that can be said is that the general body of 
the propellant tested approximately shows similar 
chemical and mechanical properties to new 
propellant, without significant changes. The 
indications are that the chemical and mechanical 
safe life of propellants tested in this program are 
very long and are unlikely to be a life limiting 
factor. 
(6) Further work was carried out to complete the 
life assessment program of the propellant types 
included in this work. That work includes testing 
of ballistic properties of these propellants. That 
work will show that although the chemical and 
mechanical properties of this type of double–base 
propellant was not significantly affected by either 
natural or accelerated aging, the ballistic 
properties of some types of these propellants was 
drastically affected to an extent that these types 
must be excluded from service. This conclusion 
does not decrease the importance of testing 
chemical and mechanical properties during the 
assessment of shelf life of propellants. The 
decision to keep some propellants in service and 
exclude others must be based on comprehensive 
and integrated system of testing based on the 
study of all the properties of propellants which 
would be affected during service. This will 
guarantee the safety and reliability of the solid 
propellant based rocket motors.   
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ABSTRACT 

In the course of life assessment programs number of different rocket motor s of a certain artillery 
missile of 20-30 years in service have been ballistically tested and analyzed. The Investigations have been 
carried out with double based rocket propellants with a view to obtaining predictive data for safe use life 
of the rocket motors containing these propellants. The ballistic properties have been determined over a 
temperature range of (-20°, +20°, +50°C). Results are plotted to show the temperature effect on the 
different ballistic properties for each propellant. All that can be said is that although the chemical and 
mechanical properties of these propellant charges are not significantly changing with age and factors 
connected with them are unlikely to prove life terminating, ballistic properties testing on the other hand is 
prove life terminating. Taking into consideration this mode of failure, it is evident that the rocket motors 
under this investigation could have the existing service life of 20–30 years extended subject to 
satisfactory ballistic properties. The new data increases the confidence that most of the rocket motors will 
achieve an extended service life, others have to be subjected to periodic investigations. The acquisition of 
data and analysis must continue and rocket motors should be returned from service for examination and 
analysis periodically. 

1.  Introduction 

The service life of a rocket motor is at an end 
when it reaches any condition which is critical 
for its functioning. The critical condition may 
correspond to the point at which a change in 
ballistic functioning brings ballistic parameters 
outside required limits. Ability of rocket motors 
to function satisfactorily at the high and low 
extremes of the service temperature range must 
be taken as the most valid criterion of 
serviceability, and it would seem to be the prime 
purpose of all the development, environmental 
testing and surveillance work to ensure maximum 
success in these terms.(1) 

The ballistic behavior of solid double base 
rocket propellants during storage is important. 
Changes which would affect the ballistic 
properties include degradation of nitrocellulose, 
loss of plasticizer and nitroglycerine by 
volatilization, and chemical or physical changes 
in the condition of the materials (normally lead 
salts which induce platonization). The causes of 
ballistic changes are not always clear since 
complex chemical reactions between the ballistic 
modifiers and other constituents of the propellant 

can occur. These modifiers may be affected by 
such things as nitration, hydrolysis, change of 
crystal particle size or distribution, phase change, 
hydration etc., and can make profound changes in 
burning rate and hence ballistic performance of 
the propellant. (2)  

The choice of propellant for a particular 
application depends largely on its burning 
characteristics when used in a particular charge 
configuration. However, there are other less 
obvious influencing factors: a) the charge must 
be mechanically strong enough to withstand large 
temperature fluctuations without fracture or 
bonding failure, b) it must be able to withstand, 
and function, satisfactorily under high axial and 
lateral accelerations and c) service life must be 
adequate, and any drift in ballistic performance 
must be within limits. 

This work is a completion to a previous work(3) 
as a comprehensive aid to considering a 
requirement that it is highly desirable that 
expensive motors for missiles should remain 
serviceable as long as possible, not withstanding 
earlier verdicts about their life duration. It was 
shown(3) that the chemical and mechanical 
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properties of the solid propellants of naturally 
aged rocket motors of a certain artillery missile 
of 20-30 years in service are continuing to show 
good long term stability with as yet no 
identifiable aging trends. Many of the existing 
motors are coming to the end of their assigned 
lives, but it is becoming clear that they are not by 
any means unserviceable yet. The purpose of this 
work is to investigate the ballistic performance of 
these rocket motors. The ballistic properties of 
the different propellants have been determined 
over a temperature range of (-20°, +20°, +50°C). 
Results are given and curves are plotted to show 
the temperature effect on the different ballistic 
properties for each propellant in an attempt to 
make an assessment of the shelf life of these 
rocket motors and hence check the reliability and 
safety of the missiles containing these rocket 
motors.  

2. Experimental 

2.1 Material 

The materials for this investigation is the same 
as that used for the previous work.(3) Seven types 
of propellants of a certain rocket motor stored 
under different environmental conditions for 20-
30 years in service are the material of this 
investigation. These types are quite similar in 
chemical composition but with different 
nationalities and years of production. All these 
types of rocket motors containing these 
propellants should fulfill the same specifications 
for chemical, mechanical and ballistic 
characteristics. 

The rocket motor contains two loose single 
perforated tubular grains set longitudinally inside 
the rocket motor. The forward propellant grain 
has dimensions of (13.5mm internal diameter, 
92.7mm outer diameter and 893mm length) and 
weighs 10.3 Kg, while the aft grain has 
dimensions of (24mm internal diameter, 
102.5mm outer diameter, and 893mm length) and 
weighs 10.3 Kg. The propellant is double base 
propellant based on a mixture of nitrocellulose 
12% N2 (57%) and nitroglycerine (27%). The 
original specification demanded a service life of 
not loss than 10 years at 25°C, the operational 
and storage temperature of the missile.  

 

2.2 Preparation of experimental samples  

2.2.1. Selection of rocket motors  

The missiles of the different categories 
required to be tested were withdrawn from 
different stores and disassembled to separate the 
rocket motors. The rocket motors were classified 
according to nationality and year of manufacture. 
These rocket motors subjected to this life testing 
program are seven types and coded as follows: 
(E 80 – Rm 83 – R 73 – K 77 and 84 – C 77 and 
84). Some of the rocket motors were 
disassembled to separate the propellant grains, 
others will be subjected as it is to static firing. 

2.2.2 Preparation of test motor propellant grains   

 The original propellant grains were 
longitudinally cut to four equal parts. These parts 
were machined internally and externally and then 
cut to the required size of the propellant grain for 
the test rocket motor as follows (29 mm outer 
diameter - 10 mm internal diameter – 200 mm 
length). These grains were tested inside an 
appropriate size test rocket motors with 9 mm 
critical diameter of a graphite nozzle. The igniter 
of the test motor is a squib with 3.5 gm fine black 
powder.  

2.3 Ballistic properties testing  

2.3.1 Static firing of test rocket motors 

Thirty test motors representing the different 
categories of the original whole rocket motors 
were statically fired in order to adjust the design 
and firing conditions of the test motors (the 
critical diameter of the nozzle which gives 
similar and comparable performance parameters 
to the whole rocket motor). Testing is performed 
at three different temperatures (-20°, +20°, 
+50°C), ten motors at each temperature. The 
adjusted test motors (about 63 motors) were then 
statically fired at the mentioned temperatures to 
investigate the ballistic properties of the different 
categories of propellants. The test motors were 
conditioned for 24 hrs at the test temperature 
directly before subjected to static firing. 

2.3.2 Accelerated aging of test motors  



591 

Test motors containing their propellant grains 
were aged in order to detect what changes had 
occurred during storage periods since 
manufacture. Aging is carried out at the 
temperature of 60°C for 90 days and at 70°C for 
50 days, then statically fired at the different 
temperatures (-20°, +20°, +50°C). 

2.3.3 Testing of the whole rocket motor 

Two rocket motors were subjected to 
functional testing without measuring the ballistic 
parameters; the main purpose was to assure 
safety of testing. Fourteen rocket motors were 
conditioned for 24 hrs at the test temperature 
before subjected to static firing at the temperature 
of +50°C (2 motors of each type of missiles), 
other fourteen rocket motors were conditioned 
for 24 hrs at the test temperature before subjected 
to static firing at the temperature of -20°C (2 
motors of each type of missiles). In the case that 
abnormal functioning of any fired motor 
occurred, a replacement motor should be fired to 
match the parameters obtained from the other 
tested motor. 

3. Results and Discussion 

The ballistic properties for the various rocket 
motors, either whole or test motors, were 
determined before and after aging at 60, and 
70°C for the specified periods. The ballistic 
properties measured are as follows: burn time, 
burn rate, maximum pressure, average pressure, 
integral pressure-time, thrust, integral thrust-time, 
and specific impulse.  The results have been 
represented graphically for each property. For 
simplicity only some of the figures are presented 
in this paper (Figures 1-8). 

3.1 Ballistic performance of test motors 

Test motors representing the seven types of the 
original rocket motors were statically fired at the 
temperatures of +20°, +50° and -50°C. The 
ballistic parameters were analyzed and 
graphically presented; for simplicity some of 
these figures will be discussed here. 

3.1.1 Ballistic testing of test motors at the 
temperature of +20°C  

3.1.1.1 Burn rate measurement 

The results for burn rate of the propellant 
grains are presented graphically in Figures (1-2) 
and show the following:  

i) The increase in rate of burning of all the 
propellant grains (at +50°C > at +20°C > at -
20°C). 

ii) At the same testing temperature, the rate of 
burning for the different propellant types 
increases in the following order (R 73 > Rm 83 > 
E 80 > (K 77, K 84, C 77 and C 84). This shows 
that the last four types of propellants have shown 
decrease in rate of burning compared to the other 
propellants R 73, Rm 83 and E 80 which show 
insignificant changes. 

iii) After aging at 60°C and 70°C for the 
corresponding periods the rate of burning 
gradually decreases in the same order as shown 
above for the different propellant before aging. 

Figure 1. Burn rate before aging for the different 
propellants at testing temperatures. 

This emphasizes the higher rate of burning of 
propellant samples R 73, Rm 83 and E 80 
compared to the other propellant samples. 

Figure 2. Effect of aging on burn rate at +20°C.  
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iv) Comparison of the burning rate results before 
and after aging at either 60°C or 70°C indicates 
that there is no great effect of aging on burning 
rate of some propellant samples compared to that 
before aging. 

3.1.1.2 Burn time measurement 

Figure (3) shows the burn time measured at 
+20 °C for the different types of propellants and 
also shows the effect of aging on burn times. The 
data obtained shows that the propellant types C 
77, C 84, K 77 and K 84 have higher burn times 
compared to the other propellant types. The 
highest values were obtained from C 77 and K 84 
propellants, whilst the propellant type R 73 
presents the lowest burn time. Comparison 
between the results obtained for burn times after 
aging and that before aging emphasizes the lower 
burn rate values obtained above from the 
propellant types C and K. From the figure, it is 
also clear that burn time decreases by aging and 
there are no significant changes between the 
effect of aging at the two temperatures 60° and 
70°C for the different test motors. The most 
obvious result that there is great effect of aging 
on the burn time of propellant types C and K 
where the burn times significantly dropped 
compared to the values obtained before aging. 

Figure 3.  Effect of aging on burn time (at 
+20°C) of test motors. 

The results obtained from Figure (3) support 
that obtained from Figures (1 and 2) since as the 
burn rate increases the burn time should decrease. 
Figures (1 and 2) shows higher burn rates for the 
propellant types C and K compared to the other 
propellant types. 

3.1.1.3  Total thrust measurement 

Figure (4) shows graphical representation of 
the effect of aging test motors at the temperatures 
of +60° and +70°C for the specified periods of 
aging on the total thrust.  

Figure 4. Effect of aging on the total thrust (at 
+20°C) of test motors 

It is clear from the figure that the propellant 
samples C and K gives lower thrust values 
compared to the other propellant types, K 84 
gives the lowest value before aging (58 KgF 
compared to 78 KgF given by R 73 propellant 
type, and even lower than that given by K 77 
propellant type). Aging caused an increase in the 
total thrust, this is surprising since aging should 
lead to decomposition of the main constituents of 
the propellant (viz nitrocellulose and 
nitroglycerine) which represent the energy 
content of the propellants, and this energy 
ultimately provides the rocket motor with its 
thrust. From the available data it is difficult to 
definitely explain the increase in thrust by aging, 
but it might be due to heating of the propellants 
during aging which led to volatilization of 
volatile constituents, this will increase the 
percentage by weight of both nitrocellulose and 
nitroglycerine w.r.t the total propellant weight, 
and this increases the energy content of the 
propellant which resulted in an increase in the 
thrust values. Further investigation is required to 
support this explanation. 

It is noticed that C 84 propellant type 
comparatively gives thrust value equal to that 
obtained from K 84 type, at the same time C 77 
type gives thrust value close to that obtained 
from K 77. This agrees with the statistical data 
collected at the beginning of the testing program 
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which shows that C 84 and K 84 types were 
imported in one contract from one supplier, the 
same applies for    C 77 and K 77 types.  

 

3.1.1.4  Specific impulse measurement 

The results for the effect of aging on the 
specific impulse of the different propellant types 
tested at +20°C in test motors are shown in 
Figure (5). Before aging data shows that 
propellant types E 80, Rm 83 and R 73 
comparatively give equal specific impulses, the 
other propellant types give different and lower 
values; C 77 gives the lowest specific impulse. 
As shown above from total thrust measurement 
the data obtained from propellant types C and K 
are in agreement, K 77 matches C 77 and K 84 
matches C 84 specific impulse values.  

Figure 5. Effect of aging on specific impulse (at 
+20°C) of test motors. 

The increase in specific impulse by aging 
could be explained as indicated in total thrust 
measurement. It is also observed that after aging 
results are in good agreement with the data 
obtained before aging for each type of propellant. 

The most important conclusion which may be 
drawn from testing of specific impulse is that 
there is a marked decrease in performance of test 
motors C and K  w.r.t that observed for the other 
test motor types, either before or after aging. The 
marked deterioration in specific impulse of C 77 
test motor will be emphasized by the data 
obtained from static testing of full rocket motors. 

 

 

3.1.2 Ballistic testing of test motors at the 
temperature of +50° and -50°C   

The results obtained by measuring the different 
ballistic parameters of test motors at the 
temperatures of +50° and -50°C were analyzed 
and presented graphically. For simplicity these 
figures are not shown here.  

The most important conclusion which may be 
drawn from testing at these temperatures is that 
all the ballistic parameters measured are in good 
agreement with that obtained from testing at 
+20°C shown above. The results for the effect of 
aging on these parameters are matching those 
obtained above. 

3.2 Ballistic performance of full rocket motors 

Full rocket motors representing the different 
types of the missiles of this investigation were 
statically fired at the temperatures of +50° and -
20°C. The ballistic parameters were analyzed and 
graphically presented; for simplicity some of 
these figures will be discussed here. 

3.2.1 Burn time measurement: 

The results for the burn time measured for the 
full rocket motors ballistically fired at the 
temperatures of +50° and -20°C are shown in 
Figure (6).  

As shown previously in Figure (3), K and C 
propellant types shows higher burning time for 
the burning of the full motors compared to the 
other types, the lowest burn time was obtained 
from E 80 and R 73 types, Ci 77 showed a 
marked increase in burn time. The burn times 
obtained at +50°C are in good agreement with 
that obtained at -20°C; the values at -20°C are 
quite higher for every type of propellants. These 
is simply due to the expected higher rate of 
burning, and thus lower burn time of propellant at 
higher temperatures (viz +50° compared to -
20°C). The results for burn time and burn rate 
obtained from testing of test motors, as shown 
above, are in quite good agreement with that 
obtained from testing of full rocket motors. 



594 

Figure 6. Burn time (at +50°C & -20°C) of the 
whole rocket motor. 

3.2.2 Total thrust measurement 

Figure (7) shows the results for the total thrust 
obtained by ballistically firing of the different 
types of full rocket motors at the temperatures of 
+50° and -20°C. It is clear from the figure that 
the types C and K give pronounced decrease in 
the total thrust compared to the other rocket 
motor types. This is in good agreement with the 
results obtained from measurement of integral 
thrust-time and integral pressure-time of the 
different rocket motors which showed a marked 
decrease in these values for C and K rocket 
motors. 

Figure 7. Total thrust (at +50°C & -20°C) of the 
whole rocket motor. 

3.2.3 Specific impulse measurement 

The results for the specific impulse of the 
different full rocket motors ballistically tested at 
+50° and -20°C are shown in Figure (8). It is 
clear that the specific impulses of the different 
rocket motors are in quite good agreement with 
the total thrust values obtained above (Figure 7). 

Studying the graphical plots of every ballistic 
parameter w.r.t time as obtained from the testing 
for the different types of rocket motors showed 
that all the plots obtained were ideal as it should 
be except for the C 77 type which gave 
inconsistent curves for the different parameters. 
The ballistic static firing of C 77 rocket motor 
type was repeated twice, it gave the same bad 
response. This clearly indicates that C 77 rocket 
motors have drastically deteriorated ballistically. 

The most important conclusion which may be 
drawn from ballistic testing of the full rocket 
motors is that the propellant types  E 80, Rm 83 
and R 73 did not seem to be ballistically 
deteriorated; the other types need further 
investigation such as dynamic firing and then 
comparing the results with that obtained from 
static firing tests. 

Many investigations have been carried out to 
explain the ballistic deterioration of double base 
propellants. The ballistic properties of the 
propellant appear to be stable in many of the 
propellants tested, although unstable, or drifting 
ballistics can be encountered in some propellants. 
The causes are many and little understood. 
Identified factors from previous experience are: 
1) migration of nitroglycerine leading to loss of 
impulse and changes in the burning rate and 
therefore action time, 2) changes in the chemical 
state of the ballistic modifier, 3) changes in the 
dispersion of the ballistic modifier and 4) 
changes in the chemical state or physical 
dispersion of other ingredients.(4)  

Figure 8. Specific impulse (at +50°C & -20°C) 
of the whole rocket motor 

The changes within the propellant affecting the 
ballistic properties are broadly degradation of the 
nitrocellulose, nitration of platonizing agents and 
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plasticizer (nitroglycerine) loss. The ballistic 
changes which have been observed (5) on hot 
storage; especially thrust level cannot be 
accounted for by nitrocellulose degradation. Loss 
of nitroglycerine by a process analogous to 
distillation from the propellant has been observed 
in the form of condensate on the walls of motor 
after hot storage. Solid deposits of stabilizer have 
also been observed. Correlating of plasticizer loss 
on accelerated storage with service life storage is 
difficult. These factors are minor however 
compared to the rate of nitration of platonizing 
agents (particularly the lead β-resorcylate 
(ballistic life is defined as the life beyond which 
the ballistic parameters depart from 
specifications). It has been shown that the 
replacement of lead β-resorcylate by lead 
nitroresorcylate reduces plateau burning rate and 
tends to alter plateau range and characteristics. 
The changes observed are consistent with this 
effect and it is reasonable to suggest that this may 
play at least some part in brining about the 
ballistic change. It may be possible to predict 
using the 1.8 / 10°F coefficient, the ballistic life 
when stored at say 90°F from results at 140°F 
storage where this reaction is dominant.  

The normal effect of aging at elevated 
temperatures with non-platonized propellant is 
that the resulting degradation of nitrocellulose 
results in an increase in burning rate at a given 
pressure which progresses continuously with 
prolonged storage. In platonized propellant this 
effect is complicated by the presence of the 
Platonizing agent which may well itself change 
during storage by such effects as hydrolysis, 
nitration or degradative oxidation. Since the 
catalyzing effect of most platonizing agents is 
sensitively dependent upon the composition as 
well as the uniformity of distribution, then it can 
be seen that if chemical reactions involving 
platonizing agents occur, then a second and not 
necessarily parallel effect will be exerted upon 
ballistic level.(5) 

Stenson, R. (6) has shown that the energy 
librated as heat in the slow decomposition of 
propellant is usually negligible over the normal 
storage life of a rocket charge. As good practice 
rocket propellant compositions would show only 
small ballistic changes on hot storage for 3 to 6 
months at 60°C and the magnitude of the change 

should not normally affect storage life. Some 
double base propellants, where ballistic changes 
are sensitive to the catalyst present, show larger 
changes and if increases become excessive these 
may be limiting factors in some applications. The 
causes of ballistic change are not always clear 
since complex chemical reactions between the 
ballistic modifiers and other constituents of the 
propellant can occur. Nitration of the modifiers 
has been shown in some cases, whilst 
microscopic examination of thin sections of 
propellant has shown in one case a brief ringent 
constituent which is thought to be formed by 
hydrolysis of the ballistic modifier with possible 
further reactions with propellant ingredients. In 
general this type of ballistic change has not been 
reported for the simpler composite propellants 
owing to the general low chemical reactivity in 
the system. (6) 

3.3 Shelf life assessment of rocket motors 

The most important conclusion drawn from 
this investigation is that although chemical and 
mechanical properties of this type of propellant 
were not affected during either natural or 
accelerated aging,(3) the ballistic properties has 
been significantly changed and could be 
considered as life limiting factor. This is not 
surprising since the chemical composition of this 
type of double base propellant has a low 
percentage of nitroglycerine/ nitrocellulose ~ 
45% and high percentage of efficient stabilizer 
(viz 3% centralite). This chemical composition 
will overcome major deterioration problems 
arising from either nitroglycerine/ nitrocellulose 
decomposition or nitroglycerine migration from 
the propellant matrix. Simultaneously the 
configuration of these propellant grains (viz 
small web thickness) would prevent features such 
as cracking resulting from excessive 
decomposition gases formation. Thus the 
chemical and mechanical properties would not 
significantly change over the course of aging of 
this type of solid propellants. 

The ballistic properties of the propellant types 
E 80, Rm 83 and R 73 did not seem to have been 
changed w.r.t the original specification limits. 
The other propellant types C 77, C 84, K 77 and 
K 84 had shown significant changes in ballistic 
properties although did not changed chemically 
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or mechanically. Although all these propellants 
had exceeded 20 years in service, it is 
recommended to perform periodic testing of the 
different categories of these propellants as 
follows: 

i) The rocket motors C 77 type must be excluded 
from service because of the inconsistent 
performance curves obtained for the different 
ballistic parameters during repeated static firing. 

ii) The rocket motors C 84, K 77 and K 84 must 
be ballistically tested on 2006, then according to 
the results a decision to be taken at that time to 
determine whether to continue in service or not. 

iii) The rocket motors E 80, Rm 83 and R 73 
should be ballistically tested on 2008 (i.e. 5 years 
after this program), simultaneously with testing 
of the chemical stability of E 80 propellant which 
showed a high value in the Bergmann-junk 
stability test.(3) A decision about their 
continuation in service will be made at that time. 

iv) All types of the propellant could be replaced 
by new production during the different testing 
periods when they can not fulfill the required 
specifications. 

v) None of the propellants tested in this program 
is allowed to continue in service by 2010. At that 
time all of these propellants will be exceeding 30 
years in service, the most allowable service life 
limit for double base propellant based rocket 
motors. 

Finally any service life arrived at on the basis 
of anything other than exposure to actual service 
conditions; require confirmation by the routine 
examination of rocket motors returned from 
service for this purpose. If obviously satisfactory, 
the motors may be returned to service for a 
further period; if not, then destructive testing, e.g. 
firing, may be necessary. Only in this way can 
estimates of service life, however soundly based, 
be confirmed. The degree of departure from 
reality in the life assessment tests merely 
emphasizes the need for early confirmation. 

The life periods arrived at for such rocket 
motors provided some safeguard, but led to 
periods of extensive retest and doubtful 
knowledge at the termination of the life found. 
The present concept is anticipated to provide 

service life more in accord with reality, giving 
real assurance for longer periods and always 
under controlled monitoring. The economic 
advantage accruing is obvious. Thus there is a 
case for complementary tests: a) accelerated 
testing for short term rapid assurance on safety, 
reliability and reasonable life expectation, and b) 
natural storage (long term) tests to assess 
correctly under conditions arrived from actual 
field experience the formal service life of store, 
and to avoid misconception as to the term of that 
life and its first mode of failure or departure from 
normal functioning or performance. For this latter 
type of test more and better information on field 
conditions and rocket motors response is 
required. 

3.4. Developing of specification limits for 
periodic testing 

Most of the propellants tested in this 
investigation do not have clear specifications for 
chemical, mechanical and ballistic properties 
available with the user. The purpose of this 
investigation is to develop specification limits for 
different properties to be available and to be used 
during periodic testing of these propellants in 
service. 

Studying all the results obtained for chemical 
and mechanical testing (3) and ballistic testing in 
this work has resulted in expecting specifications 
for the different parameters to be tested as 
follows: 

i) Specifications for chemical properties 
measurement 

- Calorific value (≥ 840 cal/g), humidity (<0.75 
%), Bergmann-junk stability test (< 8 cm3/5g), 
stabilizer content (≥ 1.5%) and ignition point 
(≤185°C). 

ii) Specifications for mechanical properties 
measurement 

- Yield stress (≥ 80 kp/cm2), yield strain (≤ 3 %), 
young modulus (≥ 3500 kp/cm2, maximum stress 
(≥ 180 kp/cm2), maximum strain (≤ 50 %), break 
stress (≥ 140 kp/cm2) and break strain (≤ 60 %). 

iii) Specifications for ballistic properties 
measurement (full rocket motor tested at +50 °C) 
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- Burn time (≤ 1.75 sec), average pressure (≥ 85 
bar), integral pressure-time (≥ 140 bar.sec, total 
thrust (≥ 2400 kgf), specific impulse (≥ 195 sec) 
and integral thrust-time (≥ 3950 kg.sec). 

 

4. Conclusions 

The most obvious results from this program 
are as follows:  

1) Most of the propellant types tested showed 
testing results within the specification limits. This 
indicates that these propellants didn’t deteriorate 
from the point of view of ballistic properties, 
except       C and K propellant types.  

2) although the chemical and mechanical 
properties of this type of double–base propellant 
was not affected by either natural or accelerated 
aging, the ballistic properties of some types of 
these propellants was drastically affected to an 
extent that these types must be excluded from 
service, others to be subjected to certain periodic 
testing up to the end of their life. This conclusion 
does not decrease the importance of testing 
chemical and mechanical properties during the 
assessment of shelf life of propellants. The 
decision to keep some propellants in service and 
exclude others must be based on a comprehensive 
and integrated system of testing based on the 
study of all the properties of propellants. This 
guarantee the safety and performance the solid 
propellant based rocket motors.   

3) A general conclusion from examination of 
seven types of solid propellant based rocket 
motors used with a certain missile subjected to 
natural storage life is that it is possible to make 
an assessment of acceptable service life based on 
the change in ballistic performance with age. The 
results from ballistic properties tests are 
satisfactory in this regard to predict safe use life 
of propellants. A safe use life in excess of 30 
years is to be expected.  
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ABSTRACT 
 
 Weapons which fail to explode are a danger to all who come in contact with the devices as they 
lay on the battlefield. Radiation Effects Research Associates (RERA) and Maegerlein Materials 
Investigations (MMI) received a Small Business Innovative Research (SBIR) contract to address the 
neutralization of these weapons once they have failed to detonate. The fuze train of most weapons have a 
detonator (electrical or stab), an energetic lead, and a booster that cause eventual detonation of the 
weapon. The SBIR contractors have designed three neutralization features, each of which could be 
adapted by most fuze designs to prevent ordnance from unintended function. Two of the neutralization 
concepts are designed to interrupt the transfer of the firing train to the main fill explosive by degrading 
the performance of the explosive lead to the point the initiation of the booster is not possible. A chemical 
is contained in a glass vial which shatters upon weapon impact with the target. If the weapon has armed 
properly and detonates, the neutralization feature will have no effect on the correct sequence of firing. 
However, if the weapon fails to arm or detonate, the chemical from the neutralization feature will begin to 
harm the lead energetic material causing it to be unable to function from action of the detonator. A second 
method is to use a curing adhesive/sealant to form a hard protective coating over the lead to prevent the 
detonator from firing the lead. In both cases within a short time the energetic lead will not be able to 
function from action of the detonator. This paper will provide information and progress on the two 
neutralization techniques.  
 

Purpose of Research 
 

 Weapons which fail to explode are a danger to all who come in contact with the devices as they 
lay on the battlefield.  Disposal personnel and non-combatants are put into a dangerous position when 
coming into deliberate or accidental contact with these weapons.  The unexploded ordnance (UXO) 
problem was recently addressed by the Air Force through the Small Business Innovative Research (SBIR) 
program.  A contract was awarded for Phases I & II to develop an innovative solution to the UXO 
problem. When research is completed, a neutralization feature or features could be placed into new 
ordnance designs to eliminate the detonation danger of UXO from unintended function. 
 

Scope of the Research 
 
 This research will identify concept(s) to neutralize UXO as they lie on the battlefield that will 
prevent accidental initiation of the weapon.  During research the neutralization feature (NF) designs will 
undergo rigorous environmental conditioning to verify their ability to function when called upon in a 
wide range of temperature conditions and to not interfere with normal weapon function. The NF must 
remain intact for all normal handling, transportation, vibration, and drop situations. At the conclusion of 
the research, the NF will be available to all weapon designers to be a “drop in” subcomponent for all 
types of ordnance designs. The NF design(s) resulting from our research will have application to a wide 
range of weapons where UXO concerns are present.   
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Disclosure of Neutralization Concepts 
 
 There are two NF concepts currently under research. The first is a chemical bath that would 
attack the energetic material in the fuze lead by eating through its aluminum housing and dissolving the 
energetic lead material. What is left after the chemical action is a sludge where the lead once was 
positioned. Should the detonator fire, the “sludge” would not be able to sustain detonation of the weapon. 
The second NF concept would place hardened adhesive/sealant over the lead to prevent transfer of the 
detonator output to the top of the lead. Both concepts utilize similar hardware to contain the chemicals 
and allow the chemicals to act to suspend lead function. Figure 1 shows the housing which contains the 
energetic lead and the chemicals. The chemical is loaded into a glass vial and sealed from the 
environment. 

 

 
Figure 1: Housing to contain chemical and lead energetic material. 

 
The glass vial is placed into the doughnut shape of the housing surrounding the central hollow shaft 
where the lead energetic material is pressed. In one NF concept, two different chemicals are needed. For 
this application, two glass vials are used to contain the chemicals. Upon ground impact of a weapon, the 
glass vials would shatter allowing the chemicals to mix and begin their action. The size of the housing is 
of primary importance for application of the NF to small fuzes.  Much of the conceptualization phase of 
this research was spent in determining the actions needed to neutralize the explosive lead by the smallest 
conceivable design. 
 

Experimental Efforts 
 
 The experimental work needed to demonstrate the feasibility of the NF concepts was conducted 
in parallel efforts. The work on the chemical to dissolve the lead energetic material was conducted in 
parallel with the adhesive/sealant NF concept and development of a glass vial design that would contain 
either of the chemicals.  
 
 The experiments to find a chemical compound to dissolve the lead were begun by placing the 
attacking compound directly onto lead energetic material under ambient conditions. The energetic 
material was first pressed into thin hollow washers.  The destruction of the lead material was timed and 
observed for any possible run-away reactions that would threaten unintended initiation of the material. 
Once the reaction had concluded, the remaining material was washed and placed into a differential 
scanning calorimeter (DSC) and measured for energy release. This value was compared to the energy 
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release from as received pressed lead material to determine how much energetic material had been 
destroyed. Figure 2 is a comparison of the same weight lead pressed energetic material from the DSC 
recorder both prior to chemical solution affects and after. The explosive weight loss was 30% after 13 
days exposure to the dissolving solution. The residue of the decomposition products required a sample 
size 5 times the normal weight and (as can be seen in the bottom scan) the scale had to be expanded to 
show the residual salts remaining from the chemical destruction of the energetic material. No exotherms 
indicative of energetic material were found in the residue.  
 

 
Figure 2: DSC of lead energetic material before treatment and after treatment. 
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Figure 2 (Continued): DSC of lead energetic material after treatment.  

 
 Figure 3 is a photo of the effects of chemical degradation of the energetic material. In the photo 
the virgin energetic material can be seen as pressed into the metal disk. The chemically treated material in 
Figure 3 are the two brown items. In the experiment, the chemical treatment of virgin energetic material 
in the disk turned brown and soft. The two items fell from the metal disk as a sludge in the two pieces 
shown. There was no damage to the metal disk during contact with the attacking chemical. 
 

 
Figure 3: Results of chemical attack on lead energetic material. 
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In the chemical attack experiments, the temperature conditions were ambient (18o C). The data 

recorded by the DSC were from virgin energetic material compared to the residue from equal weight 
treated material. This was necessary to determine the exact decrease in energy output of the treated 
material compared. The response of the energetic material to treatment by the attack chemical at lower 
temperature is still under investigation. Should the reactions be substantially muted by the cooler 
temperature, an accelerant will be added to the attack chemical to raise the temperature during the 
reaction.  
 
 The second NF is the use of an adhesive/sealant material that when cured, expands and seals the 
surface of the explosive lead. The adhesive/sealant cures occupying a volume of 100 to 200% of the 
original. When hardened, the adhesive/sealant provides a sufficient barrier to prevent the detonator from 
initiating the explosive lead. The critical requirement for any NF design is that it successfully prevents 
accidental initiation no matter what orientation the ordnance impacts the target and comes to rest. 
Therefore the NF must not depend on gravity to facilitate neutralization of the ordnance. 

 
In the housing shown in Figure 1, two doughnut-shaped glass vials, one filled with the 

adhesive/sealant and the other with an activator chemical are placed around a central column containing 
the lead energetic material. Upon ground or target impact, the glass vials shatter allowing the two 
chemicals to combine. An aluminum bellows at the top of the housing allows the expanding 
adhesive/sealant to raise the bellows and a significant amount of adhesive/sealant moves and hardens over 
the top of the lead.  

 
Figure 4 shows the housing, loaded with adhesive/sealant and activator, prior to curing. Figure 5 

shows the housing, cross-sectioned, after the adhesive/sealant has cured and moved over the top of the 
lead. The two sectioned housings in figure 5 were activated on its side and one at 90 degrees (lying on its 
top). In both cases the adhesive/sealant did expand over the top of the lead.  

 

 
Figure 4: Sealed housing prior to adhesive/sealant cure. 
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Figure 5: Sectioned view of housing with adhesive/sealant cured 

 
In both of the experiments documented in Figure 5, the housing was at ambient conditions (18o C). 
However to be effective for the military’s use, the NF design must be able to function appropriately over 
a temperature range of -40oC to +63oC.  The lower temperature was of more concern in this application. 
To determine the response of the adhesive/sealant system at sub-ambient temperatures, the 
adhesive/sealant system was conditioned in a cold chamber at a -20oC. Figure 6 shows the results of this 
conditioning. After a period of three days the adhesive/sealant had grown approximately 100%.  After 
coming to room temperature, the adhesive/sealant expanded further.  The adhesive/sealant will require 
temperature and humidity stability tests to determine the effects of long term storage.  Any degradation 
due to temperature and humidity will have to be considered as part of the future service life in the weapon 
system. 
 

 
Figure 6: Adhesive/sealant expansion at -20oF. 
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Conclusions 
 
 To date both NF concepts have shown good results. The chemical attack has not been tested at 
cold conditions. It is expected that a reaction accelerator may need to be added to the housing to permit 
the chemical compound to decompose the energetic lead material without incident. 
 
 The adhesive/sealant NF concept has been tested at both ambient and cold temperatures and has 
shown good results. The adhesive/sealant has demonstrated sufficient mechanical energy to raise a 
bellows allowing the adhesive/sealant to expand into the top of the housing and over the lead. These were 
critical experiments for this concept’s feasibility demonstrations.  
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Abstract 

Silicon with a particle size in the range of 5 to 150 nm were synthesised in kilogram scale using an 
Induction Coupled Plasma (ICP) facility. In this process, a coarse powder is vaporised in a hydrogen / 
argon plasma torch and condensed in a stream of argon. 
The material was characterized by Scanning Electron Microscopy (SEM), Differential Thermal Analysis 
(DTA), Thermal Gravimetric Analysis (TGA), Infrared spectroscopy and BET. The amount of oxidized 
Silicon was determined by chemical analysis. 
The nanometric silicon powder was used as reducing agent in pyrotechnic compositions containing lead 
oxide as oxidizer. Compositions having negative and positive oxygen balance as well as the composition 
with equalized oxygen balance were made. Performance was assessed by comparison of heat and rate of 
reaction and safety data by using test methods described in AOP 7. Results were as well as the safety data 
for compositions having negative and positive compared with data for similar compositions containing 
micrometric silicon powder.  
 

1. Introduction 
Pyrotechnics rely on the reaction between an oxidizer and a reducing agent. Most reactive systems are 
based on a solid reacting with either another solid, liquid or a gas. Interaction between the materials is 
often influenced by the extent of the reactive interface. Though for a given reactive solid, a higher 
specific surface could lead to an overall faster reaction rate.  
Despite their limited availability in large amounts, nanometric powders are found to accelerate 
pyrotechnic reactions. The performances of micrometric silicon powders has previously been reported in 
combination with several oxidizers: SnO2, Fe2O3, KNO3, Sb2O3, Pb3O4, PbCrO4, and Cu(SbO2)2 [1,2]. The 
oxidation of silicon nanometric powder in air has also been reported [3,4,5]. 
In this paper the manufacture and characterisation of nanometric crystalline silicon on a large scale is 
presented. The influence of production parameters on the thickness of the oxide layer of nanometric 
particles is shown. In the second part of the paper, the reactivity of silicon nanometric powder (nSi) with 
lead-II, IV-oxide is presented, discussed and compared to compositions containing micrometric powder 
(μSi). 
                                                 
* Corresponding address:  B. P. Berger, armasuisse, Science and Technology Center, 
 Feuerwerkerstrasse 39, CH-3602 Thun, Switzerland 
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2. Experimental 
2.1 Synthesis of Nanometric Silicon Powder 
Nanometric Si powders have been produced by evaporation of coarse commercially available silicon 
powder and subsequent condensation in a radio frequency inductively coupled plasma (ICP). The 
complete plasma synthesis prototype is shown on figure 1, and consists of an induction plasma torch (PL-
35, TEKNA Plasma System Inc., Canada) coupled to a radio frequency power supply equipment (13.56 
MHz and 30 kW), a water cooled reaction chamber connected to a filtration unit and a powder feeding 
system (Powdercube, DACS, Switzerland). 
A standard gas mixture of 6 slpm Argon for the central gas, 80/10 slpm Ar/H2 for the sheath gas and 8 
slpm Ar for the carrier gas was applied during the synthesis. The chamber pressure was kept at 40 kPa 
and the generator plate power was 20 kW. Quenching was carried out with 100 slpm Ar using a two-jet 
nozzle located 25 mm from the torch exhaust. The inlet powder was introduced into the plasma through a 
water cooled injection probe located at the top of the induction coil. The powder feed rate was 4.8 g/min.  
The starting material is a commercial micrometric silicon powder (F.J. Brodmann & Co, Harvey, 
Louisiana, USA). The particle size distribution has been determined using PowdershapeTM image 
analyser (d10 =   9.1 μm, d50 = 28.3 μm, d90 = 73.5 μm). 
 

  

 

RF
13.56 MHz

Precursors
(+ carrier/reactive gas)Central gas (Ar, He)

Sheath gas
(Ar, H , N , He)2 2 injector position

quenching
gas

synthesis
chamber  

 
Figure 1: (Left) Experimental set-up showing (A) RF generator, (B) plasma torch, (C) synthesis  

chamber, (D) filtration unit; (Right) schematic drawing of the plasma torch  

2.2 Characterization of Nanometric Silicon Powder 
Scanning electron microscopy (SEM) shows particles with a clear spherical shape (Fig 2).  
The size of the particles was estimated by SEM and POWDERSHAPE software. POWDERSHAPE is an 
image analysis software for the determination of particle size and shape distribution of isolated particles, 
from scanned or SEM/TEM pictures. The median particle size diameter of the produced nanometric 
silicon determined with this method showed a diameter of 18nm. 
A BET specific surface area (SSA) of 109m2/g was measured with TriStar 3000 gas adsorbing system of 
Micromeritics, USA. The BET diameter of 24 nm was calculated using  
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ρ
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with the assumption of a mono disperse spherical distribution of the particles and all particles having a 
density equal to that of pure Si (2.33 g/cm3), 
 
XRD analysis showed that the powder consists of crystalline silicon free of contaminants (Fig 3a). Raman 
spectroscopy shows only one signal with a maximum at 520cm-1, this shows that the produced material is 
pure silicon without any impurities [3,4].  
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Figure 2: SEM micrograph showing the spherical nanometric silicon particles produced and the 

 histogram of particle size distribution 
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Figure 3a: X-ray and Raman spectra of the produced nanometric silicon powder  
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Although they were collected and stored under purified argon atmosphere, the powders were 
characterized in ambient atmosphere; this explains the presence of the oxide layer around the particles. 
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Figure 3b: IR-ATR spectra of nanometric and micrometric silicon powder (exposed to air) and silicon 

dioxide 
 
The IR spectrum of nanometric silicon shows a small peak at about 1100 cm-1. This corresponds to the 
wavelength of silicon dioxide, therefore it can be deduced that the produced nanometric silicon has an 
oxide layer on the surface. No oxide was detected on the micrometric silicon using IR spectroscopy.  

2.3 Reactivity of Nanometric Silicon in Air  
The reactivity of nanometric Si in air was investigated by Thermal Gravimetric Analysis (TGA) and 
Differential Thermal Analysis (DTA) from room temperature to 1773 K under air flow and using a 
heating rate of 10 K/min. The results are compared with a silicon powder of 5.86 microns mean diameter 
in figure 4a and 4b. 
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Figure 4a: TGA traces and their first derivative for 40 mg nanometric silicon powder and 43 mg 

micrometric silicon (5.86 μm) in 50 ml/min air flow at 10 K/min heating rate 
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Figure 4b: DTA traces of 40 mg nanometric silicon powder and 43 mg micrometric silicon (5.86 μm) 

in 50 ml/min air flow at a heating rate of 10 K/min  
 
The onset of the oxidation for the nanometric silicon is located between 623-673 K and proceeds in two 
steps. A first event centred at 848 K (575 °C) followed by a second oxidation stage centred at 1348 K 
(1075 °C). Under these conditions, most of the sample has oxidized before the melting point of silicon is 
reached (1683 K). A similar two step mechanism has also been reported for the oxidation of 20 nm 
hydrogenated nanometric silicon particles [4]. It has been reported that the oxidation of nanometric 
silicon particles is not limited by diffusion [4] other authors claim that diffusion could play a significant 
role [6, 7]. The overall mass gain was 69 %. For micrometric powder the onset of oxidation only appears 
around 1023 K and a clear endothermic peak is collected at the melting temperature as the oxidation is far 
from being complete (29 %).  
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Assuming a stoichiometric reaction producing only SiO2 the expected total mass gain should be 114%. 
The negligible rate of relative mass variation at 1773 K and the very small fusion endothermic peak for 
nanometric silicon powders suggests that the oxidation reaction has terminated. A partial oxidation of 
silicon or a mass loss due to the evolution of gaseous silicon monoxide (SiO(g)) could explain these results 
[8,9]. Chemical analysis of the nanometric silicon showed a content of about 90 wt%. Assuming that the 
remaining 10 wt% is SiO2 the calculated oxide layer has a thickness of 3 nm and the diameter of the pure 
silicon sphere is 12 nm.  
The heat of reaction of silicon in oxygen calculated using the EKVI code of the University of Uppsala is 
32431 J/g. Based on the chemical analysis (90 % pure silicon) the heat of reaction of the produced 
nanometric material should be 29188 J/g. Measurements in an adiabatic calorimeter resulted in a value of 
30882 J/g. 
 
2.4 Micrometric Silicon 
The silicon used is in accordance with the Def. Stan. 68-113/1. Its medium particle size measured using 
the Malvern method is 5.9 µm. The silicon shows a monomodale particle size distribution with a range of 
1.5 µm to 19 µm.  

 
Figure 5: Particle size distribution of the used silicon 

 
The following picture shows the grain shape of the silicon recorded by Scanning Electron Microscopy 
(SEM): 
 

 
 

Figure 6: Grain shape of the micrometric silicon 
 
The silicon particles show very varied grain shapes. Very few particles exhibit an ideal round shape. 
The thermal behaviour of the silicon was investigated by Differential Thermal Analysis (DTA) as well as 
by Thermo Gravimetric Analysis (TGA). The DTA plot shows an exothermic peak in the temperature 
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range of 800 °C to 1200 °C, which is based on the oxidation reaction of the silicon. This observation is 
confirmed by the TGA measurements which showed a starting gain at about 1073 K. The DTA plot 
shows at a temperature of about 1723 K an endothermic peak which is caused by the melting process of 
silicon. The melting temperature published in literature is in a range of 1713 K to 1743 K [5, 6]. 
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Figure 7: TGA and DTA plot of silicon (Sample mass 40 mg; heating rate 10 Kmin-1; atmospheric 

conditions) 
 
The heat of reaction of micrometric silicon in an adiabatic calorimeter resulted in a value of 20667J/g. 

2.5 Characterization of Lead-II, IV-Oxide 
The used lead-II, IV-oxide had a mean particle size of about 12μm. It shows a relatively monomodale 
particle size distribution in the range 4 to 27 μm.  
 

 
Figure 8: Particle size distribution of the oxidizer lead-II, IV-oxide 

 
The thermal behaviour of the used lead-II, IV-oxide was determined by Differential Thermal Gravimetry. 
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Figure 9: TGA and SDTA plot of Pb3O4 at a heating rate of 10 K/min 
 
The detected weight loss (figure 9) based on the decomposition process of lead-II, IV-oxide to lead-II-
oxide. The DTA plot shows that the endothermic decomposition peak at a temperature of 891 K (lit. 
starting temp. 773 K) is followed by the melting process of lead-II-oxide at a temperature of 1159 K (lit. 
1161 K). 
 
3. Compositions 
The investigated redox system shows the following theoretical reaction equation: 
 
2 Si     +     Pb3O4     ------      2 SiO2     +     3 Pb 
 
The composition with a balance oxygen content contains 7.5 wt% of silicon. 
 
3.1 Nanometric Silicon / Lead- II, IV-Oxide 
Compositions containing nanometric silicon and lead-II, IV-oxide with negative and positive oxygen 
balances as well as with equalized oxygen balance were produced. 
The compositions were prepared by mixing the ingredients in a Turbula mixer. 1% of nitrocellulose was 
added as a solution to granulate the compositions. 

Table 1: Manufactured compositions and measured data 
Ingredients  Composition [wt%] / Results 
Silicon     2.5     5.0     7.5   10.0   15.0   20.0 
Lead-II, IV-Oxide   96.5     94.0   91.5   89.0   84.0   79.0 
Binder (NC) 1.0 1.0 1.0 1.0 1.0 1.0 
Heat of Reaction [J/g] --- 855 1110 1282 1159 1053 
Combustion Rate [mm/s] --- 1.11   1.66   1.53   0.73   0.25 
 
Combustion rates were determined by hot filament ignition of the Si / Pb3O4 compositions placed in a 300 
x 2 x 2 mm burning groove machined in solid brass. Heats of combustion were determined on 1 g samples 
using an IKA C4000 adiabatic calorimeter (30bar Helium).  
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3.2 Micrometric Silicon / Lead-II , IV-Oxide Compositions 
Also compositions containing micrometric silicon and lead-II, IV-oxide with negative and positive 
oxygen balance as well as the composition with equalized oxygen balance were prepared. 

Table 2: Manufactured compositions and measured data 
Ingredients Composition [wt%] 
Silicon     2.5     5.0     7.5   10.0   15.0   20.0 
Lead-II, IV-Oxide   96.5     94.0   91.5   89.0   84.0   79.0 
Binder (NC) 1.0 1.0 1.0 1.0 1.0 1.0 
Heat of Reaction [J/g] --- 973 1369 1389 1179 1096 
Combustion Rate [m/s] 0.03 0.41 0.86 0.93 0.53 0.20 
 
3.3 Influence of the Particle Size on the Performance  
The decrease of the particle size of silicon leads to a significant increase of the combustion rates. The 
composition with equalized oxygen content containing nanometric silicon as reducing agent shows a 
combustion rate of about a factor 2 faster than the composition containing micro-metric silicon (Fig 10). 
The measured heats of reaction of compositions containing micrometric and nanometric silicon are 
significant lower than the data calculated using the EKVI code (Fig 11). This may result from the very 
compact oxide layer. This was confirmed by microscopic analysis of the reaction products of micrometric 
and nanometric silicon. All the combustion products still contain unreacted silicon. 
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Figure 10: Measured reaction rates 
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Figure 11: Measured and calculated heats of reaction 

 
3.3 Influence of the Particle Size on the Handling Safety Data 
The handling safety of the compositions was investigated using test methods described in AOP 7.  

Table 3: Measured handling safety data of different compositions containing nanometric silicon powder 
Ingredients / Results Composition [wt.%] 
Silicon, nanometric particles     2.5     5.0     7.5 10.0 15.0 20.0 
Lead-II,IV-Oxide   96.5     94.0 91.5 89.0 84.0 79.0 
Binder (NC) 1.0 1.0   1.0   1.0   1.0   1.0 
Sensitivity to impact [J/g] >20 10 15 16.0 16.0 >20 
Sensitivity to friction [N] 360 40 10   5.0   5.0    5.0 
Sensitivity to electrostatic discharges [mJ] 5600 0.56      0.32    0.56   1.0    3.2 
 
The comparison of the handling safety data of compositions containing either nanometric or micrometric 
silicon and lead-II, IV-oxide shows that f the compositions containing nanometric silicon are more 
sensitive to impact, friction and electrostatic discharges. Remarkable is the high sensitivity of such 
compositions to friction. The granulation of these compositions can easily lead to an ignition. 
 

Table 4: Measured handling safety data of different compositions 
        containing micrometric silicon powder 
Ingredients / Results Composition [wt.%] 
Silicon micrometric particles     2.5     5.0     7.5 10.0 15.0 20.0 
Lead-II,IV-Oxide   96.5     94.0 91.5 89.0 84.0 79.0 
Binder (NC) 1.0 1.0   1.0   1.0   1.0   1.0 
Sensitivity to impact [J] >20 >20 >20 >20 >20 >20 
Sensitivity to friction [N] >360 >360 >360 288 324 216 
Sensitivity to electrostatic discharges [mJ] 56.0 3.2   5.6 1.0 0.56 0.56 
 
Compositions containing micrometric silicon as reducing agent show no significant sensitivity to impact 
and friction. However the compositions are sensitive to electrostatic discharges. 
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4. Summary / Conclusion 
Induction Coupled Plasma (ICP) enables the production of nanometric silicon powder in quantities of 
kilograms per day. The characterization of the produced nanometric silicon showed that the particles have 
a spherical shape, however they exist as conglomerates. The investigation showed , that the oxide layer of 
new produced nanometric silicon is build up immediately after the production process. It seems that the 
oxide layer is compact and further oxidation is very slow.   
The comparison of the performance and the handling safety data of pyrotechnic compositions containing 
either micrometric or nanometric silicon as reducing agent and lead-II,IV-oxide as oxidizer shows that the 
reaction rate can clearly enhanced by using nanometric silicon. The heats of reaction either of 
compositions containing micrometric or nanometric silicon is about 1000 J/g less than the theoretical data 
calculated with a thermodynamic code. Compositions containing nanometric silicon are extremely 
sensitive to friction as well as to electrostatic discharges. At low temperatures thermal analysis indicates 
for nanometric Si/Pb3O4 compositions that there are reaction pathways not shown by micrometric powder. 
The reactivity of nanometric Si with other oxidizers is under investigation. 
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ABSTRACT 
 

PBXN-109, a fully qualified US Navy explosive composed of 64% RDX, 20% aluminium and 
16% binder, is currently being used as the fill for a number of in-service warheads requiring blast and 
fragmentation effects. In order to characterise PBXN-109 to support Australian Defence projects, a range 
of tests is underway in the Explosives and Pyrotechnics Group in Weapons Systems Division of DSTO. A 
parallel program focussed on modelling the performance and behaviour of this explosive is also being 
carried out in this group.  
 

This paper focuses on comparison of the experimental and modelling results of sensitivity tests 
for PBXN-109, using an explicit finite element hydrocode LS-DYNA with an Ignition and Growth (I&G) 
model. The I&G model was initially calibrated against the detonation velocity versus diameter effect 
experimental data at larger charge diameters for unconfined PBXN-109. The model was then applied to 
the simulation of sympathetic initiation across PMMA gaps for the Large Scale Gap test and across water 
gaps for the BICT water gap test, and comparisons with the experimental data were made. It was found 
that some of the I&G model parameters required modification to take into consideration the additional 
detonation velocity data at smaller diameter charges and to yield better agreement with the experimental 
sensitivity results. Finally, the parameter P2t (P is the pressure and t the pressure pulse duration) is 
calculated from the simulated pressure-time history results for assessing the sensitivity of PBXN-109. 
 
 
INTRODUCTION 
 

PBXN-109, composed of 64% RDX, 
20% aluminium and 16% binder, has been 
studied extensively in the Explosives and 
Pyrotechnics Group in Weapons Systems 
Division of DSTO1-6. This paper presents a 
comparison of the experimental and modelling 
results of sensitivity tests for PBXN-109, using 
an explicit finite element hydrocode LS-DYNA7  
with an Ignition and Growth (I&G) model. The 
I&G model was initially derived from the 
experimental detonation velocity versus 
diameter effect data for unconfined charges. It 
was found that some of the I&G model 
parameters required modification to yield better 
agreement with the experimental results of 
sensitivity tests. 

 
EXPERIMENTS 
 

Full details of the experimental 
arrangement and the test procedure have been 
published previously2-5, 8. The standard method 
used by DSTO for determining the shock 
sensitivity of explosive formulation is the 
Materials Research Laboratories Large Scale 
Gap Test (MRL LSGT)7 (shown in Figure 1), 
based on the Naval Ordnance Laboratory LSGT. 
In common with all gap tests, the PMMA barrier 
is placed between the donor and the acceptor 
and the thickness of gap required to give a 50% 
probability of detonating the PBXN-109 test 
sample is determined. The PBXN-109 was 
directly cast into the LSGT tubes (140 x 48.3 
OD x 38.1 ID mm). One end is in contact with 
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the shock attenuator, the other end has a 1.6mm 
air gap between the test sample and steel witness 
plate. The shock sensitivity of PBXN-109 as 
measured by the minimum initiating pressure 

leading to a 50% probability of detonation in the 
Large Scale Gap Test is 2.35 GPa with a gap 
thickness of 49.8mm (196 cards).  

 
Figure 1. MRL LSGT Assembly 

 
IGNITION AND GROWTH REACTIVE 
MODEL IN LS-DYNA 
 

The Ignition and Growth Reactive Model in 
LSTC-DYNA is derived from the original work 
of Lee and Tarver9, which permits the resolved 
reaction zone simulation of initiation (or failure 
to initiate) and detonation wave propagation of 
solid high explosives. According to Tarver et 
al.10, shock initiation of heterogeneous solid 
explosives should be modelled as at least a 
three-step process. The first step is the formation 
of hot spots created by various mechanisms 
(void closure, viscous heating, shear banding, 
etc.) during shock compression and the 

subsequent ignition (or failure to ignite due to 
heat conduction losses) of these heated regions. 
The second step in the process is assumed to be 
a relatively slow growth of reaction in inward 
and/or outward “burning” of the isolated hot 
spots. The third step in the shock initiation 
process is a rapid completion of the reaction as 
the reacting hot spots begin to coalesce. This 
model requires11: 

• An unreacted explosive equation of 
state (EOS);  

• A reaction product equation of state; 
• A reaction rate law that governs the 

chemical conversion of explosive 
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molecules to reaction product 
molecules;  

• A set of mixture equations to describe 
the states attained as the reactions 
proceed.  

 
Both unreacted and product equations of 

state are of Jones-Wilkins-Lee (JWL) forms 

V
TCBeAep vVRVR ω++= −− 21

                     (1) 
where p is pressure, V is relative volume, T is 
temperature, and A, B, R1, R2, ω (the Gruneisen 
coefficient) and Cv (the average heat capacity) 
are constants. The chemical reaction rate 
equation in the three-term ignition and growth 
model is of the form12: 
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where F is the fraction reacted, t is time, ρ0 is 
initial density, ρ is current density, p is pressure, 
and I, G1, G2, b, x, a, b, c, d, y, e, f, and z are 
constants. Three more constants are added to the 
model: Fmxig, FmxGr and FmnGr which limit the 
contributions of the three terms to respectively a 
maximum reacted fraction Fmixg for the first 
term, a maximum fraction FmxGr for the second 
term and a minimum fraction FmnGr for the last 
term.  
 

Although a number of experiments were 
carried out for measuring detonation velocities 
for PBXN-109 using either digital streak 
photography or time-of-arrival piezoelectric pins 
by Lochert et al. 2, due to problems with the 
calibration software for the digital camera, the 
velocity results measured with this technique 
were not accurate. In general, the existing 
experimental data from different sources were 
not very consistent and were widely scattered, 
and no general trend could be discerned. So the 
earlier two I & G models6 were based on the 
best available results2 obtained for 50mm and 
82mm diameter charges with piezoelectric pins 
for ARX-2014/M1 (PBXN-109 formulation 
containing Australian Type I RDX (Reduced 
Sensitivity RDX)).  
 

According to Tarver et al10, the 

parameter b on the (1-F) term was set equal to 
2/3 to represent inward spherical grain burning. 
This parameter together with parameters e, f, z, 
FmxGr and FmnGr they derived for LX-17 were 
used for developing the earlier two I & G 
models6. The constants a, x, c, d, y and Fmxig 
derived by Tarver13 for Comp B were also 
adopted. The three remaining constants among 
the 15 constants required for the Ignition and 
Growth model were I, G1 and G2 to be fitted to 
the experimental data. It was observed that the 
effect of changing the ignition term (I) while all 
other parameters were kept constant appeared to 
be very limited. The effect of varying the fast-
growth kinetics term (G1) and the slow-growth 
kinetics term (G2) appeared to be very strong, 
particularly the G1 term.  
 

When one of the earlier I&G models6 
was applied to the simulation of Large Scale 
Gap tests, it was found that some of the I&G 
model parameters (Fmxig, I, a and x) required 
modification to yield better agreement with the 
experimental results, taking into consideration 
the new experimental data of detonation 
velocities at smaller diameter charges using 
Ionization techniques 14. Table 1 lists the 
parameters in the new I & G model.  
 

Figure 2 summarises the LS-DYNA 
predictions of detonation velocity in 
axisymmetric geometry, together with 
experimental data from different sources2,15,16. 
Agreement is seen to be good between the LS-
DYNA predictions and the experimental results 
obtained from DSTO for various charge 
diameters. The detonation velocities at larger 
diameters are comparable to literature values 
reported in Navy Explosives Handbook16. LS-
DYNA predictions fall within the scattered 
experimental results from difference sources and 
can demonstrate the trend of the detonation 
velocity versus diameter effect. It is shown that 
the experimental data15 provided by MSIAC 
(Munitions Safety Information Analysis Centre) 
were significantly lower than those from both 
LS-DYNA predictions and DSTO measurements 
for smaller charge diameters. This might be due 
to the different RDX in the formulations used in 
the tests. The percentage and type of RDX for 
the formulation used in DSTO was 64% and 
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Type II, whereas the percentage and type of 
RDX in the experimental data15 provided by the 
MSIAC was RDX 52.6 % Class 4, 10.2% Class 
3 and 2.2% Class 1 (PBXW-109 I)16. As a 
consequence, the properties such as critical 
diameters and detonation velocities for small 
charge radius were different. The critical 
diameter was below 10mm from the DSTO test 2 
and 12.9mm for PBXW-109 I 16.  
 
SIMULATION OF LARGE SCALE GAP 
TEST 
 
The Ignition and Growth Reactive Model 
incorporated into the LS-DYNA described 
above has been used to simulate the Large Scale 
Gap tests. In the simulations, a cylindrical 
computational domain was constructed. Only a 
three dimensional 90o sector with two symmetry 
planes was modelled, as shown in Figure 3. The 
EOS parameters and properties for cardboard, 
PMMA, Pentolite, steel and the surrounding air 
used for simulating the UN Series 8(b) Gap 
Test18 as given in Tables 2, 3 and 4 were 
employed here. The cardboard and PMMA have 
been described by a Mie-Gruneisen equation of 
state, based on a shock Hugoniot given by Us = 
C+S up mm/µs (where Us is the shock velocity 
and up the particle velocity). The Pentolite 
booster was modelled using the programmed                                                               
burn option in LS-DYNA with the JWL EOS 
parameters given in Table 3. The simplified 
Johnson-Cook model19 is used to describe steel 
with the parameters listed in Table 4. The 
surrounding air was modelled with a linear 
polynomial equation of state in 
 
 
 

Table 1.  Parameters for the Ignition and 
Growth of Reaction Model for PBXN-109 

Unreacted EOS & Constitutive 
Values17 
ρ0 (g/cm3) 1.66 
A (GPa) 8.817E+05 
B (GPa)  -3.55 
R1 15.0 
R2 1.41 
R3=ω∗ Cv (GPa/K) 1.94E-03 
Yield Strength (GPa) 0.00069 
Shear Modulus (GPa) 0.0014 
Reacted Product EOS and CJ Values17 
A (GPa) 
B (GPa) 
R1 
R2 
Cv (GPa/K) 
R4=ω∗ Cv (GPa/K) 
Internal energy Eo 
(kJ/cc) 
Dcj (mm/µs) 
Pcj (GPa) 

1341.3 
32.7 
6 
2 
1.0E-3 
2.0E-4 
10.2 
 
7.6 
22.0 

Reaction Rate Parameters  
I (μsec-1) 
b 
a 
x 
G1 (GPa-yμsec-1) 
c 
d 
y 
G2 (GPa-zμsec-1) 
e 
f 
z 
Fmixg 
FmxGr 
FmnGr 

4.55E+4 
0.6667 
0.02 
8.0 
0.045 
0.2222 
0.6667 
2.0 
4.00E-04 
0.333 
1.0 
3.0 
0.22 
0.5 
0 
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Figure 2. PBXN-109 Detonation Velocity for Unconfined Charges 

 
which the pressure is defined as  
P = (γ-1) ρ /ρo E            

   (5) 
where γ is the ratio of specific heats, ρ is the 
instantaneous density, ρo is the initial density 
and E is the internal energy. The parameters γ 
and ρo used in the simulations are 1.4 and 
0.00129 g/cm3, respectively.  
 

Table 2. Gruneisen Parameters for 
 Cardboard and PMMA 

Parameter Cardboard PMMA 
   
ρ0 (g/cm3) 0.536 1.186 
γo  1.0 0.85 
C (mm/µs) 0.45 2.18 
S 1.38  2.088 
a 0.0 0.0 

Note: ρo is the initial density, γ0 the Gruneisen 
gamma, C and S are the intercept and slope of 
the shock velocity-particle velocity curve, a is 
the first order volume correction to γ0. 
 
 
 

Figure 3. Computer Model of LSGT 
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Table 3. Material and JWL EOS parameters 
for Pentolite 

Parameter Pentolite  
ρ0 (g/cm3) 1.65 
A (GPa) 531.77 
B (GPa) 8.933 
R1 4.6 
R2 1.05 
ω 0.33 
Eo (kJ/ cm3) 8.0 
D (mm/µs) 7.48 
P (GPa) 23.22 

 
Table 4. Material Properties for Steel 

  
ρ0 (g/cm3) 7.85 
E (GPa) 207 
PR 0.3  

( )( )*ln1 εεσ CBA n
py ++=  

(where A,B,C and n input 
constants, effective plastic 

strain 
0

*
ε
εε = effective 

strain rate for 0ε  =1 s-1 
A(GPa) 350.0E-3 
B(GPa) 275.0E-3 
C(GPa) 0.022 
n 0.36 

Note: E is the Young’s modulus and PR is the 
Poisson’s ratio. 
 

The critical PMMA gap thickness 
leading to a 50% probability of detonation is 
about 48mm in the simulations whereas the 
experiments found a critical thickness of about 
49.8mm which is very good agreement. In the 
simulations, this critical gap corresponds to a 
pressure in the top centre of the PBXN-109 
sample of 2.668GPa. 

SIMULATION OF BICT20  
WATER GAP TEST 

 
The Ignition and Growth Reactive 

Model described above has also been used to 
simulate the BICT Water Gap tests as given in 
reference [20].  Figure 4 shows the computer 
model used in the simulation. The EOS 

parameters and properties for the surrounding air 
are the same as those used in the Large Scale 
Gap Test simulation. The water for filling the 
gap between the donor and the PBXN-109 
acceptor was modelled with a Gruneisen 
equation of state with the parameters as given in 
Table 5. The experimental critical water gap 
thickness was around 13 mm. The simulations 
were in excellent agreement, predicting pass/fail 
13 / 14 mm. 

Table 5. Gruneisen Parameters for Water 

ρ0 (g/cm3) 1.00 
γo  0.28 
C (mm/µs) 1.48 
S 1.75  
a 0.0 

Note: ρo is the initial density, γ0 the Gruneisen 
gamma, C and S are the intercept and slope of 
the shock velocity-particle velocity curve, a is 
the first order volume correction to γ0.    

 
Figure 4. Computer Model of BICT Water 

Gap Test 
 

COMPARISON WITH SHOCK 
SENSITIVITY CURVE 

 
An alternative way of assessing the sensitivity of 
an explosive is provided by the shock sensitivity 
curve approach described by Kornhauser21. This 
curve summarises the critical combinations of 
peak shock pressure P and the derived parameter 
P2t (P is the pressure and t the pressure pulse 
duration) that are found experimentally to lead 
to initiation, and allows consideration of a 

wider class of energetic responses than just 
detonation alone. Such a curve has been 

developed for the PBXN-109 explosive by Lu et 
al 14, and is reproduced here in Figure 5, together 
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with the predicted (P, P2t) combinations for both 
LSGT and BICT tests, as well as Kornhauser’s 
curves for PBX-9404 (94% HMX, 3% CEF, 3% 
nitrocellulose), TNT and Composition B for 
comparison with known explosives. It is seen 
that the sensitivity of PBXN-109 sits between 
those of PBX-9404 and TNT when P is greater 
than approximately 1.5 GPa and lies between 
those of TNT and   Composition B when P<1.5 
GPa. 

1
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Figure 5. Comparison of Shock Sensitivity 

Curves of Different Explosives 

 

CONCLUSIONS AND FUTURE PLANS 
 

From the work presented, the following 
conclusions have been reached. 
• The new modified I&G model taking into 

consideration the additional detonation 
velocity data at smaller diameter charges 
can successfully simulate the Large Scale 
Gap and the BICT Water Gap tests with 
good agreements with experimental results. 

• The sensitivity curve for PBXN-109 has 
been compared with the curves for other 
known explosives and it is seen that the 
sensitivity of PBXN-109 is between PBX-
9404 and TNT when P>1.5GPa and 
between TNT and Composition B when 
P<1.5GPa. 

• It is intended to use the improved Ignition 
and Growth model to simulate other 
sensitivity tests such as Intermediate Scale 
Gap and Expanded Large Scale Gap tests in 
the future. 
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Comparison of Output and Sensitivity of Various Flash Compositions 
Commonly Used in Pyrotechnics 

 
By Joseph E. May, Jr. and Joseph A. Domanico 

 
 

Flash compositions are generally regarded as one of the most dangerous materials encountered 
when working with pyrotechnics; however, makers of flash powder tend to attempt to increase the sound 
output of their flash compositions by varying their formulations.  Flash making tends to be a “black art,” 
with each pyrotechnician having his own special formula that he believes is better, more powerful, or 
louder than standard flash powder.  The belief also exists that a more sensitive flash composition also 
produces greater sound output; so many of the variations on the flash compositions are designed to make 
the composition more sensitive. 

 
In the public domain, scientific data regarding sound output and sensitivity of flash compositions 

is sparse to nonexistent.  Because of the lack of data, flash makers may be needlessly making their 
compositions more sensitive and dangerous without accomplishing the desired effect of increasing sound 
output.  In this study, the authors chose ten flash compositions commonly used in pyrotechnics, taking 
measurements of impact sensitivity, sound power output, and blast pressure for each of the compositions.  
The authors then compared the compositions to come to some conclusions on whether using a more 
exotic flash composition would achieve the desired result of increasing the output of the composition, and 
at what potential cost in increased hazard of manufacture. 
 
Chapter 1:  The Compositions Used in the Experiment 
 

Ten compositions were used in the experiment.  Originally, nine compositions were made, but 
after the authors received news of an accident involving flash powder made with antimony (III) sulfide, a 
tenth composition was included in the experiment.  Of the compositions evaluated, nine were actually 
flash compositions and one was a whistle composition.  The whistle composition was included to 
compare with flash, as whistle mix is sometimes used as a bursting charge in pyrotechnic devices.  The 
compositions evaluated are as follows: 
 
Composition 1: 
 
Potassium Perchlorate 70% 
German Blackhead Aluminum 30% 
 

This flash powder is likely the most commonly known in pyrotechnics.  Pyrotechnicians making 
flash powder generally start with this composition and tweak it to attempt to increase the sound output, so 
many of the other compositions we will be testing are a variation on this formula.   Since the 
characteristics of this composition are    well known, for the purposes of this experiment, it will be the 
baseline by which all the other flash compositions are measured.  The results will be expressed as a 
percentage of the output of this composition, or as a multiple of the sensitivity of this composition. 
 
Composition 2: 
 
Potassium Perchlorate 68% 
German Blackhead Aluminum 23% 
Sulfur 9% 
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It has been hypothesized that adding sulfur to a flash mix increases the rate of reaction and 
therefore makes a louder bang.  We will investigate that hypothesis with Composition 2. 
 
Composition 3: 
 
Potassium Perchlorate 76% 
Potassium Benzoate 23% 
Nitrocellulose 1% 
 

This is the aforementioned whistle mix which was included in the experiment to compare against 
the various flash compositions. 
 
Composition 4: 
 
Potassium Chlorate 70% 
German Blackhead Aluminum 30% 
 

Chlorate based compositions are more sensitive than similar perchlorate based compositions 
because of the low decomposition temperature of chlorates.  We will investigate whether chlorate based 
flash outperforms perchlorate based flash. 
 
Composition 5: 
 
Potassium Perchlorate 50% 
325 Mesh Granular Magnesium 50% 
 

Compositions using magnesium are sometimes said to make a louder boom than aluminum based 
flash powders.  We will test several magnesium based compositions including this one. 
 
Composition 6: 
 
Potassium Perchlorate 50% 
2 Micron Magnesium 50% 
 

The ultimate ingredient for a super loud and sensitive flash powder is sometimes said to be 2 
micron superfine magnesium.  We will test that hypothesis with Composition 6.    
 
Composition 7: 
 
Potassium Perchlorate 47% 
German Blackhead Aluminum 20% 
Meal D Black Powder 33% 
 

This composition is the standard 70/30 flash comp mixed with one third Meal D black powder.  
Fine black powder has sometimes been known as the secret ingredient that supercharges flash powder.  
Some have hypothesized that the sulfur content of the black powder is responsible for acting as a catalyst. 
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Composition 8: 
 
Potassium Perchlorate 35% 
German Blackhead Aluminum 15% 
Winchester 231 Smokeless Ball Powder 50% 
 

This composition is the standard 70/30 flash comp mixed 50/50 with smokeless small arms 
powder.  This technique has been experimented with in pyrotechnics because in a standard flash 
composition, most of the combustion products are solid.  The hypothesis is that adding a propellant which 
produces gaseous combustion products would aid in propagating shock waves outward from the 
explosion and increase the output of the flash powder. 
 
Composition 9: 
 
Potassium Perchlorate 49.5% 
325 Mesh Granular Magnesium 49.5% 
Potassium Dichromate 1% 
 

Potassium dichromate is sometimes added to magnesium based compositions, not only to 
increase their output but also to protect magnesium particles from reaction with the oxidizer during 
storage. 
 
Composition 10: 
 
Potassium Perchlorate 63% 
German Blackhead Aluminum 30% 
Antimony (III) Sulfide 8% 
 

This composition was added to the experiment after the authors learned of an accident involving 
this composition where the antimony (III) sulfide was added to the mix in an effort to make a louder 
explosion. 
 
 
Chapter 2:  Experimental Procedure 
 

To conduct the experiment, 100 grams of each composition was mixed.  Charges (Illustration 1) 
consisting of 50 grams of each composition loaded into a cardboard casing with an electric match for 
ignition were made, to be used for sound testing.  These charges were fired outdoors, 70 feet from the 
microphone of a Rion NA-29 Octave Band Analyzer, which recorded the sound power level of each firing 
once per millisecond in “A” scale decibels (dBA). 
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Illustration 1 – Flash Powder Charge as Tested 
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Illustration 2 – Rion NA-29 Octave Band Analyzer 

 
40 gram charges of each composition were made using the same cardboard casings and electric 

matches for blast pressure tests.  These charges were fired inside a test chamber, with data being gathered 
by pencil-type pressure probes at a distance of nine feet from the pyrotechnic charge. 

 
For the sensitivity portion of the experiment, 75 milligrams of each composition was loaded into 

a brass cap which fit tightly over a steel rod, for impact sensitivity testing in the drop test apparatus.  
Some tests were attempted using a BAM drop test machine, but only one of the compositions was 
sensitive enough to be set off reliably by that test rig, so the larger drop test apparatus shown in 
Illustrations 3 and 4 was used.  This apparatus has the ability to drop a five pound mass onto the sample 
from varying heights up to three meters.  The method used to obtain a measurement for impact sensitivity 
was to load many samples and drop test them from varying heights, until five samples out of ten would 
fire from a given height.  The height at which a 50 percent fire/no fire ratio was achieved was recorded as 
the sensitivity measurement of each composition. 
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Illustration 3 – Drop Test Apparatus 
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Illustration 4 – Brass Cap and Rod from Drop Test Apparatus 

 
 

Chapter 3:  Experimental Results 
 

The results of the tests are as follows.  Table 1 shows the raw data for maximum sound power 
dBA, peak blast pressure in pounds per square inch, and the height at which 50 percent of the samples 
fired in the impact sensitivity drop test. 

 
Table 1 – Experimental Data 

 
Composition Max Sound Power, 

dBA 
Peak Blast Pressure, 

psi 
Sensitivity Height, 

cm 
    

1 133.5 1.64 70 
2 133.1 1.78 29 
3 129.9 0.39 30 
4 132.6 1.77 60 
5 132.1 2.03 94 
6 133.4 1.07 115 
7 133.3 1.73 40 
8 133.6 1.54 16 
9 130.1 1.92 60 

10 132.1 1.70 40 
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In the following table, the raw data above are normalized to Composition 1 as a baseline.  The 
sound intensity and blast pressure are expressed as a percentage of the results for the baseline 
Composition 1, and the sensitivity is expressed as a multiple of the sensitivity of Composition 1. 

 
Table 2 – Experimental Results Normalized using Standard 70/30 Potassium Perchlorate/German 

Blackhead Flash Powder as a Baseline 
 

Composition Sound Power, % of 
Composition 1 

Peak Blast Pressure, 
% of Composition 1 

Sensitivity, x 
Composition 1 

    
1 100 100 1.00 
2 91.2 108.5 2.41 
3 43.7 23.8 2.33 
4 81.3 107.9 1.16 
5 72.4 123.8 0.74 
6 97.7 65.2 0.61 
7 95.5 105.5 1.75 
8 102.3 93.9 4.38 
9 45.7 117.7 1.17 

10 72.4 103.7 1.75 
 

Below are three dimensional surface graphs of the sound data at varying frequencies versus time.  
Areas in dark blue are sound levels over 120 dB, areas in pink are between 100 and 120 dB, and areas in 
purple are below 100 dB.  These graphs show the distribution of the sound energy data from each 
exploding charge over an eight-octave range from 31.5 Hz to 8 kHz as recorded by the sound level 
analyzer. 
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Chapter 4:  Analysis of Results 
 

On initial examination of the experimental results, comparing peak sound power levels and 
sensitivity of the flash composition, it appears that the more exotic flash compositions do not give any 
improvement over the standard 70/30 potassium perchlorate/German blackhead mix.  Only Composition 
8, the flash powder/smokeless small arms powder mix came in with a higher peak sound power level than 
did the standard mix, and even then its sound power was only 2.3 percent higher than the standard.  All of 
the mixes except for two of the magnesium based mixes were more sensitive than the standard mix, with 
the smokeless powder mix being a whopping 4.38 times as sensitive.   

 
The situation becomes a little less clear, however, when the blast pressure measurements are 

scrutinized.  The whistle mix fared poorly against the flash comps on both sound power and blast 
pressure, but using this experimental procedure, Compositions 2, 4, 5, 7, 9, and 10 all gave higher blast 
pressure measurements.  Two of the magnesium based compositions using 325 mesh magnesium gave the 
best blast pressure results.  Composition 5, a 50/50 mix of potassium perchlorate and 325 mesh 
magnesium, and Composition 9, the same as composition 5 but with one percent potassium dichromate, 
came in at 123.8 and 117.7 percent of the standard aluminum based composition in blast pressure.  
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Interestingly, Composition 8, the composition containing smokeless powder, did not fare as well in blast 
pressure measurements as it did in sound power, scoring only 93.9 percent of the standard composition in 
blast pressure. 

 
Another notable exception to what was expected in the results was Composition 6, using the 2 

micron magnesium.  Not only was this composition the least sensitive of all, it also scored poorly in blast 
pressure, coming in at only 65.2 percent of the standard composition.  The authors hypothesize that the 
small particles of magnesium are highly susceptible to being oxidized from exposure to the atmosphere 
before being mixed into a pyrotechnic composition due to their high surface area, and that the oxidized 
particles did not burn well due to a decrease in the amount of metal fuel available. 
 
Chapter 5:  Conclusions 
 

The results of the two sets of tests of flash powder output were somewhat enigmatic.  The authors 
expected the blast pressure measurements to correlate well with the peak sound power measurements.  
This turned out not to be the case.  In fact, the one composition that had a higher peak sound power 
reading than the standard composition actually produced a lower peak blast pressure measurement, 
whereas several compositions that produced lower measured peak sound intensities produced higher peak 
blast pressures.  

 
Because the blast pressure measurements were taken from a distance of nine feet inside a test 

chamber and the sound measurements were taken from a distance of 70 feet in an outdoor setting, 
attenuation of the sound wave traveling through the air over the greater distance or other artifacts of this 
particular experimental procedure may be to blame for the unexpected results.  The graphical 
representations of the sound data above show sound energy being selectively produced in different 
portions of the frequency spectrum for different compositions.  The 325 mesh magnesium compositions 
especially seem to produce more of their sound in the lower portions of the frequency spectrum.  The 
mechanism of how the blast pressure wave near the exploding flash device is converted into sound that a 
human ear or microphone picks up farther away is not well understood and will be a topic of further 
experimentation. 

 
Although the experiment did not yield a clear cut answer on whether a certain flash powder is 

superior in output, the impact sensitivity data do illustrate the relative manufacturing and handling 
hazards of the various flash powders tested.  The authors hope that people in the field of pyrotechnics 
who seek to experiment with flash powder will be able to use the data obtained by this experiment to 
make educated determinations as to the relative benefits and hazards of using some of the more exotic 
flash powders tested here rather than relying on anecdotal evidence.  More research needs to be conducted 
to investigate friction and static sensitivity of various flash powders, as well as further research into the 
relationship of blast pressure and sound production. 
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ABSTRACT 

 
In 1998, the U.S. Navy Airborne Expendable Countermeasures Program Office (PMA-272) commenced a 
program aimed at improving process safety while achieving a significant reduction in the Volatile 
Organic Compounds utilized in the production of Navy infrared decoys.  The approach chosen centered 
on the continuous mixing of the materials utilizing a twin screw extruder.  The program approach was to 
demonstrate the process through a contract with the private sector and to install a research size extruder at 
Crane Division, Naval Surface Warfare Center (NSWC Crane) for development of the process. 
 
Status of this project was presented at the 28th IPS seminar held in Australia (2001).  At that time the 
private sector demonstration contract had been completed and the pilot plant facility at NSWC Crane 
Division was being installed.  Since that time, the equipment installation has been completed and over 40 
Inert Trials have been conducted in the facility.  The inert trials were used to verify proper installation of 
the equipment and to determine the process configuration and screw design.  Approval from the NSWC 
Crane safety review board to process live MTV in the TSE was received in early 2005, and since that time 
multiple small quantity live MTV runs have been conducted.   The proposed presentation and paper will 
present the status of the program and provide a summary of the results obtained to date. 
 
 
INTRODUCTION 
 

Infrared decoys have been used in the 
U.S. Army, U.S. Navy, and U.S. Air Force since 
the late 1960’s.  In-service U.S. infrared (IR) 
decoy flares utilize Magnesium, Teflon®, and 
Viton® (MTV) or Magnesium, Teflon®, Hycar® 
(MTH) composition.  These flares continue to be 
important countermeasures for protection of 
helicopters and fixed wing aircraft against heat 
seeking missiles. 
 

Current manufacturing processes for 
production of MTV compositions use batch-
mixing techniques.  Batch mixing of MTV 
compositions has major drawbacks in the areas 
of the environment and safety.   
 

Environmental concerns exist as a result 
of the large quantities of acetone and hexane 
used to manufacture MTV composition.  Using a 
Cowles Mixer, production of 100 pounds of dry 
                                                           
Teflon® is a registered trademark of Dupont, Viton® 
is a registered trademark of Dupont Dow Elastomers, 
and Hycar® is a registered trademark of  the B. F. 
Goodrich Company 

MTV composition uses approximately 210 
pounds of n-Hexane and 40 pounds of Acetone.  
Significant amounts of these solvents evaporate 
into the atmosphere, posing both an 
environmental and safety hazard.  Solvent that is 
decanted from the mixer is considered a 
hazardous waste, which presents reuse and 
disposal problems.  In November of 2003 The 
Environmental Protection Agency promulgated 
the Miscellaneous Organic Chemical 
Manufacturing Standard requiring facilities to 
reduce Hazardous Air Pollutant (HAP) 
emissions by May 2008.  This rule directly 
impacts MTV flare manufacturing because 
Hexane is categorized as a HAP.  
Implementation of this rule gives each industrial 
operation two options:  apply pollution 
abatement technology to reduce HAP emissions 
by 95%, or reduce process output (production) 
so that HAP emissions will be reduced by 98% 
not to exceed 5 tons per year.  This new rule will 
affect all MTV manufacturing facilities 
including NSWC Crane.  

Distribution Statement A: Approved for public 
release; distribution unlimited. 
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Several production incidents have 
occurred while processing MTV compositions; 
twenty have been reported since 1989.  These 
incidents have resulted in 8 fatalities and 19 
injuries, with the most recent incident occurring 
in February of 2003 (resulting in 2 injuries).  
Consequently, the U.S. Occupational Safety and 
Health Administration (OSHA) has levied fines 
and operational constraints against U.S. IR 
decoy production facilities resulting in a 
shrinking industrial base. 
 

Mixing technological advancements 
have resulted in new processes that can be used 
to reduce environmental and safety concerns, 
and ultimately improve production of MTV 
compositions.  The Navy has realized these 
advancements, and has developed a program 
focused on applying a new mixing process using 
a Twin Screw Mixer/Extruder.  The Navy’s 
overall plan is to demonstrate MTV Twin Screw 
Mixer/Extruder technology, acquire and install 
in-house capability for process development 
work, develop and refine the process, and to 
then incorporate the new process into production 
facilities. 

 
ACQUIRE AND INSTALL 
CAPABILITY 
 

NSWC Crane under the sponsorship and 
direction of Naval Air Systems Command PMA-
272 has purchased a twin screw extruder for 
installation at NSWC Crane in Crane, Indiana.  

The twin screw extruder is a co-rotating, fully 
intermeshing, self-wiping continuous mixer that 
has in-line extrusion capability.  The extruder 
installed is a model SE-1600 Continuous 
Mixer/Extruder, manufactured by B&P Process 
Equipment and Systems.  B&P developed this 
extruder for use in energetic processes.  It is not 
a modified piece of equipment, but rather a 
Commercial-off-the-Shelf (COTS) item that 
NSWC Crane is applying to pyrotechnic 
processing.  Using a twin screw extruder to 
process IR compositions eliminates n-Hexane 
usage, reduces the amount of acetone used, and 
minimizes personnel exposure during 
processing. 
 

A photograph of the extruder and the 
mezzanine is shown in Figure 2. 
Magnesium/Teflon/Viton compositions are 
processed in the extruder at a rate of 
approximately 20 lbs/hr.  The extruder is run as 
a remote operation, with the controls in a safe 
location.  A process flow sheet for the extruder 
is shown in Figure 3. 

 
Feed Systems 

Three Brabender Loss-in-Weight solids 
feeders are located on the mezzanine above the 
extruder.  These three feeders are used to feed 
the Magnesium, Teflon, and Viton as dry 
ingredients. Acetone is loaded into a liquid loss 
in weight feeder located next to the extruder.  
The solids feeders are vertically agitated 
gravimetric hoppers with a capacity of 40 liters 
while the liquid feeder has a 30-liter tank 
equipped with an agitator.  The feeders are 
controlled by a central control system that is 
located in the control room.   

 
Flowmeters and control valves are inline 

on the acetone feed stream, both to verify and 
control the feed rates through the two separate 
lines to the TSE.  The air operated control valves 
use air to adjust the valve position.  Each valve 
was ordered specifically for the desired flow 
rates.  Installed downstream of the air operated 
control valves are Micromotion flowmeters.  
Micromotion flowmeters are used to measure 
solvent flow through the lines.  They are 
extremely precise instruments, meet explosion 
proof ratings, and are compatible with acetone. 

Figure 1: Aircraft Dispensing MTV Decoy Flares 
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Figure 3:  Process Flow Diagram 

 

Figure 2:  Twin Screw Extruder Facility Located at NSWC Crane 
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The flowmeter data is transmitted to the 
controller as solvent is fed through the line.  For 
control purposes, one control valve is set at a 
constant value, and the other valve is adjusted by 
the controller using the data from the inline 
flowmeter.  By using this setup it is possible to 
use one liquid loss on weight feeder to precisely 
feed two separate feed streams to the extruder.  
Figure 3 above shows the configuration of the 
solvent feed streams.  

 
Extruder  

The materials from the loss in weight 
feeders are fed into the barrel of the extruder.  
The mixer/extruder is operated by a closed-loop 
hydrostatic drive, with variable speed from 30–
500 RPM.  The barrel of the extruder is 
vertically split and hinged for opening using 
hydraulic cylinders.  The barrel is cored and 
zoned (four zones) for circulation of 
heating/cooling fluids to control the processing 
environment.  The barrel contains two agitators 
(screws), four zones for heating and cooling 
fluid, five control thermocouples, four product 
thermocouples, one pressure transducer, one 
temperature/pressure transducer, three liquid 
injection ports, five solids feed or vent ports, and 
one round discharge port (die).  The screws of 
the Model SE-1600 are vertically aligned and 
fully intermeshing, and have a length-to-
diameter (L/D) ratio of 22:1.   

 
The agitator assemblies are segmented, 

capable of incorporating feeding, mixing, 
venting, and conveying sections.  A complete set 
of slip-on components with shafts allows the 

process engineer to configure the screw 
elements to achieve the desired mixing.  The 
agitators are constructed of heat-treated, nitrided 
alloy steel.  The agitators are supported on both 
the drive and outboard end of the machine by 
double anti-friction fully lubricated bearings, 
precluding metal-to-metal contact.  Figure 4 
depicts the screw inside the barrel, showing 
some of the different screw elements, which 
include forward conveying and kneading 
(mixing) elements. 

 
A solvent recovery system 

manufactured by Laco Technologies was 
installed with the TSE, which could be utilized 
to recover some of the solvent used during the 
process.  The recovery system contains a 
vacuum pump that would pull solvent vapors 
from the extruder via a vent port, a 
precondenser, a heat exchanger, and a separator 
tank.  Recovered solvent could be reused in the 
process if desired. 

 
Material is continuously fed to, mixed 

in, and extruded from the TSE.  Attached to the 
discharge port of the extruder is a 0.25-inch 
Diameter throat die insert with a two-part die 
block (as shown in Figure 5).  The die block 
design permits multiple die inserts to be used 
without changing the die block.   

 
The die reduces the TSE exit port 

diameter from 1.050 inches down to an 
extrusion exit of 0.25 inches over a length of 
2.606 inches.  The processing goal of the die is 
to reduce the diameter of the extrudate to a size 

Figure 4:  Typical Screw and Barrel Configuration 
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that facilitates size reduction in a 
granulator/cone mill without increasing the 
extrusion pressure above a point which would 
cause excessive heating of the composition 
(several hundred psi).   
 
Downstream Processing Equipment 

Located downstream of the die is a 
conveyor belt, cone mill, and collection table.  
The cone mill was designed and manufactured 
by Kemutec Group out of Bristol, PA.  A 3 HP 
explosion proof motor, rated for Class 1 Groups 
C and D and Class 2 Groups F and G, drives the 
cone mill.  Because the motor is not Class 2 
Group E rated, the motor is housed in an air 
purged stainless steel cabinet.  Air purge is 
provided to the motor box and the agitator seal 
to ensure that no materials enter these areas.  Air 
pressure switches are installed on the cone mill 
to verify air purge operations. 

 
The cone mill provides a continuous, 

gentle, low energy method of reducing the size 
of the extrudate produced in the TSE.  An 
installed explosion proof discharge conveyor 
transports the extrudate up to the inlet port of the 
cone mill.  A VFD powered 0.5 hp explosion 
proof motor, rated for Class 1 Groups C and D 
and Class 2 Groups E, F, and G, powers the 
discharge conveyor.  The belt used on the 
conveyor is made from an anti-static acetone 
resistant material.   

 
Once the extrudate enters the cone mill, 

the agitator blade (adjustable speed of 300-5000 
rpm) forces the material through a cone mill 
screen.  The material falls through the screen 

into the indexing table located below the cone 
mill discharge port.  Clearances between the 
agitator and the cone mill are adjustable, using 
Kemutec provided spacers.  Several different 
cone screens are also provided with the Cone 
Mill, and can be changed in order to meet 
product requirements.   

 
The collection table consists of an air 

operated indexing table with eight “ring stand” 
hangers.  Figure 6 illustrates the collection 
apparatus.  The table consists of a framework for 
holding open Velostat™ bags for the collection 
of composition while minimally confining the 
bags on the sides, front, and back.  Figure 7 
shows the downstream process equipment as it 
sits in front of the twin screw extruder. 

 
Process Control 

The TSE process is run remotely 
through a control console, which includes a 
personal computer operator interface 
(Wonderware) and a utility panel.  The control 
console is housed in a hardened control room 
located in an adjacent building.  This system 
provides complete automated monitoring and 
control of the process, including control for: 
agitator shafts speed, feed rate for each loss in 
weight feeder, temperature control of each zone 
of the mixer/extruder, startup and shutdown of 
each major equipment system, opening/closing 
of the mixer barrel, and emergency shutdown of 
the system.  Process data is collected and stored 
(every 5 seconds) by the process control 
computer located in the control room.  The data 
collected includes feeder rates, feeder screw 
speeds, inline solvent flowmeter readings, inline 

Figure 5:  0.25 inch Die 

Figure 6:  Collection Table 
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solvent control valve positions, melt 
thermocouple readings, barrel thermocouple 
readings, TSE screw speed, TSE torque, transfer 
pressure transducer readings, discharge pressure 
transducer readings, cone mill and conveyor 
speed, and building temperature and humidity. 

 
Four CCTV cameras and an audio 

monitor are located in the facility and are used to 
monitor the process from the control room.  The 
cameras have pan/tilt and zoom capability, so 
the desired process areas can be monitored 
closely.  One additional camera is located 
outside to monitor activity around the TSE 
processing facility. 

 
Figure 8 shows the layout of the 

extruder building.  The extruder building was 
designed to protect operators from the reaction 
of 37.5 lbs. of 1.1 materials, which is equivalent 
to 150 pounds of MTV material.  A deluge 
system was installed over the extruder area, and 

utilizes a rate of rise detection system.  To 
provide additional protection for the operator 
when they are inside the facility working with 
the collected composition, a high speed deluge 
system was installed.  The high speed deluge 
system utilizes 2 UV/IR detectors for detection, 
and 8 high speed deluge nozzles. 
 
DEMONSTRATION CONTRACT 
 

Along with purchasing and installing an 
extruder at NSWC Crane, a contract was 
awarded to Thiokol Propulsion in Brigham City, 
Utah to demonstrate the feasibility of using a 
Twin Screw Extruder to mix MTV decoy flare 
compositions.  The program objective was to 
demonstrate that MTV may be safely 
manufactured using twin screw extrusion 
technology while lessening the environmental 
impact of the production process by reducing the 
amount of process solvent required to 

Figure 7:  Downstream Processing Equipment 
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manufacture MTV from existing production 
methods.  Additionally, Thiokol was directed to 
implement solvent recovery techniques on the 
TSE process to demonstrate further 
environmental enhancement.  The deliverables 
of the contract were all the process data obtained 
during the demonstration, the solvent recovery 
system demonstrated during the effort, and 300 
pounds of composition evenly divided among 
three targeted burn rates to be used in a Navy 
evaluation effort.  
 

The twin screw extruder/mixer used by 
Thiokol for this contract was a 58-mm Werner 
and Pfleiderer extruder with co-rotating, 
intermeshing, self wiping, horizontally aligned 
screws.  After completion of inert processing 
and safety board approval, Thiokol was ready to 
process live MTV.   Thiokol produced 
approximately 560 pounds of live MTV 
comprising fourteen production runs.  The 
contract with Thiokol demonstrated that MTV 
could be processed safely using a twin screw 
extruder using substantially less solvent (19 
pounds solvent per 100 pounds dry composition 
as compared to 250 pounds solvent per 100 
pounds dry composition via batch mixing) than 
conventional batch processing.  The effort 
further demonstrated that solvent recovery 
techniques may be combined with the TSE 
production effort to further reduce the solvent 
emission and that the TSE method of production 
has the flexibility of producing varying burn 
rates of MTV composition. 

 
NSWC Crane characterized the MTV 

compositions delivered by Thiokol.  Thiokol 
delivered three burn rates of material for testing.  
The testing conducted included sensitivity 
testing of the material before and after aging, 
burn rate characterization, and full-up flare 
function and consolidation characterization.  The 
testing will insure that the material produced 
using a twin screw extruder is comparable to 
material made using the current batch mix 
process in terms of physical characteristics and 
performance. 
 

Sensitivity testing on the material was 
completed as soon as the material was received 
at NSWC Crane.  Table 1 shows the results of 
the sensitivity testing.  From the data, it can be 
seen that the TSE MTV is similar in sensitivity 
to the batch MTV.  Along with sensitivity 
testing, vacuum thermal stability was run on the 
compositions, and no outgassing was detected. 
 

After sensitivity testing was complete, 
linear burn rate pellets were pressed from the 
three burn rates of material.  The burn rates of 
the material were within the requirements of the 
contract with Thiokol.  The requirements were 
to make a slow, medium, and fast burn rate of 
7.5 sec/in., 5.5 sec/in., and 3.5 sec/in. ± 0.2 
sec/in. respectively in order to demonstrate the 
flexibility of the process.  The data is shown in 
Table 2. 

Figure 8:  Twin Screw Extruder Facility Layout at NSWC Crane 
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Table 2:  Linear Burn Rate Data 

Composition Candle  Burn Rate 
(sec/in) 

1 7.62 
2 7.45 

Comp IR  
F/Flare Low B/R 

3 7.37 
1 5.38 
2 5.38 

Comp IR  
F/Flare Middle B/R 

3 5.46 
1 3.59 
2 3.61 

Comp IR  
F/Flare High B/R 

3 3.58 
 
NSWC Crane ram extruded 

approximately 50 pounds of the TSE MTV for 
fabrication into full-up flare units.  The flare 
units were run through a normal qualification for 
a new decoy flare, and then tested.  The testing 
included ejection and output testing after the 
units were exposed to the following conditions: 
Temperature and Humidity, Aircraft Vibration, 
Temperature Shock, and 40-Foot Drop.  All of 

the testing completed on the Thiokol MTV 
suggested that the TSE MTV is comparable to 
the batch mixed MTV in terms of performance. 
 
INERT PROCESSING AT NSWC 
CRANE 
 

Inert processing is completed in order to 
achieve three main goals prior to running live.  
1. It proves out equipment setup, including 
screw design, downstream process equipment 
configuration, and process set points (including 
feeder rates, screw speed, temperature control 
unit set points, and downstream processing 
equipment speeds).  2. It provides estimated 
processing variables for use in setting of alarm 
conditions, including temperature 
thermocouples, pressure transducers and torque.  
3.  Generates the necessary data for obtaining 
safety review board approval. 
 

Prior to running live MTV material, 
NSWC Crane conducted 37 inert processing 
trials between May 2002 through June 2004.  

 FRICTION   
SAMPLE ID OVERALL  AVG.  ENERGY LOWEST ENERGY RESPONSE 
 (FT-LBS) (FT-LBS)  
RDX Standard Class 5 Type II 800.20  493.66  20% fired 
Comp IR 
Coacervated MTV  

423.24  97.04  80% fired 

Comp IR  
F/Flare High B/R, TSE Comp 

652.28  233.32  60% fired 

Comp IR 
 F/Flare Middle B/R, TSE Comp 

267.05  107.52  100% fired 

Comp IR  
F/Flare Low B/R, TSE Comp 

246.05  52.41  100% fired 

 IMPACT ELECTROSTATIC 
SAMPLE ID 50% FIRE HEIGHT MAX. NO-FIRE ENERGY  
 (CM) (JOULES) 
RDX Standard Class 5 Type II 66.11 0.10 
Comp IR 
Coacervated MTV  

no response at 159 cm 0.08 

Comp IR  
F/Flare High B/R, TSE Comp 

no response at 159 cm 1.01 

Comp IR 
 F/Flare Middle B/R, TSE Comp 

no response at 159 cm 0.08 

Comp IR  
F/Flare Low B/R, TSE Comp 

no response at 159 cm 1.01 

   

Table 1: Sensitivity Testing-TSE Mixed MTV (Thiokol) versus Traditional Batch Mixed MTV 
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After each Inert Trial was completed, the data 
collected (both manually by the operator and 
digitally by the process control computer) from 
the process was reviewed using excel 
spreadsheets, and a Run Summary was 
generated, providing important results and 
thoughts for the next trial.  Between trials the 
data collected was reviewed and processing 
changes were made as needed. 
 

Twelve inert trials were conducted in 
2002.  Varying screw configurations, processing 
temperatures, and acetone feed rates were 
utilized during these runs.  These trials 
uncovered several areas within the process that 
needed to be improved or changed. 
 

Initially the facility was set-up with the 
expectation that granulated material would exit 
the 1.05” diameter discharge port of the TSE.  It 
was obvious after the first inert run that this was 
not the case.  The material exiting the discharge 
port of the TSE was a 1” diameter consolidated 
billet which would have been difficult to reduce 
to granular form.  As a result NSWC Crane 
pursued purchasing and installing the cone mill 
and 0.25-inch die as described above.  The die 
was purchased and installed in 2002, while the 
cone mill was installed in Fall 2003. 

 
The inert trials conducted during 2002 were 

used to determine processing conditions were 
the Viton pellets would be fully dissolved.  In a 
typical batch mixed MTV process the Viton 
binder is dissolved in acetone prior to mixing it 
with the fuel and oxidizer.  Because the TSE 
process was designed to feed the Viton as a dry 
ingredient, NSWC Crane needed to determine a 
screw design that would fully dissolve the Viton 
and incorporate it into the fuel and oxidizer.  
Other issues/resolutions that surfaced during the 
inert trials conducted in 2002 were as follows: 
 

1. A solvent recovery system is not needed 
when mixing MTV in the NSWC Crane 
TSE.  It was determined that all of the 
acetone that was being fed into the 
extruder was needed during the TSE 
extrusion process.  High discharge 
pressures are not necessary or desirable 
since the TSE is not being used for 

direct extrusion to final shape, and if 
acetone is evacuated from the TSE via a 
vent port prior to extrusion the extrusion 
pressure would exceed several hundred 
psi. 

 
2. A screw design for the first mix section 

that is capable of dissolving the Viton 
pellets is not able to pump the desired 
amount of acetone, so the acetone feed 
stream needs to be split into two feed 
streams.  Proper control for this setup as 
described above was incorporated 
during the Fall 2003 installation phase. 

 
3. The clearances of NSWC Crane’s screw 

elements are too large.  The screw 
elements provided with the machine 
have a screw to screw and a screw to 
barrel clearance of approximately 
0.025”.  To eliminate potential 
stagnation areas that could lead to 
composition overheating, TSE’s used 
for energetics processing typically have 
tighter clearances.  Therefore NSWC 
Crane ordered new screw elements with 
clearances of approximately 0.013”.  
These new mixing elements were 
received just prior to the Fall 2003 
installation phase. 

 
Eighteen inert trials were conducted in 2003.  

Thirteen inert trials were conducted prior to 
receiving the new screw elements and 
installation of the cone mill, discharge conveyor, 
and the dual acetone feed stream system.  The 
remaining five inert runs in 2003 were 
conducted with the new equipment and screw 
elements. 
 

The first thirteen trials in 2003 showed more 
progress in regards to processing of flare 
compositions.  The screw design used during 
these runs resulted in a well mixed product and 
the Viton pellets were approximately 90-95% 
dissolved. 
 

In October of 2003 several improvements 
were made to the facility.  The new screw 
elements were received, the Cone Mill was 
installed, the discharge conveyor was installed, 
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and the dual acetone feed stream with air 
operated control valves and inline Micromotion 
flowmeters were installed.  These improvements 
allowed NSWC Crane to fully configure the 
TSE facility to process MTV compositions. 
 

After the 2003 installation phase, twelve 
additional inert runs were conducted to finalize 
the facility setup.  Five of these trials were 
conducted in 2003, with the remaining seven in 
2004. 
 

The five trials conducted in 2003 showed 
that the newly installed cone mill, conveyor, and 
solvent flow control systems were working very 
well.  The material being granulated was 
consistent and had a particle size similar to 
materials produced in the batch mix process.  
Several issues surfaced during the first few runs 
with the new screw elements, and they included: 
 

1. The supplied Viton pellets deflected the 
screws apart enough to cause screw to 
barrel contact during start-up of the 
TSE.  The markings were very light, and 
rubbed out easily using 600 grit sand 
paper, but screw to barrel contact is not 
desirable due to the impact and friction 
sensitivity of energetic materials. 

2. The tighter clearance elements resulted 
in some significant processing 
differences.  The forward pumping, 
reverse pumping, and mixing action of 
the new elements are different as 
compared to the elements with 0.025” 
clearances.  A screw design that 
provided “good” material and ran easily 
before did not work with the tighter 
clearance elements.  This was especially 
apparent in regards to the reversing 
elements used in the first mix section.  
Runs utilizing the 0.025” clearance 
elements would pump through a 0.25D 
reverse conveying element, but would 
back up and plug the Teflon/Viton feed 
port with the new elements.  As a result 
the screw configuration needed to be 
adjusted to accommodate the processing 
differences. 

 

To address the two issues that surfaced as a 
result of the new screw elements, it was 
determined that the Viton pellets as supplied by 
the manufacturer needed to be chopped into 
smaller pieces.  NSWC Crane contracted with 
Kemutec to cryogenically chop the Viton pellets.  
Table 3 below shows a sieve analysis 
comparison of the Viton feedstock before and 
after the chopping process. 
 

Table 3.  Cryogenically Chopped Viton Size 
Distribution 

Screen 
Size 

Virgin 
Viton 

Chopped 
Viton 

4 27.9 1.1 
5 49.7 6.7 
6 21.0 17.4 
8 1.1 38.4 
Pan Trace 36.8 

 
Once the bulk chopped material was 

returned to NSWC Crane, it was screened using 
a number 5 screen to remove the remaining 
“large” particles.   Cryogenically chopped Viton 
improved processability because it was easier to 
dissolve and it eliminated the screw deflection 
issue seen during the 2003 inert trials. 
 

A total of seven inert runs were 
conducted in 2004.  These trials were used to 
finalize the screw design and processing 
parameters prior to running live MTV.   All 
issues generated during previous inert trials were 
resolved, and no new or open issues remained. 
 

The Inert Trials completed from 2002 to 
2004 developed and defined the flare 
composition process conditions, feeder set 
points, temperature set points, and alarm set 
points.  Figure 9 shows the recipe set point and 
alarm information (± 1 lb/hr for feeder set 
points) used for the first MTV flare composition 
live run.  Alarm levels are set to provide an 
indication or to shutdown processing in response 
to potentially hazardous conditions within the 
extruder before those conditions result in an 
undesired consequence.  Since Magnesium is 
used when processing live materials, the process 
conditions for live compositions may be 
different than those obtained from inert 
processing due to rheological and shear mixing 
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characteristics.  Thus, the screw configuration, 
feed rates, and alarm levels may require 
adjustment after the first live run. 

 
 

 
 
SAFETY REVIEW BOARD 
APPROVAL 
 

Prior to processing live MTV flare 
composition in the twin screw extruder, approval 
from NSWC Crane’s Material, Process, and 
Equipment Review Committee (MPERC) was 
required.  The review process allows peers and 
safety experts to review the proposed process 
prior to working with energetic materials.  
During this review process, the MPERC board 
requested that several analyses be completed.  
These documentation requirements included a 
Preliminary Hazards Analysis, an Operation and 
Support Hazard Analysis, a Fault Tree Analysis, 
a Software Hazard Analysis, a Personnel 
Protective Equipment Analysis, a Material 
Hazards Analysis, an Inert Processing Summary 
Report, a Loss-in-Weight Feeder Study Report, 
a Grounding and Bonding Evaluation Report, an 

Electrostatic Discharge (ESD) Evaluation 
Report, and Configuration and Preventative 
Maintenance plans.  Completion of these items 
took several years.  Fortunately the process was 
started during the planning phase and approval 
was received about 9-12 months after the inert 
processing phase was completed.  In regards to 
processing energetic materials in a twin screw 
extruder, several items of interest were 
uncovered in regards to safety. 
 
Grounding/Bonding Evaluation 

US Navy requirements for explosive 
processing facilities require that the point-to-
point resistance for energetic processing 
equipment and machinery be 1 ohm or less.  As 
a result the entire twin screw extruder facility at 
NSWC Crane was checked for grounding and 
bonding.  This included checking the loss-in-
weight feeders, feeder funnels, twin screw 
extruder, and the downstream processing 
equipment.   
 

Several items of interest were uncovered 
during the grounding and bonding analysis 
regarding the loss-in-weight feeders.  The 
vertical and horizontal agitators and the feed 
screws were not grounded properly.  Figure 10 
shows the location of these parts on the solid 
loss-in-weight feeders. 
 
 

 
 

As a result of these findings, several 
solutions had to be implemented prior to running 

Figure 9:  TSE Recipe Screen 

Vertical 
Agitator 

Horizontal 
Agitator 

Feed 
Screws 

Figure 10:  Solid Loss in Weight Feeder 
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energetics in the TSE facility.  The vertical 
agitator was grounded using a bolt/spring/pin 
combination.  The agitator mounting block was 
machined to allow the pin to contact 
the agitator shaft.  The spring holds 
the pin in place providing constant 
contact with the agitator as it is 
turning.  The bolt holds the spring and 
pin inside the mounting block and 
provides the path to ground.  The 
horizontal agitator and feed screws 
were grounded by replacing the 
grease in the bearings and gear box 
with conductive grease.  The 
conductive grease provides a 
grounding path between the shafts, 
gears and housing. 
 
ESD Evaluation 

Due to electrostatic sensitivity 
issues with MTV flare compositions, 
the MPERC review board required a 
step by step ESD analysis of the TSE 
process.  This review process covered all steps 
where ESD sensitive materials exist, which 
extended from loading and calibrating the 
feeders to removal of the MTV flare 
composition after processing was complete.  
Testing also included the Personnel Protective 
Equipment that is used during the TSE process.  
A Monroe Electronics Digital Stat Arc 2 Model 
282 fieldmeter was used to analyze the process.  
Several items of interest were corrected as a 
result of this analysis. 
 

Significant charges were measured 
during the loading and calibration of the Teflon 
and Viton feeders.  As a result, the Standard 
Operating Procedure for the TSE facility 
requires that the Teflon and Viton feeders be 
loaded and calibrated prior to loading and 
calibrating the Magnesium and Acetone feeders. 
 

Charges were also measured on the 
Teflon as it exited the Teflon/Viton funnel 
connecting the feeders to the TSE.  Due to the 
configuration of the feed streams into the TSE, 
acetone vapors could be present inside the lower 
portion of the Teflon/Viton funnel.  If the 
electrostatic charges measured on the Teflon 
were to discharge in the presence of acetone 

vapors the vapors could ignite and start a fire.  
Figure 11 shows the location of the Teflon/Viton 
feeder funnel and acetone injection ports. 

 
Neither a procedural, material, nor 

equipment change could be utilized to eliminate 
the static charge that was measured in this 
process. Therefore efforts needed to be made to 
control the ignitable mixture present inside the 
funnel.  Two options were explored for reducing 
the likelihood of an ESD event in the Teflon 
funnel and they were:  Utilizing an air ionizer to 
eliminate the charge or inerting the funnel to 
reduce the oxidant level in the static sensitive 
area to below the limiting oxidant concentration 
of the acetone vapors. 

 
Air ionizers could not be easily used in 

this process since the funnel is an enclosed, 
large, grounded metal object and multiple 
ionizers along the length of the funnel would be 
required to effectively reduce the electrostatic 
charge.  As a result inerting the funnel was 
selected as the most viable option. 
 

National Fire Protection Association 
(NFPA) 69, Section 5.0 describes the process for 
reducing the oxidant concentration in areas 
where ESD and flammability issues occur. 
Regarding the Teflon feed funnel issue, acetone 
vapors could be in the presence of charged 

Teflon/Viton 
Feed Funnel 

Acetone 
Injection 
Ports 

Figure 11:  Location of Feeder Funnels and Ports 
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Teflon particles in the funnel during processing. 
As a result it was decided to inert the feed funnel 
using Nitrogen, as recommended in NFPA 69. 
The requirement is to reduce the oxidant 
concentration in the funnel to below the 
Limiting Oxidant Concentration for the Acetone 
vapors. For acetone vapors the LOC is 11.5% 
when using Nitrogen as the inerting gas (Table 
C.1 of NFPA 69).  The SE-1600 Twin Screw 
Extruder was designed for Nitrogen purge of the 
two bearings.  Because of this setup, the 
nitrogen injected into the bearing housings will 
inert the entire back portion of the extruder, 
which includes the feed ports for both the 
acetone and the Teflon/Viton. As a result, the 
bottom portion of the Teflon/Viton feed funnel 
will be inerted with the nitrogen purge gas, 
providing a means of reducing the LOC inside 
the funnel to below 11.5%.  
 

Oxygen levels in the funnel were 
measured during inert processing to ensure that 
the inerting process was working satisfactorily 
while material was being mixed.  Oxygen levels 
were measured using an OXOR II gas analyzer 
for oxygen with a 0-25% oxygen range.  The 
data showed that the Nitrogen inerting process 
reduces the LOC inside the Teflon/Viton feed 
funnel to below 11.5%, and keeps it below that 
threshold if the nitrogen gas is supplied above 3 
standard cubic feet per hour (scfh). Therefore, 
the Standard Operating Procedure for the TSE 
process requires the flowmeters for the Nitrogen 
purge gas be set to greater than or equal to 4 
scfh. This will provide a funnel atmosphere 
containing less than 7% oxygen. 
 

One other safety concern that was 
resolved during the grounding/bonding/ESD 
evaluation of the process was the conveyor belt.  
Conveyor belts are notorious for causing static 
issues.  As a result the belt needed to be a 
conductive or anti-static belt that is also acetone 
resistant.  NSWC Crane ordered both a 
conductive and an anti-static belt for testing.  
The conductive belt curled and deformed upon 
contact with the extrudate from the TSE, 
therefore this belt could not be used.  The anti-
static belt withstood contact with the extrudate, 
and as was shown during ESD testing, no charge 
was developed on the extrudate or the conveyor 

belt during inert processing.  Therefore the anti-
static conveyor belt was selected for the MTV 
TSE process.  Figure 12 provides data on the 
anti-static conveyor belt. 
 

 
Part Number CNB-
5E Made by Habasit 

 
Conveying Side 
(Material): Habilene (modified TPO) 

 
Conveying Side 
(Surface): Blank/smooth 

 
Conveying Side 
(Property): Non-adhesive 

 
Conveying Side 
(Color): White 

 
Permanently 
antistatic: Yes 

 
Traction Layer 
(Material): 

Polyester fabric (PET) with 
conductive threads 

 
Running Side/Pulley 
Side (Material): 

Polyester fabric (PET) 
impregnated with thermoplastic 
Polyurethane (TPU) 

 
Running Side/Pulley 
Side (Surface): 

Impregnated fabric with 
conductive threads 

 
Running Side/Pulley 
Side (Color): White 

 
LIVE MTV PROCESSING AT NSWC 
CRANE 
 

After conducting 37 inert trials and 
receiving MPERC Safety Review Board 
approval, NSWC Crane was ready to process 
live MTV in the 40-mm TSE. 
 

MTV Live Run 1 was conducted on 22 
June 2005 using standard Navy MTV 
formulations and raw materials.  The first run 
was configured utilizing the screw design and 
processing parameters that were determined 
during the inert processing phase (shown in 
Figure 9 above).  Due to the different 
rheological characteristics of the Magnesium 
versus the Potassium Sulfate, this first live run 
was stopped due to a high discharge pressure 

Figure 12:  Data on Anti-Static Conveyor Belt 
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alarm.  The discharge pressure alarm was set for 
150 psi, and several seconds after the 
magnesium was started the pressure exceeded 
the discharge pressure alarm setpoint and the 
TSE was automatically shutdown. 
 

During clean-up of the TSE equipment 
it was noted that the material in the second mix 
section was fairly dry, suggesting that the 
Magnesium “absorbs” the acetone to a greater 
degree as compared to the Potassium Sulfate.  
Therefore for MTV live run 2, the acetone feed 
rate into the second feed port was increased by 
0.5 lb/hr.  The TSE was run utilizing these new 
parameters, and approximately 3 pounds of live 
MTV material was mixed in the TSE.  Figure 13 
shows a snapshot of the video collected during 
this live run.  The MTV material collected was 
dried and pressed into 15 gram linear burn 
pellets and tested. 

 
The MTV composition manufactured 

during MTV Live Run 2 was also sent for 

sensitivity testing so that it could be compared to 
a standard batch mixed MTV composition.  
Table 4 shows the results of the sensitivity 
testing.  From the data, it can be seen that the 
TSE MTV is similar in sensitivity to the batch 
MTV. 

 
To date approximately 40 pounds of 

MTV material has been produced in the 40-mm 
TSE at NSWC Crane over 11 different MTV 
live runs.  For each run the process was 
modified in some fashion in an attempt to 
achieve the desired burn rates. 

 
TSE processing of MTV at NSWC 

Crane has shown that the TSE process produces 
different burn rates as compared to batch mixed 
compositions using the same raw ingredients.  
Burn rates ranging from 4 to 25 seconds/inch 
have been produced in the TSE.  Batch mixed 
compositions using the same raw ingredients 
produce burn rates ranging from 4 to 8 
seconds/inch. 

Die 

Collection Table 

Feeder Agitator Extrudate into Cone Mill 

Figure 13:  Snapshot of MTV Live Processing Run 
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NSWC Crane has determined that there 
are two important TSE Processing parameters 
that have an effect on the linear burn rate of the 
material.  These two parameters include the 
screw design and the solvent feed rates. 

 
Utilizing the same raw ingredients and 

feed rates the burn rate could be changed by 
over 5 seconds/inch just by changing the screw 
design from an aggressive to a non-aggressive 
design.  Likewise utilizing the same screw 
design but adjusting the acetone feed rates; the 

burn rate can be changed by over 3 
seconds/inch.  By realizing and utilizing these 
burn rate modifying parameters, the TSE process 
could provide a wide range of MTV burn rate 
material.  Once these process parameters have 
been fully characterized, NSWC Crane will 
utilize the TSE process to produce MTV flare 
compositions used during the product 
improvement and development of Navy decoy 
flares. 
 

 
 FRICTION   
SAMPLE ID OVERALL  AVG.  ENERGY LOWEST ENERGY RESPONSE 
 (FT-LBS) (FT-LBS)  
RDX Standard Class 5 Type II 1375.28 983.74 0% fired 
Comp IR 
Coacervated MTV  

423.24  97.04  80% fired 

Comp IR 
Coacervated MTV (sample 2) 

693.6 130.36 90% fired 

Comp IR  
TSE Comp 

784.73 74.49 50% fired 

 
SUMMARY 
 

Infrared decoys are required for 
protection of aircraft and its pilots.  NSWC 
Crane and PMA-272 work to provide these 
decoys to the services.  Incidents resulting in 
loss of life and money have resulted in reduced 
production capabilities within the government 
contractors.  A new process is needed to reduce 
personnel exposure, while improving the 
material made, and Twin Screw 
Mixing/Extrusion could be the answer.  The 
NSWC Crane and PMA-272 program includes 
acquiring and installing TSE capability at 
NSWC Crane, demonstrating the process 

through an engineering production study with 
Thiokol, and then refining the process at NSWC 
Crane and incorporating it into industry. 
 

NSWC Crane demonstrated the process 
through a contract with Thiokol.  Thiokol 
operated their 58-mm extruder using solvent 
reduction/recovery techniques while lowering 
personnel exposure.  They were required to 
produce 300 pounds of MTV composition 
having 3 distinct burn rates verified by testing.  
Thiokol produced over 560 pounds of live 
material on the extruder without incident.  The 
material was shipped to NSWC Crane and was 
found to meet the current decoy flare 
specifications as a result of the qualification 
testing. 

 IMPACT ELECTROSTATIC 
SAMPLE ID 50% FIRE HEIGHT MAX. NO-FIRE ENERGY  
 (CM) (JOULES) 
RDX Standard Class 5 Type II 89.21 0.101 
Comp IR 
Coacervated MTV  

no response at 159 cm 0.08 

Comp IR 
Coacervated MTV (sample 2) 

153.2 0.06 

Comp IR  
TSE Comp 

no response at 159 cm 0.05 

   

Table 4:  Sensitivity Testing-TSE Mixed MTV (NSWC Crane) versus Traditional Batch Mixed MTV 
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NSWC Crane has procured and installed 
a B&P 40-mm twin screw extruder on base.  The 
extruder is now operational and has produced 
approximately 40 pounds of live MTV flare 
compositions with varying burn rates.  The TSE 
process improves safety by reducing the quantity 
of material that is “in process,” will provide a 
more consistent product by utilizing state of the 
art process control technology, and is 
environmentally acceptable due to the 
elimination of n-Hexane as a processing agent. 
 

NSWC Crane will continue to 
characterize the MTV TSE process, and once the 
process has been fully characterized, the TSE 
process will be used to produce MTV flare 
compositions used in the product improvement 
and development of Navy decoy flares.  When 
the process has been fully developed and 
refined, it will be incorporated into production 
contracts for Navy IR decoys.  
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ABSTRACT 
 

Processing of infrared decoy composition consisting of a tertiary mixture of magnesium, 
polytetrafluoroethylene (PTFE or more commonly Teflon®), and a fluoroelastomer binder (commonly 
referred to as Viton®) has, in recent years, resulted in several fatalities in the pyrotechnics processing 
industry.  These fatalities have resulted from the combination of a relatively sensitive material to ignition 
stimuli with a severe and rapid reaction upon inadvertent ignition.  This paper presents the results of an 
effort made to characterize the severity of the reaction of infrared decoy composition, commonly known 
as MTV.  The characterization was performed as part of a safety analysis for a new-process installation 
and was targeted at the process being installed; however, data obtained will be of interest to individuals 
working with loose, infrared decoy composition.  Several tests were conducted to compare the speed of 
the burning reaction for loose composition at various solvent levels and then to compare the effect of 
confinement on the speed of the reaction.  Pressure probes were utilized to characterize the explosive 
strength of the reaction and various digital models were utilized to obtain a TNT equivalency number for 
the dry composition.  The test results led to a redesign of the proposed equipment and additional 
verification tests to quantify the improvement. 
 
 
Introduction 

 A Twin-Screw extruder (TSE) was 
installed at Crane Division, Naval Surface 
Warfare Center (NSWC Crane) to reduce the 
environmental impact in producing MTV IR 
decoy composition.  The TSE process, because it 
is remotely operated and processes only small 
amounts of material continuously (vice the batch 
operation of current processes), also has the 
potential for increasing the safety associated 
with the production of this composition.  
Production of MTV composition has resulted in 
several industrial explosive incidents in recent 
years due in part to the high degree of reactivity 
and the sensitivity of the material to ignition 
stimulus.  In the installation at NSWC Crane, the 
TSE is being utilized to mix the ingredients in an 
acetone base and extrude a loosely compacted 
strand.  The acetone-wetted strand is then 
broken into a granular form and collected in 

                                                 
  Teflon® is a registered trademark of E. I. du 
Pont de Nemours and Company  
 Viton® is a registered trademark of DuPont 
Performance Elastomers 
 

containers for further batch processing.  The 
facility and equipment were designed to 
facilitate processing of up to 150 pounds of 
material without re-entering the processing cell 
and Figure 1 illustrates the equipment initially 
designed for collecting the granulated product.  
The batch cans in figure 1 are off-the-shelf, 
constructed of 18-gauge Type 304 stainless steel, 
and have a five gallon capacity.  When in use, 
the cans are lined with a .004 inch thick 
 Velostat™ conductive liner.  Eight batch cans 
are positioned in a rotary table which turns to fill 
each can individually.  Composition testing was 
initially centered about the batch can 
configuration. 
 

The hazard testing performed on the 
composition consisted of placing the desired 
amount of granular composition, wetted to the 
desired solvent level with acetone, in a lined 
batch can and remotely igniting it with a 
standard M100 electric match.  Standard video, 
                                                 
1  Velostat™ is a trademark of the 3M company 
Distribution Statement A: Approved for public 
release; distributionis unlimited 



542 

Figure 1.  Composition collection configuration. 

Batch Cans 

Rotary Table 

high-speed video, and pressure measurements 
were taken to measure the severity of the 
reaction.  In order to validate the pressure data 
collected from the blast probe measurements, 
several test events with 1.25 pounds of 
composition C-4 were conducted in preparation 
for the MTV testing.  Since the C-4 reaction is 
well characterized, mathematical models were 
utilized to generate theoretical values for 
comparison with actual measurements to assess 
the data collection method.  This paper provides 
details on the test setup and procedures, the 
results obtained from the testing along with the 
analysis of the results as it pertains to the 
product collection process, and the changes 
implemented to the composition collection 
configuration will be presented as well. 
 
Background 

Through various testing and explosive 
incidents, it has been demonstrated that MTV 
compositions used in infrared decoy flares, 
traditionally considered pyrotechnic in nature 
when consolidated and assembled in full-up 
rounds, can behave similar to a detonable 
material when in the loose, pre-consolidated 
state.  This composition is currently treated as a 
1.1 material with a 2,4,6-Tri-Nitro-Toluene 
(TNT) equivalency of 1:4 (that is, four pounds 
of MTV are the equivalent of 1 pound of TNT) 
by NSWC Crane Research and Development 

prototype production facilities based 
on testing performed by the United 
Kingdom’s Royal Armament 
Research and Development 
Establishment (RARDE)1.  A facility 
was constructed at NSWC Crane for 
the pilot production of MTV 
composition utilizing a Twin-screw 
Mixer/extruder (TSE) and was 
constructed and sited to safely contain 
primary fragments from detonation of 
37.5 pounds of C/D 1.1 based on a 
desired capacity of 150 pounds of 
MTV and a 25% TNT equivalency.  
The facility site approval was issued 
for 150 pounds of 1.3 material 
necessitating testing to determine 
whether the MTV composition 
produced and collected during TSE 
processing of MTV composition will 

behave as a pyrotechnic (C/D 1.3) or a detonable 
material (C/D 1.1) in the in-process state and, if 
the MTV composition behaves as a detonable 
material, to determine the explosive power of 
the composition as compared with that of TNT. 
 

Some consideration was given to 
previous testing and the application of results to 
the current scenario.  The RARDE testing cited 
in the previous paragraph utilized various means 
of confinement and initiation to determine the 
explosive power of various compositions.  In 
that testing, the composition was either confined 
in a cylindrical paper mache pot (130 mm 
diameter x 130 mm height) or a 160 mm 
diameter polystyrene sphere and was initiated 
using either an electric match, blasting cap, or 
blasting cap with a 25 mm diameter by 25 mm 
length tetryl booster pellet.  The testing found 
that the explosive power measured was 
dependent on the strength of the initiating device 
and that the MTV tracer composition exhibited 
an explosive equivalency of 0.23 times that of 
TNT.  Though the composition utilized in the 
testing was not chemically identical to U. S. 
Navy IR decoy composition, the characterization 
of the reaction of dry composition as a 
detonation is consistent with various test results 
conducted at NSWC Crane over the course of 
several years2 and led to the adoption of the 0.25 
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TNT equivalency for the purposes of 
quantity/distance calculations. 
 

The testing described herein was 
conducted prior to processing of live material in 
the TSE facility as part of the hazard analysis 
process for the new processing technique and 

was thus focused on the configuration utilized to 
collect the product at the end of the production 
line.  The composition is continuously mixed 
and extruded from the TSE using approximately 
20% acetone (by weight, wet basis).  The wet 
strand of composition is then 

conveyed into the cone mill where it is 
broken into granules and then collected in a 
Velostat™ lined batch can until the cans are 
removed from the facility at the end of a day’s 
production.  Based on a facility maximum of 
150 pounds of composition, captured material 
will be distributed among eight batch cans on a 
rotary table indexed remotely to insure that 
18.75 pounds of composition per can will not be 
exceeded at any time.  The cans are 12 inches in 
diameter and 12 inches tall with open tops.  
Acetone evaporation commences once the 
material exits the extruder.  Trials performed to 
date with an inert substitute for the magnesium 
fuel indicate that material will contain 15% 
acetone by weight (wet basis) at the end of the 
conveyor but only 4 to 7% acetone (by weight) 
out of the cone mill.  After collection in the 
batch can, acetone continues to evaporate from 
the composition.  Testing with inert composition 
has shown that after 3.5 hours of sitting in the 
batch can, the inert composition still contained 
2.6% solvent.  At the conclusion of the day’s 
processing run, the composition will be removed 
from the rotary table.  At that point in the 
process, the operator is exposed to the greatest 

potential hazard in the TSE process as he/she 
removes the bags of composition from the batch 
cans for removal from the building.  In order to 
quantify and minimize the risk to the operator 
during this scenario and to determine the 
expected reaction, this test series was conceived.   
 
Test Setup and Procedure 

For the initial portion of the testing, the 
focus was on determining nature of the reaction 
of composition in the batch can and the effect of 
the presence of acetone on the reaction.  The 
batch can utilized was procured commercially 
and was constructed of 18 gauge (0.048 inch 
thick) Type 304 stainless steel.  The composition 
was contained in a 0.004 inch thick 
Velostat™bag within the batch can to simulate 
the actual collection configuration.  Table 1 
shows the order of execution of test events to 
determine the effects of acetone on the reaction.  
The first test was performed using a lower 
weight of composition to gain confidence in the 
test setup and procedures prior to executing tests 
with a full can of composition.  Following that 
first test, 22.5 

pounds of dry composition were utilized 
per test in the batch can to provide a 20% over 
test as compared with the anticipated capacity. 

Table 1. Test Sequence, Acetone wetness 
effects.   

Test 
Number 

Weight 
LBS 

Acetone 
Percentage

Match 
position 

1 11 20 Top 
2 22.5 15 Top 
3 22.5 10 Top 
4 22.5 5 Top 
5 22.5 0 Top 

 
The composition utilized for the testing 

consisted of composition manufactured by the 
Thiokol corporation on a TSE under a contracted 
demonstration effort.  In order to meet the 

requirements for acetone content, the 
composition required wetting with the solvent 
prior to the testing.  To accomplish the wetting 
of the composition, calculated weights of 
acetone and composition were mixed together in 
powder cans by repeatedly turning the sealed 
can end over end.  That technique worked well 
for wetness levels of 10 percent or greater 
providing a sticky composition that had a 
uniform appearance.  At the 5% solvent level, 
however, the acetone did not appear to be 
uniformly dispersed throughout the composition.   
 

The testing was instrumented with 
pressure probes positioned at an appropriate 
distance from the test site to measure the 
anticipated pressure pulse.  Figure 2 illustrates 
the instrumentation setup, a PCB free field blast 
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probe was positioned at each location indicated.  
In addition to the probes positioned 30 and 40 
feet from the test site, one test setup (used on 
three tests) included probes setup at 20 feet from 
the test site for the two aspects.  Video coverage 
 

Witness  
Screen 

Cameras 

 
Figure 2.  Instrumentation Setup 
 
included two views with standard VHS color 
video (narrow field-of-view and wide field-of-
view) and high speed video imagery using a 
variable frame rate depending on ambient light 
available at the time of the testing.  The high-
speed video imager utilized neutral density 
filters to reduce the blooming effect from the 
intense light given off by the burning 
composition.  In addition to the cameras and 
blast probes, a witness plate comprised of 5/64” 
aluminum (alloy 1100) was positioned 13 feet 
behind the test site in an attempt to characterize 
fragments from the event. 
 

To execute a test event, instrumentation 
was setup and checked.  Composition (that had 
been prepared by wetting with acetone to the 
desired solvent concentration) was brought to 
the test site sealed in a Velostat™ bag inside an 
M548 ammunition container.  The bag of 
composition was then placed inside the batch 
can and the bag was opened and rolled back and 
around the top of the can.  An M100 electric 
match, coated with a slurry of MTV, was then 
inserted into the top of the composition.  The 
leads of the match were connected to a remote 
firing device and all personnel retreated from the 
test site.  The match was fired remotely and data 
were collected autonomously.  Between 4 and 9 

minutes elapsed between the opening of the bag 
and the time the composition was initiated so 
some small amount of acetone may have 
evaporated during that time. 

 
Prior to testing MTV composition, three 

test shots were conducted using 1.25 pounds of 
composition C4 in order to determine the 
validity of the measurements.  Instrumentation 
for the C4 shots was setup as depicted in figure 
2 with the exception of the witness screen.  The 
charges were initiated using standard blasting 
caps inserted into the approximate center of the 
hemisphere and pressure data were obtained.  
Satisfied from the C4 composition data that the 
test method was providing valid data, the testing 
proceeded on with wetted MTV composition.   

 
Results-Wetted Composition Testing 

The initial test using acetone-wetted 
composition was a shot with one-half the 
planned composition weight to validate the test 
procedure for MTV composition.  Table 2 
provides the test results for the events with 
wetted composition.  While the heat from the 
reaction of the wetted compositions was 
sufficient to produce a response in the pressure 
probe for tests 1 through 3, the data are not 
indicative of a pressure wave and are not 
reported herein. 

 
The fourth test involved composition 

wetted to the 5% solvent level and was 
somewhat of a transition event in terms of 
results.  While the test did not fragment the 
batch can, it did produce a loud report and a 
measurable pressure wave.  Figure 3 illustrates 
the pressure wave measured from the test event 
at the 5% solvent level.  The measured pressure 
wave does not exhibit a steep slope that would 
be indicative of a shock wave produced by a 
detonation.  (For comparison of the wetted MTV 
reaction with that of a true detonation, figure 4 
provides traces from pressure measurements 
made during the testing of C4 Composition.)  
During the preparation for the 5% solvent level 
test event, it was noted that the technique used to 
wet the composition did not produce 
composition with a uniform wetness.  Clumps of 
loosely aggregated composition were observed 
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during the transfer to the Velostat™ bags indicating a non-uniformity in the distribution of 
Table 2.  Wetted Composition Test Results. 
Test # Composition 

Description 
Approximate 
Burntime 

Observations 

1 11 Pounds, 
20% Wet 

23 Seconds Plume roughly 10-12 feet high, no audible 
report, no pressure wave, Composition burned 
within the batch can.  Weather conditions at the 
time of the testing were:  winds SSE at 3 mph 
with gusts to 6 mph; barometric pressure 29.47 
inches Hg, relative humidity 91%, and a 
temperature of 76°F. 

2 22 Pounds 
15% Wet 

13 Seconds Some composition expelled from the batch can 
upon ignition.  Composition generally burned 
within a 10 foot diameter circle of the batch 
can. No Audible report.  Weather conditions at 
the time of the testing were:  winds NNE at 3 
mph with gusts to 8 mph, barometric pressure 
29.50 inches Hg, relative humidity 66%, and a 
temperature of 79°F. 

3 22 Pounds 
10 % Wet 

9 Seconds Composition ignited and scattered composition 
in the vicinity of the batch can, no audible 
report.  Weather conditions at the time of the 
testing were:   winds SW at 1 mph with gusts to 
2 mph, the barometric pressure 29.49 inches 
Hg, relative humidity 75% and a temperature of 
77° F. 

4 22 Pounds 
5% Wet 

~ 0.5 Sec Loud audible report, batch can showed no 
apparent damage.  Pressure wave produced not 
indicative of a detonation.  Weather conditions 
at the time of the 5% wet shot were:  winds S at 
0 with gusts to 2 mph, barometric pressure 
29.86 inches Hg, relative humidity 68%, and a 
temperature of 86° F. 

 

Figure 3.  Pressure wave measurement, test number 4, 22.5 pounds IR decoy composition @ 
5% solvent. 
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Figure 4.  Pressure wave measurement, 
test number 8, 1.25 pounds composition 
C4. 
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the solvent though all composition had the 
appearance and texture of wetted material.  
Despite the anomalies noted in the composition, 
the test results differed significantly from both 
testing conducted at 10% wet and subsequent 
testing conducted with dry composition.  
However, a change in the wetting technique 
would have been required to further investigate 
the nature of the reaction between 5% solvent 
concentration and dry composition. 
 
Results - Dry Composition Testing 

Table 3 provides the weather data for 
the testing of dry composition.  Test number 5 
was conducted using 22.5 pounds of dry 
composition contained in the batch can 
configuration.  The reaction was significantly 
more vigorous than the testing of wetted 
composition and resulted in a significant 
pressure wave that did exhibit a region of steep 
slope consistent with the measurements of a 
shock wave produced by a detonation.  
Additionally, the stainless steel batch can was 
destroyed by the resulting pressure.  Figure 5 
illustrates the pressure waves measured by the 
blast probes for test number 5.  A search of the 
test area recovered three fragments from the 
batch can representing approximately 38% (by 
weight) of the original container.  A 227 gram 

fragment was found 91 meters from the test site 
and a 453 gram fragment was found 50 meters 
from the test site.  A fragment that included the 
base of the can (mass 637 grams) remained at 
the test site.  The witness panel, virtually 
unscathed save for some scorch marks from 
contact with burning composition in previous 
wetted composition testing, was damaged 
beyond use from the pressure wave of the 
reaction.  Though no fragments struck the panel, 
the pressure wave caused significant 
deformation of the thin aluminum sheet as seen 
in figure 6.  Data from this test indicated that the 
dry composition reaction in the batch can was 
generating a pressure wave consistent with a 
shock wave produced by a detonation reaction 
and capable of inflicting significant damage and 
personnel injury to exposed individuals.  Based 
on these test results, a repeat event was planned 
to confirm that the reaction is repeatable along 
with a test without the confinement of the batch 
can to determine impact of confinement on the 
severity of the reaction. 
 

Test number 6 was conducted to 
determine the impact of the confinement of the 
batch can on the severity of the reaction.  In 
order to keep the composition in approximately 
the same configuration as it was for the testing 
in the batch can, a batch can liner was fabricated 
using craft paper circumferentially attached to a 
cardboard base.  To prepare the composition for 
testing, the liner was inserted into a batch can 
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Table 3.  Weather conditions for dry composition testing. 

 
and the bag containing composition was inserted 
into the liner.  The bag and liner were then 
removed together from the batch can and the 
composition was prepared and ignited as in 
previous testing.  Instrumentation for this test 
and subsequent tests was modified with the 
addition of two additional blast probes at a 
distance of 20 feet from the test site.  Data from 
test number 5 indicated that the pressure wave 
from the reaction was degrading at a rate less 
than predicted (i.e., the pressure wave appeared 
to be shocking up).  The additional probes were 
positioned to further characterize this 
phenomena.  The reaction of the composition 
without the confinement of the batch can was 
audibly and visibly less severe than the reaction 
in the batch can.  The reaction did not produce 
an audible report as had the previous test in the 
batch can.  Data obtained from the pressure 

probes did not exhibit the steep slope of the 
pressure curve representative of a shock wave   
Figure 7 provides the pressure data from test 
number 6. 
 
Test number 7 was conducted to confirm the 
reaction obtained in test number 5 (22.5 pounds 
of dry composition in stainless steel batch can) 
is repeatable and to further characterize the 
reaction by the addition of two test probes 20 
feet from the test site.  The results for the test 
were very similar to those from test 5.  The 
reaction again destroyed the batch can and a 
search for fragments following the test event 
recovered four fragments.  Figure 8 provides the 
pressure/time traces from test number 7 and 
shows a shocking up phenomena that eventually 
turns into the steep slope that is characteristic of 
a detonation reaction.   

Test Number/Description Test Date/Time Weather Conditions 
5 – 22.5 # Dry Composition in 
Batch Can 

14 Aug 2003 
1043 Local 

Temp.:  86 °F 
68% Relative Humidity 
Barometric Press. 29.86 in Hg 

6 – 22.5 # Dry Composition 
without batch can 

10 Sep 2003 
0935 Local 

Temp.:  76 °F 
72% Relative Humidity 
Barometric Press. 29.66 in Hg 

7 – 22.5 # Dry Composition in 
Batch Can 

10 Sep 2003 
1027 Local 

Temp.:  82 °F 
57% Relative Humidity 
Barometric Press. 29.67 in Hg 

9 – 75# Dry Composition  
divided among 4 Velostat™ 
Bags 

15 Jan 2004 
1017 Local 

Temp.:  27 °F 
57% Relative Humidity 
Barometric Press. 30.23 in Hg 

Figure 5.  Pressure Wave Measurement, test number 5, 22.5 pounds of dry IR decoy 
composition in stainless steel batch can. 
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Figure 6.  Test number 5, deformation of witness panel (pictured from backside of 
panel). 

Figure 7.  Pressure Wave Measurement, test 
number 6, 22.5 pounds of dry IR decoy 
composition in craft paper liner.   
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Figure 8.  Pressure Wave Measurement, test 
number 7, 22.5 pounds of dry IR decoy 
composition in stainless steel batch can. 
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Figure 9.  Re-designed collection table. 

Figure 10.  Test configuration of 
collection table. 

Testing in Re-designed Collection Apparatus  
A comparison of the test results from test 
number six and tests five and seven showed 
great potential for reducing the hazard to an 
operator by eliminating the confinement of the 
batch can.  Since the driving force behind the 
testing was to characterize the hazards to an 
operator during exposure to composition 
collected in the TSE facility, it was determined 
that such reduction in the hazard was highly 
desired and the collection apparatus was 
redesigned.  Figure 9 illustrates the redesigned 
collection apparatus, the table consists of a 
framework for holding open Velostat™ bags for the collection of composition while minimally 

confining the bags on the sides, front, and back.  
Figure 10 pictures the redesigned apparatus as it 
was being prepared for testing.  To accomplish 
the testing, four Velostat™ bags were filled with 
sand and positioned in four adjacent positions 
about the table as can be seen in figure 10.  Four 
Velostat™ bags, each containing 18.75 pounds 
of dry composition (75 pounds total) were then 
placed in the table in the other four adjacent 
locations and opened around the framework.  In 
this manner, a full capacity of composition was 
simulated insofar as the free volume within the 
table is considered.  A witness panel was not 
utilized for this testing as no fragmentation of 
the test apparatus was anticipated.  An electric 
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Figure 11.  Pressure Wave Measurement, 
test number 9, 75 pounds of dry IR decoy 
composition in redesigned collection table.   

match was positioned in composition in the top 
of one of the two center bags and the 
composition was ignited remotely.  Upon 
ignition, all four bags of composition reacted 
nearly instantaneously.  Examination of high-
speed video imagery of the test event showed 
that the flame transferred from the ignited bag to 

other bags within 10 milliseconds.  The reaction 
of the composition produced an audible report 
and large fireball.  Figure 11 presents the 
pressure data taken from the testing of 75 
pounds of composition in the modified 
collection fixture.  While the data shows some 
noise in two of the channels from an 
undetermined source, three channels of the 
pressure data show a pressure trace consistent 
with the characteristics of that produced by a 
detonation reaction.  The test apparatus was 
minimally damaged by the reaction, figure 12 
depicts the hardware subsequent to the testing.  
The frame segments designed to hold the 
Velostat™ bags open were somewhat 
misaligned as evidenced by the unequal distance 
between the segments in figure 12, the sand 
from the filled bags was spread away from the 
test site opposite the reaction.  Otherwise, the 
hardware was virtually undamaged by the 
reaction. 

Figure 12.  Post-test photos of collection table, picture on right illustrates misalignment 
of frames (gap wider on right side). 
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Analysis and Conclusions 
As expected, testing utilizing acetone 

wetted composition demonstrated that the 
reaction of the composition is slowed 
significantly by the addition of acetone.  At the 
20% solvent level, the composition burned 
relatively slowly, requiring 23 seconds to 
consume 11 pounds of wetted composition.  
Additional solvent levels were selected to 
determine the impact on the reaction of the 
material as the solvent level is reduced and to 
determine whether a wetness level exists where 
the reaction might transition from a deflagration 
or burning type reaction to a detonation type 
reaction.  Similar reactions were observed at 
15% and 10% solvent content where the reaction 
proceeded more rapidly than at the 20% solvent 
level, but still the burn time was measured in 
seconds (13 seconds and 9 seconds respectively 
for 22.5 pounds of composition).  In tests at or 
above the 10% solvent level, only a temperature 
response of the blast probes was measured and 
there was no audible report.  The reaction was 
significantly more vigorous at the 5% solvent 
level where the burn was completed within 0.5 
second, a pressure wave was measured, and an 

audible report was heard.  Since the technique 
utilized to wet the composition with acetone did 
not uniformly apply the solvent throughout the 
composition at the 5% solvent level, further 
testing in or around that solvent concentration 
was determined to be without merit using the 
available wetting technique.  Despite the 
irregularity in application of the solvent, 
however, there was a substantial difference 
between the reaction at the 5% solvent level and 
both the reaction of dry composition and the 
reaction of 10% wetted material.   

 
Testing of dry composition in the batch 

can demonstrated a significant hazard is present 
when dry composition is contained in that 
configuration.  In both tests conducted with dry 
composition in the batch can, an appreciable 
pressure wave was produced that is consistent 
with pressure waves similar to those produced 
by detonation reactions.  Table 4 provides a 
summary of the pressure data from the two tests 
of dry composition in batch cans.  Note that each 
reaction produced a shock front velocity in 
excess of 1.0 Mach (Mach calculated was 1141 
ft/sec for test 5 and 1145 ft/sec for test 7).  Two 

            Table 4.  Summary of pressure data from dry composition testing. 
Test # Channel-

Distance 
Peak Incident 
Pressure (Pso) [psi] 

Incident Impulse 
(Iso) [psi-ms] 

Shock Front Velocity 
(Vsf) [ft/sec] 

1 – 30’ 3.510 7.94 
2 – 30’ 4.190 11.77 
3 – 40’ 2.889 6.67 

5 

4 – 40’ 2.893 8.01 

Ch 1 to Ch 3 - 1193 
Ch 2 to Ch 4 - 1316 

1 – 20’ 5.050 11.09 
2 – 20’ 3.970 13.89 
3 – 30’ 3.071 9.05 
4 – 30’ 2.541 5.32 
5 – 40’ 2.315 7.13 

7 

6 – 40’ 1.996 10.57 

Ch 1 to Ch 3 - 1335 
Ch 2 to Ch 4 - 1307 
Ch 3 to Ch 5 - 1258 
Ch 4 to Ch 6 - 1215 

1 – 20’ 2.804 3.965 
2 – 20’ 2.742 3.848 
3 – 30’ 1.770 3.099 
4 – 30’ 1.777 3.117 
5 – 40’ 1.328 2.667 

9 

6 – 40’ 1.216 2.324 

Ch 1 to Ch 3 - 1074 
Ch 2 to Ch 4 - 1074 
Ch 3 to Ch 5 - 1087 
Ch 4 to Ch 6 - 1087 
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mathematical models were then utilized to 
estimate the equivalent weight of TNT required 
to produce the peak pressure provided by 22.5 
pounds of IR decoy composition tested in the 
batch can.  Table 5 summarizes the modeling 
efforts conducted using the CONWEP model as 
well as the Department of Defense Explosive 
Safety Board (DDESB) Blast Effects Computer 
(BEC) Version 5.0.  Note that the BEC model 
was utilized to determine the equivalent weight 
using both the peak pressure and the incident 
impulse measurements.  Table 5 shows close 
agreement between the BEC and CONWEP 
using peak incident pressure values to estimate 
an equivalent TNT weight.  Note also that these 
models show a higher TNT equivalency as the 
reaction proceeds away from the test site.  This 
is due to a temperature-induced phenomenon 
peculiar to compositions that release large 
quantities of heat.  Commonly referred to as 
“shocking-up”, this effect is caused by the 
heating of air surrounding the reaction on 
ignition of the composition.  Since the pressure 
waves following the initial pressure wave travel 
faster through heated air, the waves catch up to 
and add to the initial pressure wave.  As a result, 

the measured pressure wave does not degrade 
with distance as fast as waves produced without 
the temperature effect that form the basis for the 
mathematical models.  The effect thus produces 
a calculated yield increasing with the distance 
from the detonation site.   
 

In characterizing the reaction of the 
material in the batch can in regards to potential 
hazards for exposed personnel, several of the 
pressures measured during tests 5 and 7 are of 
sufficient magnitude to cause concern for 
personnel exposure to the material.  Three 
sources were utilized to estimate the hazards in 
exposing humans to the measured pressures.  
The BEC contains a module for prediction of the 
probability of eardrum damage and probability 
of lethality due to lung damage based on 
exposure to blast overpressure; Table 1-1 of 
Army TM5-1300 provides a correlation between 
the magnitude of the pressure wave and various 
effects in humans (table 6 replicates the 
information from table 1-1 of TM5-1300); and 
reference 7 provides correlation variables for 
predicting exposure effects using peak incident 

Table 5.  Modeled TNT Equivalencies from CONWEP and BEC. 

CONWEP Blast Effects Computer 

Test # 
Channel 

# 
Distance 

[ft] 
Equivalent 
TNT [lb] 

TNT 
Equivalency 

[%] 

Equivalent 
TNT (Pso) 

[lb] 

TNT 
Equivalency, 

% (Pso) 

Equivalent 
TNT (Iso) 

[lb] 

TNT 
Equivalency, 

% (Iso) 
1 30 4.658 20.7 4.63 20.6 4.64 20.6 
2 30 6.546 29.1 6.51 28.9 8.56 38.0 
3 40 7.476 33.2 7.41 32.9 5.39 24.0 

5 (22.5# 
Dry in 
can) 

4 40 7.497 33.3 7.44 33.1 7.15 31.8 
1 20 2.736 12.2 2.73 12.1 4.36 19.4 
2 20 1.751 7.8 1.74 7.73 6.23 27.7 
3 30 3.571 15.9 3.55 15.8 5.68 25.2 
4 30 2.416 10.7 2.39 10.6 2.50 11.1 
5 40 4.699 20.9 4.65 20.7 5.97 26.5 

7 (22.5# 
Dry in 
can) 

6 40 3.402 15.1 3.36 14.9 10.98 43.9 
1 20 0.879 1.2 0.899 1.2 3.64 4.9 
2 20 0.839 1.1 0.858 1.1 4.18 5.6 
3 30 1.097 1.5 1.117 1.5 2.98 4.0 
4 30 1.107 1.5 1.129 1.5 2.78 3.7 
5 40 1.338 1.7 1.362 1.8 3.07 4.1 

9 (75# 
Dry in 
new 

collection 
table) 

6 40 1.085 1.4 1.106 1.5 2.84 3.8 
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Table 6.  Blast Effects in Man Applicable to Fast-
Rising Air Blasts of Short Duration (3-5 ms.) 

Critical Organ or Event 
Maximum Effective 

Pressure (psi)* 
Eardrum Rupture 
     Threshold 
     50 percent 
Lung Damage: 
     Threshold 
     50 percent 
Lethality 
     Threshold 
     50 percent 
Near 100 Percent 

 
5 
15 
 
30-40 
80 and above 
 
100-120 
130-180 
200-250 

*Maximum effective pressure is the highest of 
incident pressure, incident pressure plus dynamic 
pressure, or reflected pressure. 
 
pressure based on probit analysis.  Utilizing the 
BEC, the highest TNT equivalency 
measured/modeled (7.497 lb TNT using the peak 
pressure measurement) was then utilized to 
compute the range at which the pressure values 
from table 6 would occur.  The BEC was then 
utilized to compute similar values for 
comparison.  Table 7 summarizes the human 
exposure values obtained.  The three sources 
produce similar range for eardrum rupture 
threshold and 50 percent values.  Of the sources, 
the BEC Eisenberg reference is the most 
conservative providing ranges of 57 feet for a 
1% probability and 25 feet for a 50% probability.  
Some discrepancy exists in the referenced 
sources regarding prediction of lethality.  Using 
the pressure values from TM5 1300 provides a 
threshold probability of lethality at 11 feet and a 
near 100 percent probability of lethality at 9 feet 
while the probit variables taken from reference 7 
provide 1% probability of lethality due to lung 
hemorrhage at 16 feet and 99% probability at 11 
feet.  The BEC human effects module did not 
solve for any positive probability of lethality for 
the given net explosive weight.  Some 
experimentation in the BEC indicates that a 
substantially larger charge is required to produce 
any probability of lethality in that model.  While 
there is some disagreement among the literature 
regarding personnel exposure data in the 
lethality of the reaction, close personnel 
exposure to the reaction measured from the 

reaction of 22.5 pounds in a batch can could 
have potentially fatal consequences from the 
pressure wave.   
 

The redesigned collection table was 
designed to collect composition in Velostat™ 
bags while only minimally confining the 
composition.  Test number 9 was configured to 
simulate a full load of composition insofar as the 
free volume within the table while utilizing only 
a half-loaded table by placing sand at an 
appropriate height in four of the bags.  The 
pressure data from test number 9 exhibited 
classic shock wave characteristics (near vertical 
rise, exponential decay) in both measurements at 
forty feet and one measurement from thirty feet 
from the test event.  In both measurements at 
twenty feet and one measurement at thirty feet, 
however, the rise of pressure was more gradual 
and is thus not representative of a classic shock 
wave.  Table 4 provides summary data from the 
testing of 75 pounds of composition in the 
redesigned collection table.  Data from channels 
2 and 3 were obviously erroneous during a 
portion of the data collection time due to 
mechanical, electrical, or thermal stimulus 
though data from these channels appear valid 
during the early portion of the test event.  Of 
particular note is that the pressure wave from the 
reaction of 75 pounds of material in the 
modified collection table was measured less 
severe than that of the reaction of 22.5 pounds of 
composition tested in a single batch can.  
Pressure values measured in test number 9 were 
modeled to determine approximate TNT 
equivalencies and the results from that modeling 
effort are contained in table 5.  Utilizing data 
from the highest TNT equivalency from test 
number 9 (1.362 pounds measured from channel 
5 at 40 feet), the BEC simulation was used to 
predict the range for the various threshold values 
for pressure and data from the simulation are 
included in table 7.  Modeling indicates that the 
reaction of 75 pounds of dry composition in the 
modified collection table is capable of producing 
fatalities from the pressure wave, though the 
elimination of the confinement did significantly 
lessen the severity of the reaction and decreased 
the distance at which one would expect fatalities 
(as shown in Table 7).  Further, the human 
effects values are likely conservative since the 
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Table 7.  Predicted effects in humans. 

Source for Human 
Effects Prediction 

Critical Organ or Event BEC Range 
Prediction Based on 
7.5 Pounds TNT 

BEC Range 
Prediction Based 
on 1.4 Pounds TNT 

Eardrum Rupture: 
   Threshold Probability 46 feet 26 feet 
   50% Probability 24 feet 14 feet 
Lung Damage: 
   Threshold Probability 16-18 feet 9-10 feet 
   50% Probability 12 feet 7 feet 
Lethality: 
   Threshold Probability 11 feet 6 feet 
   50% Probability 9-10 feet 5-6 feet 

TM5-1300 

   ~100% Probability 9 feet 5 feet 
Eardrum Rupture 
   1% Probability (Mercx) 39 feet 22 feet 
   1% Probability 
(Eisenberg) 

57 feet 32 feet 

   50% Probability (Mercx) 16 feet 9 feet 
   50% Probability 
(Eisenberg) 

25 feet 14 feet 

Lethality due to Lung Damage 

Blast Effects 
Calculator Version 5.0 

   1% Probability No solution found No solution found 
Eardrum Rupture 
   1% Probability 54 feet 31 feet 
   50% Probability 25 feet 14 feet 
Death from lung hemorrhage 
   1% Probability 16 feet 9 feet 
   50% Probability 13 feet 8 feet 

Probit Correlation 
from Reference 7 

   99% Probability 11 feet 7 feet 
 
predicted pressures at the closer ranges are based 
on TNT decay properties, not a non-ideal wave 
that is shocking up.  The case for this 
phenomenon is supported by the lack of 
significant damage to the collection table.  Had 
the pressure wave resembled a detonation 
reaction in contact with the composition, it 
would certainly have destroyed the table. 
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Abstract 
 
In this paper the approach for the lifetime prediction or lifetime extension for the B / Zr / CaCrO4 / 
KClO4 gas generating igniter system for an anti-tank missile is described. This system is already in use 
for more than 15 years, manufactured by two suppliers. 
 
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 gas generating igniter. This is why TNO Defence, Security and Safety was asked to 
assist them to get more experience in lifetime prediction in general and of this igniter in detail.  
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 igniter system will still function for another 15 years (stated as an assumption). 
 
For a proper function and failure analysis, the operation of an article is broken down in main and sub 
functions. For this particular article, only one main function can be defined, and that is “to ignite the gas 
generator”. Also, only 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 operate is straightforward and there 
are no subfunctions that have dual functions in the system. The performance of all subfunctions 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 results obtained sofar indicate that the output charge, the adhesive and the sealant are the critical 
subfunctions of the gas generator ignition system. 
 
 
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. 
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− 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. 

 
2 Description and functioning of the article 
 
Description 
The ejection charge that launches the anti-tank missile from the tube is a gas generating system. The 
ignition system of the gas generator consists of an initiation assembly (Figure 2) which is inserted into an 
ignition assembly (Figure 3). The ignition assembly ignites the actual gas generator - a propellant grain - 
that launches the missile. Only the igniter of the gas generator is part of this study. That is, the propellant 
grain will not be taken into consideration. 
 
Functioning 
The functioning of the ignition system is schematically drawn in Figure 1. The heating of the bridge wire 
of the initiation assembly (Figure 2) causes a flash mixture to ignite. This charge ignites a second ignition 
mixture, which in turn ignites an initiation mixture. The output from the initiation mixture exhausts 
radially through four holes into a brass dome coated with an output charge (Figure 3). 
Build into the initiator assembly is a spark gap providing a path of least electrical resistance which makes 
sure that static electricity will not fire the igniter. 
In Table 1 all pyrotechnic compositions of the ignition system are listed. 
 

 
Figure 1 Functioning diagram of the ignition system of the anti-tank gas generating system. 

 
Figure 2 Ignition initiation assembly 
1. bridged receptacle connector; 2. initiator charge holder; 3. bridge wire; 4. leads; 5. ignition mixture; 
6. ignition flash mixture; 7. solid plain disk; 8. gasket; 9. initiator charge cup; 10. initiating mixture; 11. 
header assembly 

Flash 
mixture 

Ignition 
mixture 

Initiation 
mixture 

Output 
charge 

Bridge 
wire 

Ignite 
Gas 
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Figure 3 Gas Generator Igniting system 
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 

 

Table 1. Compositions and materials of the gas generator igniting system1 

 Composition 
Ignition Flash Mixture (Figure 1, # 6) B, KClO4 
Second Ignition Mixture (Figure 1, # 
5) 

B, CaCrO4 

Initiating Mixture (Figure 1, # 10) Zr, KClO4 
  
Output Charge (Figure 2, # 14) B, KNO3, Epikote 828, Versamid 125, 

Nitrocellulose 
Dome (Figure 2, # 12) Brass 

 
3 Function and failure analysis 
 
For a proper function and failure analysis, the functioning of an article is broken down in main and 
subfunctions. 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 
                                                 
1 Information from Armasuisse 
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− 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. 

 
Design characteristics with respect to ageing 

− In general, vibrations can cause a bridge wire to malfunction.  
− Sealings are more and more coming into focus as critical components of munition articles. 

According to the drawings, the initiator is sealed into the igniter with an adhesive (Figure 2). 
There is no information what kind of adhesive is used. The same reasoning applies fore the 
sealant mentioned. More information is necessary in order to evaluate this sub function of the 
article3. 

− Corrosion of the brass disk (by NOx) may as a secondary consequence alter the surface structure 
of the disk causing detachment of the coated output charge. This can affect the burning 
behaviour. 

− NOx formed by decomposition of nitrocellulose can diffuse freely through the initiator output 
holes towards the igniter initiator assembly. It is not known from what material the initiator 
charge holder is made and whether it can be affected by NOx. 

 
Severity of a subfunction not functioning properly 

− Failure of the gas generator leads to the missile not being launched from the tube. The severity of 
this happening is set as critical. 
o In principal it is possible that any of the sub functions mentioned in the above malfunctioning 

may lead to the gas generator failing to launch the missile from the tube.  
− Untimely or unwanted ignition of the gas generator leads to an untimely launch of the missile. 

The severity of this occurring is set as catastrophic. 
o Untimely functioning can occur by: 

 The spark gap not functioning properly.  
The spark gap not functioning is a result of a production failure, the chance of this is 
thought of as minor. The chance of the spark gap malfunctioning does not increase due 
to ageing.  

 Increased sensitivity for ignition of a pyrotechnic composition due to ageing. 
All of the pyrotechnic compositions used are thermally stable. Only nitrocellulose 
present in the output charge is sensitive to thermal ageing. Some of the compositions 

                                                 
2 J. Rogers, “The characterisation and performance of thirteen B/CaCrO4 pyro blends”, 8th International Pyrotechnics Seminar, 
1982 
3 Information has to be obtained from Armasuisse 
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are sensitive to moisture, but moisture has a negative effect on the ignition properties of 
compositions with a nitrate. The chance of one of the pyrotechnic compositions 
functioning untimely is set as minor. 

 Auto ignition of nitrocellulose in the output charge due to ageing. 
The effect of ageing of a single base propellant with respect to safety is normally put in 
terms of a critical diameter. In the output charge only 4% nitrocellulose is present, and 
the particle size is not known. The chance of auto ignition of nitrocellulose is therefore 
set as minor. 
 

4 Critical Components 
 
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. 

 
The results are graphically represented in Figure 4 as arrows that start at the probability at t = 0, and end 
at the probability after an ageing period of, say, 20 years. The risk matrix is based on the risk matrix used 
in AOP 154.  
 
The probability of the output charge failing after 20 years (that is, the length of the drawn arrow) is based 
on chemical knowledge and wide experience with nitrocellulose. There is no chemical knowledge or 
know-how of the ageing properties of the sealant and the adhesive used; the probability of one of these 
components failing after 20 years (the length of the arrow) is unknown. The arrow is therefore drawn as a 
dotted line: the length could be an increase of just one block, or it could be two. Material is needed in 
order to test the ageing properties of these materials. 
 

                                                 
4 AOP 15, Guidance on the assessment of the safety and suitability for service of non-nuclear munitions for NATO armed forces, 
2nd edition, 13 November 1998. 
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Figure 4: Graphic representation of the critical components of the gas generator ignition system. 

 
5 Conclusions 
 
The output charge, the adhesive and sealant are the critical subfunctions of the gas generator ignition 
system. 
The next phase will be the ageing of the critical components at an accelerated rate in order to model the 
ageing properties of the critical components.  
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Abstract 

 
New type of semi nitramine gun propellants containing crystalline energetics as RDX or FOX 7 
and DNDA as plasticizer bonded by nitrocellulose (NC) show improved performance with regard 
to thermal sensitivity, shaped charge jet impact, force and barrel erosion. Further they show a 
low temperature coefficient in gun firing. The thermal sensitivity is assessed by measurements 
of heat generation rate and heat generation between 60°C and 90°C with microcalorimeter and 
mass loss between 70°C and 90°C, autoignition temperature and adiabatic self heating deter-
mined by an ARCTM (accelerating rate calorimeter). The data of six propellants of new type are 
compared and discussed with two conventional ones: the double base gun propellant L5460 (= 
JA2) and the triple base GP Q5560 (MRCA). The data of mass loss and heat generation rate 
are modelled and Arrhenius parameters have been obtained. The often found strong increase in 
mass loss after the consumption of active stabilizers is not shown by the new type propellants. 
The autoignition temperature of the new type propellants is with 185 to 220°C at 5°C/min heat 
rate higher than the typical values of common NC-propellants with 170 to 175°C. Results of a 
shaped charge jet impact are presented as well as data for adiabatic flame temperature and 
barrel erosion. 
 

Introduction 
Conventional gun propellants show insufficient insensitivity against fuel fire, shaped charge and 
bullet impact. A further disadvantage is that the high dependence of combustion gas pressure 
on charge temperature restricts the amount of charge mass in the gun chamber in order not to 
exceed the maximum allowed operational pressure at temperatures above ambient, Fig. 1. The 
typical pressure curve of the LTC GP is the lower one. But one can increase the charge amount 
of the LTC GP to realize the upper curve and to achieve higher muzzle velocities. 

 
 

 
Fig. 1: Comparison of typical gas pressure curves of conventional and LTC propellants. 
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Fig. 2: Characteristics of a LTC GP. Dynamic vivacity determined in a 200ml pressure 

vessel at loading density of 0.3 g/ml and at three charge temperatures Tc /1/.  
 
To characterize the so named low temperature coefficient effect the Fig. 2 shows measured 
vivacity of a LTC propellant at three charge temperatures Tc. The vivacity curve is at -40°C be-
low the ones at 21°C and 50°C. The curve at 50°C or at the high end temperature must be be-
low the one at 21°C. This is not the case with conventional GP. The typical course of the gas 
pressure as function of temperature is with LTC propellants such that at high temperatures it is 
lower than at medium temperatures. Further to this the typical course must be independent of 
loading density, which can be seen in Fig. 3. 
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Fig. 3:  Example of chamber gas pressure courses and resulting muzzle velocities as 
function of charge temperature Tc with charge mass Mc as parameter /2/. 
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By using special new formulations this temperature coefficient could be reduced very signifi-
cantly /1, 2/. One important part to achieve such a behaviour is the use of special plasticizer 
DNDA, which is mixed into the propellant dough. Further to this the autoignition temperatures 
have been raised and the adiabatic flame temperatures reduced at comparable force values 
resulting in less barrel erosion. 
 
 

Materials and formulations 
 
The Table 1 shows the principal ingredients of the GP used in this work. DNDA57 is a dinitro-
diaza plasticizer. One of its three components, DNDA5, DNDA6 and DNDA7 is shown in Fig. 4. 
In one formulation FOX 7 was used and in another one a further plasticizer named A17, an 
azido based substance, see Fig. 4. A17 is a product of ICT. It has the ability to lower signifi-
cantly the glass transition temperature. 
 
Table 1: Principal components in some new type GP and two conventional GP 
 

GP Web Components 
TLP 1N 7 NC, RDX, DNDA57;  EC, AkII 
TLP 2N 7 NC, RDX, DNDA57;  EC, AkII 
TLP 3N 7 NC, RDX, DNDA57;  EC, AkII 
TLP 4G 7 NC, RDX, FOX7, DNDA57;  EC, AkII 
TLP 5W 19 NC, RDX, DNDA57; with A17;  EC, AkII 
TLP 6 19 NC, RDX, DNDA57; without A17; EC, AkII 
   
JA2 7 NC, Ngl, DGDN;  AkII, MgO 
MRCA 19 NC, NQ, K2SO4, DGDN, DOP;  AkII 
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Fig. 4:  Some of the ingredients used in the GP formulations. 
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Results and Discussion 
 
All six new type GP show the LTC effect as defined above. Table 2 lists some data of the GP 
formulations. The autoignition temperature determined at 5°C/min heat rate is with the new for-
mulations significantly above the ones of the conventional GP JA2 (120mm tank gun) and the 
so-named MRCA GP, here type Q5560 (27mm aircraft machine gun). Different cook-off behav-
iour can be expected. This is also documented by the adiabatic self heating, shown in Fig. 5, 
determined with an ARCTM (Accelerated Rate Calorimeter). The curves show the apparatus 
controlled adiabatic self heating of the samples. At their end points the residual sample amounts 
autoignited and deflagrated. The temperature is one the samples achieved by the adiabatic self 
heating. Fig. 5 shows also the data for a typical triple base GP of type M30 (KN 6540), of a dou-
ble base propellant type JA2. For comparison the US XM39 GP is shown. All conventional GP 
have a low lying transition temperature from controlled self heating to deflagration in the range 
148°C to 158°C. Because of the RDX and DNDA content this transition is shifted to higher tem-
peratures with the new type GP caused by more endothermal decomposition reactions in the 
propellants. The GP can be compared usefully in the following way: JA2 with 1N, 2N, 3N and/or 
4G, the MRCA with 5W and/or 6. 
 
Table 2: Some characteristic data of GP formulations. adiabatic flame temperature Tad, 

Force, heat of explosion QEX and gas volume VEX have been calculated by ICT 
Thermodynamic Code using the data of the ICT Thermochemical Data Base /3/.  

 

GP LTC 
effect 

autoignition 
temp. [°C] 

adiab. flame 
temp. Tad [K] 

Force 
[J/g] 

QEX 
[J/g] 

VEX at 25°C 
[ml/g 

TLP 1N yes 185 2905 1170 3768 961 
TLP 2N yes 220 2906 1178 4198 939 
TLP 3N yes 193 2910 1180 4201 939 
TLP 4G yes 198 2908 1185 4071 938 
TLP 5W yes 189 2510 1060 4124 931 
TLP 6 yes 199 2540 1080 4177 929 

       
JA2 no 168 3390 1139 4610 753 

MRCA no 172 3078 1040 3758 857 
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Comparison of adiabatic self heat rate
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Fig. 5:  Adiabatic self heating determined by an ARCTM for typical conventional and of 
new type GP, including the XM39 GP with a binder based on CAB. 

 
To assess stability and ageing behaviour of the new formulations compared with the conven-
tional GP, special measurements have been made: (i) mass loss (ML) at 70°C, 80°C and 90°C 
with 2g of propellant in glass vials inserted in PID controlled aluminium block ovens; (ii) heat 
generation rate (HGR) at 90°C with about 2.5g in closed glass ampoules, determined with a 
microcalorimeter of type TAMTM (Thermal Activity Monitor), manufactured by Thermometric AB, 
Sweden. Then the propellants have been measured in iso-conversion mode at 60, 70 and 80°C 
/4/. In Fig. 6 the mass losses at 90°C for the eight GP can be seen. JA2 as double base GP 
shows after about 21 days the typical strong mass loss increase. This is not the case with the 
new type GP. They reach the limit value of 3 % mass loss at much longer times than JA2. Mass 
loss is a conversion quantity and therefore directly usable for stability assessment. After 18 days 
at 90°C the mass loss may not exceed 3% with NC-based propellants. In Table 3 the evaluation 
results are compiled obtained from mass loss measurements. The Arrhenius parameters, 
namely activation energy EaML and pre-exponential factor ZML, have been determined from the 
reverse times to 3% mass loss at the three measurement temperatures. Times tyML to reach 3% 
ML at three temperatures are given. With temperature dependent measurements predictions for 
any temperature-time profile can be made, which is important for the assessment of fielded 
ammunition. 
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Fig. 6:  Assessment of ageing and stability with mass loss. Limit value is ≤ 3% after 18 
days at 90°C. 

 
Table 3: Times tyML to reach 3% mass loss in years calculated with Arrhenius parameters 

obtained from mass loss measurements at 70°C, 80°C and 90°C. 
 

 1N 2N 3N 4G 5W 6 MRCA JA2 
JA2, 
HT 

EaML [kJ/mol] 116.5 104.3 101.8 105.6 105.7 102.2 147.9 102.0 149.0 

log(ZML [1/d]) 15.235 13.286 12.865 13.457 13.56 
12.88

8 19.837
13.28

2 20.102 

 time tyML to reach 3% mass loss ML in years at preset temperatures  

65°C [a] 1.6 1.8 2.0 1.9 1.6 2.2 2.8 0.8 2.2 

50°C [a] 10.6 10.3 10.6 11.1 9.2 11.9 31.9 4.5 26.3 

35°C [a] 87.8 68.1 67.1 75.1 62.3 75.6 465.1 28.3 391.2 
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Fig. 7:  Assessment of ageing and stability by heat generation rate (dQ/dt) and heat gen-
eration (Q, these curves are directed to the right upwards) at 90°C. Part 1, gun 
propellants 1N, 2N, 3N and 4G.  
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Fig. 8:  Assessment of ageing and stability by heat generation rate (dQ/dt) and heat gen-
eration (Q, these curves are directed to the right upwards) at 90°C. Part 2, gun 
propellants JA2, MRCA, 5W and 6.  
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The results of the microcalorimetric measurements are shown in Fig. 7 and Fig. 8. The eight GP 
have been grouped for reasons of presentation in the figures. The figures show the heat gen-
eration rates dQ/dt with its ordinate on left side and the heat generation Q (HG, integrated HGR) 
with its ordinate on the right side. The HG curves are the ones which are directed to the right 
upwards. The heat generation is a comparable quantity to mass loss, but for assessment with 
preset conversion one needs a reference /5/, which is taken here as the heat of explosion QEX.  
 
The Arrhenius parameters in Table 4 have been obtained from the heat generation rates at 
60°C, 70°C, 80°C and 90°C in the range of the curves where they are mainly horizontal. This 
corresponds to a reaction of zero order. In comparing the calculated times tyML to reach 3 % 
mass loss (ML) and tyEL to reach 3% energy loss (EL) the conclusion is, as a whole the data are 
good. But one recognizes some differences with the two measurement methods. GP JA2 shows 
from mass loss data relatively small activation energy and the times to 3% ML are comparably 
short, at 35°C only 28.3 years. But from the high temperature decomposition data (column JA2, 
HT in Table 3), this time is much longer. The reason for the difference is evaporation of blasting 
oil. In microcalorimetric measurements using closed measurement ampoules evaporation does 
not happen. GP 1N shows a higher heat generation rate compared to the other GP which short-
ens the times to 3% energy loss.  
 
Table 4: Times tyEL to reach 3% energy loss in years calculated with Arrhenius parameters 

obtained from heat generation rate measurements at 60°C, 70°C, 80°C and 
90°C. Reference quantity Qref is the individual heat of explosion QEX. 

 
 1N 2N 3N 4G 5W 6 MRCA JA2 

QEX [J/g] 3768 4198 4201 4071 4124 4177 3758 4610 
         

EaQ [kJ/mol] 112.3 115.6 121.6 118.2 111.5 113.9 130.0 128.2 

log(ZQ [µW/g]) 17.971 18.217 19.059 18.436 17.633 17.847 20.426 20.056 

 time tyEL to reach 3% energy loss EL in years at preset temperatures 

65°C [a] 0.85 1.74 2.12 2.57 1.53 2.22 1.62 2.45 

50°C [a] 5.4 11.7 15.8 18.1 9.6 14.6 13.8 20.3 

35°C [a] 42 95 142 154 73 115 146 207 
 
In Fig. 9 the results of a (cal 44mm) shaped charge jet impact on cartridges can be seen. On the 
left side the cartridge was filled with GP of type XM39. In the right cartridge the GP of new type 
2N was used. The main effect was a rupture of the cartridge housing in the area of the jet im-
pact. Both propellants have not reacted. The results of erosion measurements are shown in Fig 
10. The conventional GP have higher adiabatic flame temperature and cause therefore more 
material ablation in the barrel bore. The colder new type GP have significantly less degree of 
erosion at same force values. The erosion was determined with a ballistic bomb equipped with a 
plate of weapon steel having a die. For one determination about 30 to 40 firings have been 
made and then the material ablation from the die plate was determined by weighing. Mass 
losses ranged between 100 and 300mg. Loading density was 0.3g/ml. 
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Fig. 9:  Results of shaped charge jet impact (cal 44mm) on cartridges filled with US GP 
XM39 (left) and GP type 2N (right). The XM39 propellant reacts very mild, but 
also the GP type 2N does it /1, 6/. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 10: Results on erosivity. Shown is the degree of erosion as function of GP force. As 
expected the hotter the combustion gases the higher the erosion. Conventional 
double base GP with high flame temperatures show the highest values /1, 2/. 
data determined with a ballistic bomb equipped with plate of weapon steel having 
a die. the mass loss of the plate quantifies the erosivity. 
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Conclusion 
 
GP based on NC, RDX and plasticizer DNDA (new type triple base GP) have significant advan-
tages compared to conventional NC-based GP. The autoignition temperatures are higher. The 
ageing behaviour is comparable to conventional triple base GP and with respect to blasting oil 
migration and evaporation also better than the high performance double base GP JA2. The 
force values are high but the flame temperatures expressed as Tad are less than with conven-
tional GP regarding the same force range by about 400 to 500 K. The sensitivity against shaped 
charge impact is low to very low and comparable to US XM39. A special feature of this new type 
GP is the low temperature coefficient of the combustion gas pressure. This allows the efficient 
use of a given gun construction pressure over the whole in-service temperature range from – 
40°C to + 63°C. The barrel erosivity of LTC GP is much less than the one of comparable con-
ventional double and triple base GP and is in the range of single base propellants. 
 
 

List of abbreviations 
 
GP  gun propellant 
LTC  low temperature coefficient 
Mc  mass of propellant charge 
Tc  temperature of propellant charge 
 
ARCTM  Accelerating Rate Calorimeter, determines adiabatic self heat rate 
TAMTM  Thermal Activity Monitor, microcalorimeter, determines heat generation rate 
ML  mass loss 
EL  energy loss 
HGR  heat generation rate (dQ/dt) 
HG  heat generation (Q) 
EaML  activation energy from mass loss data 
ZML  pre-exponential factor from mass loss data; kML = ZML *exp(-EaML/RT)  
EaQ  activation energy from heat generation or HGR data 
ZQ  pre-exponential factor from HG or HGR data; kQ = ZQ *exp(-EaQ/RT)  
tyML  time to reach a certain value of mass loss 
tyEL  time to reach a certain value of energy loss 
 
EC  ethyl centralite, stabilizer 
Ak II  acardite II, stabilizer 
NC  nitrocellulose 
CAB  cellulose acetate butyrate 
RDX  1,3,5-trinitro-1,3,5-triaaza-cyclohexane  
FOX 7  1,1-diamino-2,2-dinitro-ethylene (DADNE) 
DADNE  = FOX 7 
NQ  nitroguanidin 
DNDA  nitramine plasticizer, mixture of DNDA5, DNDA6 and DNDA7 
  DNDA5 2,4-dinitro-2,4-diaza pentane 
  DNDA6 2,4-dinitro-2,4-diaza hexane 
  DNDA7 3,5-dinitro-3,5-diaza heptane 
A17  azido based plasticizer, ethylene glycol-bis-(2-azidoacetate) 
DGDN  diethyleneglycol dinitrate (also DEGN) 
Ngl  nitroglycerine 
DOP  dioctyl phthalate 
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ABSTRACT 
 

In their classic paper in 1949, Eyring et.al. [1] developed a simple theory of failure which accounted for 
the existence of a critical diameter and explained its relationship to reaction zone length. In this paper we 
revisit their approach and explore how the assumed burn law for a detonating energetic material will 
influence the predicted critical diameter and velocity decrement at failure. In particular, we have extended 
the treatment of Eyring et.al. to consider pressure as well as temperature dependent reaction rates. For 
burn laws of Vielle’s law form (Rate α Pn) we show that low values of n (~1) reproduce non-ideal 
behaviour, whereas higher values of n (>4) are needed to represent ideal explosive behaviour. 
 
On the basis of these theoretical and modelling results we discuss the likely rate controlling processes in 
ideal and non-ideal detonation. Additionally, since critical diameter and velocity decrement can be easily 
measured, we consider the merits of using this data to help construct, calibrate, and validate explosive 
burn models. 
 
 
INTRODUCTION 
 

The purpose of this paper is to explore how the assumed burn law for a detonating explosive will 
influence the predicted critical diameter and velocity decrement at failure. In so doing it is hoped to gain 
insight into the rate controlling processes and throw light on the marked differences between ideal and 
non-ideal explosives with regard to these properties. Since critical diameter and velocity decrement can 
be relatively easily measured it is also of interest to consider the merits of using this data to help validate 
or calibrate burn models. 
 
GENERAL 
 

The fundamental difference between ideal and non-ideal explosives has long been considered to 
lie in the magnitude of the reaction zone length. Ideal explosives are assumed to have a very short 
reaction zone, leading to low lateral losses and hence a small critical diameter. Non-ideal explosives, on 
the other hand, are assumed to have long reaction zones, and hence large losses and critical diameters. 
However, another interesting property which distinguishes ideal and non-ideal behaviour is the detonation 
velocity decrement at failure. Ideal explosives generally show a slow drop in velocity proportional to R1  
(where R is the charge radius) until failure occurs at a velocity typically only about 5% below the infinite 
diameter value. This is in contrast to non-ideal explosives whose velocity just above the critical diameter 
may be only ~50% of the infinite diameter value. The reason for this marked difference in behaviour is 
not quite as obvious as the critical diameter effect, but, as discussed below, it is directly linked to the 
dependence of the burn rate on the detonation state parameters (P and/or T). 
 

Eyring et.al. [1] developed a simple theory of failure which accounted for the existence of a 
critical diameter and explained its relationship to reaction zone length. Although more advanced 
treatments of divergent detonation now exist (e.g. Wood Kirkwood theory [2] and Detonation Shock 
Dynamics [3]) the approximate treatment of Eyring et.al. is useful in that it allows us to obtain simple 
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analytic expressions. Consequently, in this note we revisit their approach and explore the implications of 
assuming different burn laws. 
 

From their curved front theory Eyring et.al. derived the following simple relationship between 
detonation velocity and charge radius for an uncased charge: 
 

(1) ( )RADD i 5.01−=  
 
where D  is the detonation velocity at charge radius iDR, is the infinite diameter velocity and A  is the 
reaction zone length. 
 

However, equation (1) is not quite as simple as it appears as the reaction zone length cannot 
strictly be regarded as a constant. In general, A will depend on the detonation velocity and reaction 
time,τ , which itself will usually be influenced by the detonation parameters (pressure and /or 
temperature). To a good approximation we can write: 
 

(2) τDA ∝  
 
and therefore: 
 

(3) iii DDAA ττ=/  
 
where iA  and iτ  are the reaction zone length and time at infinite diameter. Substituting (3) into (1) then 
gives: 
 

(4) ( )( )( )iiii DDRADD ττ5.01/ −=  
 

If we now assume a form for the overall reaction rate which enables us to eliminate iττ we can 
obtain the dependence of iDD on charge radius in terms of the fixed reaction zone length at infinite 
diameter. 
 
THE BURN LAW 
 

Eyring et.al. made the choice that τ  would be given by the reciprocal of the rate given by 
absolute reaction rate theory for a simple elementary chemical reaction. Making this choice enabled them 
to show that for a rate controlling reaction with zero activation energy the critical radius, cR (below which 
detonation fails) is given by: 
 

(5) ic AR 2=  
 
and the associated velocity at failure, cD  was given by: 
 

(6) 5.0=ic DD  
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If the activation energy was increased the velocity decrement at failure shifted to smaller values 
(i.e. ic DD increased) and the critical radius (in units of iA ) increased. 

 
Accepting this choice of rate law suggests that many non-ideal explosives have effectively zero 

activation energy, whereas ideal explosives must have finite activation barriers in order to reproduce the 
small velocity decrement at failure. This conclusion, although not impossible, does not seem very 
convincing.  

 
As Eyring et.al. remark later in their paper (when discussing grain burning) the reaction time τ 

with which we are concerned here is not in itself the reciprocal of the rate of any elementary reaction. In 
dealing with detonation failure we are not concerned with the ignition of reaction but the subsequent grain 
burning stage. There will of course be many chemical reaction steps in the decomposition of an explosive, 
and whilst one of these may be the overall rate controlling step it could equally well be the diffusion of 
heat or matter which is the slowest process. Ultimately, the way forward is to solve this coupled problem 
for each system to obtain the reaction rate as a function of the state variables. Various approaches to 
solving a simplified version of this problem have been attempted with regard to modelling propellant burn 
(e.g. Ward, Son and Brewster [4]) but these have yet to be fully utilised or validated for the higher 
pressure combustion of explosive grains during detonation. Propellants however, are known to generally 
obey Vielle’s law (Rate α Pn) and this has led to the use of such a rate law in a number of explosive burn 
models. This is an empirical law which, in the propellant regime, appears to give a good approximation to 
the complex coupled problem. However, there is relatively little data to support a Pn law at detonation 
pressures, and indeed there are some indications that the exponent n may need to increase at high 
pressures. Nevertheless, since Pn explosive burn laws have proved useful and are in common usage, it is 
of interest to investigate their implications with respect to detonation failure. 

 
Consequently, assuming a Pn law we have: 

 
(7) nP1=τ  

 
which on substituting in (3) gives: 
 

(8) ( )( )nn
iii PPDDAA =  

 
However, since 2DP ∝ we may substitute for ( )nn

i PP  in (8) giving: 
 

(9) ( ) ( )1212 −−= nn
ii DDAA  

 
Substituting (9) into (1) then gives: 

 
(10) ( ) ( ) ( )( )12125.01 −−−= nn

iii DDRADD  
 

Equation (10) can easily be rearranged into the form: 
 

(11) ( ) ( )( ) ( ) ( )( ) ( ) 05.0121222 =+− −− RADDDD i
n

i
nn

i
n  
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This polynomial in ( )iDD  may now be solved for any chosen exponent n. If n=0.5 equation (11) 
reduces to equation (1) with A  replaced by iA : 
 

(12) ( ),5.01 RADD ii −=     ( )5.0=n  
 

Which predicts a straight line plot of D against R1 , with no failure until 0=D  at .5.0 iAR =  
 

More interesting solutions to (11) are obtained for larger (more realistic) values of n, and the 
results for n= 0.75, 1.0, 1.5, 2.0, 3.0 and 4.0 are shown in Figure 1. 
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Figure 1. D / Di versus Ai / R 

 
The plots in Figure 1 are of a similar form to those obtained by Eyring et.al. assuming a rate from 

absolute reaction rate theory. In such plots we interpret the upper branch of the curves as representing the 
stable detonation velocity, whereas the lower branch is a metastable solution which will always build up 
to the upper branch solution or down to failure. Hence, we associate failure with the point at which RAi  
is a maximum.  

 
From (11) it can then be shown that, for n>0.5, failure occurs (i.e. RAi is a maximum) at a 

velocity cD given by: 
 

(13) ( ) nnDD ic 212 −=  
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and this therefore determines the velocity decrement at failure for any burn law of the form nP . This 
relationship is illustrated in Figure 2. 

 
The associated values of RAi at failure, for n>0.5, are given by: 

 

(14) ( )[ ]( ) ( )[ ]( ){ }nn
ci nnnnRA 212 2122122 −−−= − ,  

 
which can be rearranged in inverse form to give the simple relation: 
 

(15) ( ){ }( )12122 −−= n
ic nnnAR  

 
This relationship is shown in Figure 3, from which it can be seen that the critical radius (in units 

of iA ) increases, almost linearly (slope → e as n → infinity), with increase in the pressure exponent.  
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Figure 2. Velocity decrement at failure versus pressure exponent. 
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These results are worthy of some general comments: 
 

• The result for 1=n  (namely, 5.0=ic DD and ic AR 2= ) is identical to that obtained by Eyring 
et.al. for the temperature dependant reaction rate with zero activation energy. It should be noted 
that n=1 is a common choice for modelling, but the predicted velocity decrement at failure is only 
consistent with the behaviour of non-ideal explosives. 

• The upper branch of the curves in Figure 1 show a good approximation to the generally observed 
straight line behaviour of D versus R1  until just before failure. 

• The velocity decrement at failure reduces with increase in the pressure exponent. 
• The small velocity decrements at failure observed with most ideal explosives suggest that a 

pressure exponent of ~4, or greater, may be needed to accurately model the failure characteristics.  
 

Whilst pressure is unlikely to be the only parameter controlling reaction rate these results do 
suggest that ideal and non-ideal explosives differ fundamentally in respect of the overall law controlling 
burn rate. These results coupled with Eyring’s earlier work suggest that the fundamental difference 
between ideal and non-ideal explosives is that the former have a stronger dependence on the state 
parameters (pressure or temperature) than the latter. We plan to investigate this further using more 
complex rate laws incorporating simplified, but realistic, chemistry. 
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Figure 3. Rc / Ai versus pressure exponent. 
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CONCLUSIONS 
 

We have extended the simple treatment of failure by Eyring et.al. to consider the case of Pn burn 
laws. The results suggest that the failure characteristics of ideal explosives are only likely to be modelled 
correctly if pressure exponents of ~4, or greater, are employed. In contrast, non-ideal explosives require a 
much lower value of the exponent (~1).  

 
It is recommended that the failure characteristics, and in particular the velocity decrement at 

failure, be considered either for calibration or validation purposes in the construction of future burn 
models as they provide a very sensitive test of the assumed burn law. 
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Abstract:  

1,2-Dinitroguanidine (DNG), (1), is a novel explosive with high performance and 
moderate sensitivity1,2. Synthesis of DNG and its salts has recently been reported3. X-
ray studies of the crystal structure of DNG can also be found in the literature4. In this 
paper we present complementary studies on the synthesis, reactivity and thermal 
characteristics of this compound and some of its derivatives.  
 

Keywords: 1,2-Dinitroguanidine, DNG, synthesis, characterization 

 

1. INTRODUCTION 

N,N’-Dinitroguanidines have been known compounds for a rather long time5. Despite the 
extensive studies6,7, which resulted in the synthesis of  several interesting substances in this series, 
the un-substituted 1,2-dinitroguanidine itself had never been reported until recently when different 
groups of Russian researchers presented simultaneously both the synthetic approach3 and basic 
properties of the compound3,4. 

 

In order to synthesize DNG in pilot plant scale and later in production. The synthesis of DNG 
has been studied in detail to establish a safe process. 
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2. RESULTS AND DISCUSSION 

 
2.1  Synthesis 

1,2-dinitroguanidine (DNG) was easily synthesised by the reported method3 with some 
minor modifications: higher content of nitric acid in the nitration mixture, in comparison 
with the published procedure, was used to ensure a controllable reaction course. In addition 
to the observations made by Astrat’ev  et al.3, showing that the nitration of mono-nitro 
guanidine (MNG) to DNG is a slow process taking place in a very reactive nitrating media 
(figure1), we  

 

Fig 1. UV–spectra of the reaction mixtures for the nitration of MNG to DNG; nitrating mixture 
HNO3: oleum (65% SO3) = 0, 55: 0, 45. 
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have also noticed the instability of DNG in such mixtures so that its concentration is strongly 
dependent on the reaction time (figure 2) and the composition of the nitrating media. The yield of 
DNG has never exceeded 80%. 
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Fig 2. Formation of DNG by nitration of MNG in different nitration mixtures; 
dependence of the yield on the reaction time. 

 
 

For this reason, the reaction course was in all cases monitored by UV spectroscopy to detect the 
full conversion of MNG to DNG and the maximum concentration of the latter. Despite these 
efforts, the product separated by dilution of the nitration mixtures and extraction by appropriate 
solvent always contained small amounts (2-5%) of MNG. 
All these findings can be easily understood in view of the known fact that N-nitration is a 
reversible process and nitramines are prone to irreversible decomposition in strongly acidic 
media8 (Scheme1).  

Scheme 1. Reaction sequence in the nitration of MNG to DNG. 
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2.2  Optimization 

 

The study of the nitration in 30% oleum with different amount of nitric acid compared to 
oleum and different temperatures gave the same result in all experiments. The reaction reached 
equilibrium between staring material and product and the reaction were never completed as seen 
in Fig 2. After 3 days there are no product at all. Thus the acidity of oleum 30% is not enough to 
drive the reaction towards completion. 

The reaction between 65% oleum and nitric acid is violent and therefore it is added trough a 
pipe directly into the nitric acid and MNG solution. A series of different experiment were set up to 
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find the best conditions to get the highest yield of the nitration of MNG to DNG. When the 
amount of Nitric acid: 65% oleum is 1:1,5 the highest yield were 78%, but the amount of heat 
formed during the adding is to high to be cooled down safely in a pilot plant reactor. The reaction 
is violent and a lot of gases were formed. In order to obtain a smoother reaction the relation 
between nitric acid and 65% oleum were change to 1:0,9 as seen in fig 2. The reaction was 
smoother but there were still a lot of fumes and the yield was lower then in the first case. The 
reactions were still considered to violent for scale-up. Therefore 12 vol% of nitric acid was added 
to the 65% oleum. The nitration was performed in the same way as in case 2. The reaction was 
smooth low amount of fumes and the amount of heat formed when adding the acid mixture in to 
the reactor was low. The yield was 75% and the product was 99% pure without extraction to get 
rid of MNG. 

 

 

2.3  Physicochemical properties. 

Samples of DNG produced by this method needed further purification which was 
achieved by dissolution of the raw product in diisopropylether, followed by removal of the 
insoluble MNG by filtration. The purified product was identified by elemental analysis and mass-
spectroscopy; its spectral characteristics (UV, NMR) were identical with those published in the 
literature3. 

DNG is indeed a very acidic product: our measurements resulted in the pKa value of 0.95, 
which agrees reasonably good with the figure (1.11), reported by Astrat’ev et al.3 The density of 
crystalline DNG (1.895), estimated by pycnometry in the present work, is also rather close to that 
(1.884) obtained from X-ray measurements4. Salts of DNG were easily obtained by careful 
neutralisation of its solutions in an alcohol with an appropriate base. The properties of DNG and 
some of its salts are summarized in Table1. 

 

Table 1. Properties of DNG and its salts. 

Density  Δ H f, Sensitivity  Sensitivity  

g/cm3 kcal/mol Friction, N Impact, cm/J 

DNG 1.906*/ 

1.884** 

        0,0  *** 90 22 / 4,5 

ADNG 1,86* - 36,60 * 250 78 / 14,2  

K salt n.m. n.m. 130 28 / 7,3 

ADN 1,805 -34,5 153 12 / 3,0 

RDX 1,802 14,7 195 32 / 6,4 
 

*     - present work 

**   - reference [4] 

*** - reference [2] 
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2.4  Thermal stability 

According to DSC measurements 1, 2-DNG has a rather good thermal stability and 
decomposes without melting. (cf. Figures 3).  

Fig 3. DSC thermogram of DNG and ADNG. 

 

 

 

These promising results prompted us to further investigate the long – term stability of the 
products. This was performed according to standard method (STANAG4582). As it can be seen 
from fig. 4 DNG itself has excellent thermal stability. 

 

Fig 4. Heat flow produced by DNG in isothermal heat flow calorimetry 
measurements at 75 °C for 19 days. The signal is jagged due to large amplification. 
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3. CONCLUSIONS 

 
1,2-dinitroguanidine is an interesting energetic material; 
We have reached a feasible way to scale-up the synthesis. unfortunately, any formulation 

work with this highly acidic compounds does not seem feasible. On the contrary, this namely 
property favours synthesis of its derivatives with variable characteristics. 
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1. Abstract 
 

Internationally hazard classification of explosives is determined by the results of trials 
conducted in accordance with procedures of UN Test Series-6 as given in the UN Manual of ‘Tests 
and Criteria’.  

 
The hazard classification trials of double base gun propellant were conducted in accordance 

with UN test series-6 and the observations resulted in hazard division 1.3 which corresponds more 
closely to the behaviour of a product if a load of propellant is involved in a fire resulting from 
internal or external source, but the ferocious burning behaviour of the propellant and the violent 
reactions during the trials led the researchers to have apprehensions about the hazard classification 
of the propellant as HD 1.3, hence  stack test was improvised in a multi-tier stack matrix of 3 x 3 
packages of propellants to assess the effect of confinement on the hazard classification of the 
propellant. The multi-tier stack tests resulted in the detonation of the propellant leading to the 
hazard classification of the propellant as HD 1.1. 

 
The variance in results of Stack Tests concluded that the geometrical arrangement of the 

packages should be realistic to the conditions of actual storage and should be such as to produce the 
most disadvantageous test results. The multi-tier stacking of propellant packages would suffice to 
confirm the deflagration to detonation transition (DDT) of the propellant due to confinement. This 
new approach of stacking is recommended to be included in the Stack Test of UN Test Series-6 for 
assigning correct hazard classification of propellants. 
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b Email: narang_rajiv@rediffmail.com 
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2. Introduction 
 
The correct Hazard Classification is an 

important parameter of any explosive/ 
ammunition for its storage, process & 
transportation. Internationally hazard 
classification of explosives is determined by the 
results of trials conducted in accordance with 
procedures of UN Test Scheme. The purpose of 
the UN Test scheme [1] is to determine the 
classification of explosives in normally 
packaged or unpackaged state during storage & 
transportation hence practical tests are essential 
to determine the correct hazard classification 
whenever requisite data is not available or 
hazards are not clear. The hazard classification 
of a particular type of explosive/ammunition 
must be reviewed whenever a modification in 
design or package has been effected. 

 
UN Test Series-6 is mandatory for the 

classification of HD 1.1, 1.2, 1.3 and 1.4 and is 
the series that discriminates among these 
divisions. This test protocol consists of three 
types of tests: The single package test, the stack 
test and external fire test to test for shock 
sensitivity, internal ignition and external heating. 
The three types of tests are illustrated as: - 

 
Single Package Test: This test determines if 
there is a mass explosion of the contents of a 
single package or not. The package is placed on 
a steel witness plate on the ground and confined 
using containers that are similar in shape or size 
to the test package and completely filled with 
earth or sand. The article is initiated and this test 
is performed three times unless a decisive result 
is achieved. The article is assigned HD 1.1 if 
evidence of such an explosion includes crater 
formation, damage to the witness plate beneath 
the package, measurement of a blast and 
disruption or scattering of the confining 
material. 

 
Stack Test: A stack test on packages of an 
explosive substance or explosive articles or non-
packaged explosive articles is to determine 
whether an explosion is propagated from one 
package to another or from a non-packaged 
article to another. On initiation of the central 
package if explosion of more than one package 

occurs practically instantaneously, then the 
product is assigned HD 1.1. Evidence of such an 
occurrence includes the same parameter as 
stated in the preceding paragraph but larger or 
greater than that for a single package. 

 
Bonfire Test: This test is performed on 
packages of an explosive substances, explosive 
articles or unpackaged explosive articles to 
determine whether there is a mass explosion or a 
hazard from dangerous effect when involved in 
an external fire. A stack of packages is placed on 
a non-combustible surface (steel or iron grate) 
above a lattice of dried wood soaked with diesel 
fuel or equivalent source. The fire is ignited and 
the contents are observed for the evidence of a 
detonation or explosion of total contents, 
potentially hazardous fragmentation and thermal 
effects.  

 
The hazard classification trials of 

double-base gun propellant NGB-241 were 
conducted in accordance with UN test series-6 
and the observations resulted in hazard division 
1.3 which corresponded more closely to the 
behaviour of a product if a load of propellant is 
involved in a fire resulting from internal or 
external source. But the ferocious burning 
behaviour of the propellant and the violent 
reactions during the trials led the researchers to 
have apprehensions about the hazard 
classification of the propellant as HD 1.3. Hence 
the National committee, Storage and 
Transportation of Explosive Committee (STEC) 
recommended to  improvise the stack test to 
assess the effect of confinement on the hazard 
classification of the propellant. Accordingly the 
stack test in a multi-tier matrix of 3 x 3 packages 
of propellants was conducted. 

 
3. Experimental 

 
The store used for conducting these 

trials was Propellant NGB-241, which is a 
double-base propellant in the form of square-
shaped graphite flakes having a bulk density of 
735 g/ lit. Its chemical composition is  
 
Nitrocellulose, NC 57.5% 
Dinitrotoluene, DNT 40.5% 
Ethylcentralite  1.7% 
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Mineral Jelly 0.3% 
Graphite 0.20% 

    (over 100 parts of composition) 
 

Approximately 40 kg of the propellant is 
packed in a cylindrical steel drum of 40 cm in 
diameter and 52cm in height.  
 
Trial Methodology: The following hazard 
classification trials were conducted in 
accordance with UN Test Series-6 [1]. 
 
Single Package Test (Three tests) 
 

A steel package containing 40 kg of 
NGB-241 propellant in a cotton cloth bag was 
placed on a steel witness plate on the ground and 
sand bags from all directions was provided a 
confinement by. The propellant was ignited by 
safety fuze No. 20 and 30 g of gun powder (G-
40). 

 
Stack Test (Three tests) 
 

Five nos. of steel packages containing 
40 kg of propellant in each package were placed 
on steel witness plate in such a way that four 
packages touch and surround the central 
package. An all over confinement were provided 
by keeping sand bags in all directions and the 
central package was ignited with the help of 
safety fuze No 20 and gun powder (G-40). 
 
Bonfire Test (One test) 

 
Five nos. of steel packages containing 

40 kg of propellant in each package were kept 
on the top of angle iron frame 
(1.5mx1.5mx1.0m).  Below the angle iron 
frame, dry wooden logs of specified size were 
stacked (like lattice) and over which kerosene 
was poured. Thereafter waste propellant trail 
was made of waste cloth soaked in kerosene, and 
was ignited by safety fuze No 20. 
 
Detonability Test 
 

All propellants have some degree of 
sensitivity and therefore when reaction is 
initiated, all propellants respond with some level 
of violence [2] but sensitivity and explosive 

violence are not strictly monotonic functions of 
propellant energy even though they generally are 
within any propellant family. Hence two 
detonability tests were conducted by initiating 
the contents in a package using electric 
detonator no 33 and plastic explosive as booster 
charge.  

 
Multi-tier Stack Test 
 

In order to determine the tendency of the 
propellant to undergo transition from 
deflagration to detonation (DDT) due to 
confinement, the improvised stack test (Multi-
tier) was conducted. 

 
Nine nos. of steel packages containing 

propellant NGB-241 were stacked on a steel 
witness plate in such a way (Figure 1) that the 
stack has a 3-tier arrangement of packages in 3 x 
3 matrix. The stacks of propellant packages were 
arranged linearly and were supported with steel 
straps to retain the configuration during the test. 
The stack was covered from all sides by sand 
bags to provide maximum confinement. The 
central package of the lowest row was ignited 
with the help of safety fuze and gun powder (G-
40). The same test was repeated with stacks in 
triangular arrangement (Figure 4). 
 
4. Results and Discussions 
 
During three trials of single package test of the 
propellant NGB-241, there was neither crater 
formation nor any dent on the witness plate but 
it has been observed that the package on ignition 
exploded and lids of packages and sand bags 
were thrown up to a distance of 26 meters. This 
led researchers to infer that NGB-241 is a 
candidate for HD 1.1. Similar observations were 
made during three trials of stack test single-tier 
arrangement. During one of the stack tests, the 
propellant package on ignition lifted up to a 
height of 30 meters, which again qualified 
propellant NGB-241 as a candidate for HD 1.1. 
In the bonfire test, the propellant burned 
violently but there was neither any sign of 
explosion nor any perforation on the witness 
screen. The propellant NGB-241 was classified 
as HD 1.3.  
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The detonability trials of the propellant 
using electric detonator proved that the 
propellant NGB-241 has a potential to detonate 
when suitably initiated. 

 
During first trial of multi-tier stack test, 

the dent on the witness plate (Figure 2) was an 
indicator of detonation of the central package, 
which was ignited with safety fuze. It certainly 
confirmed that transition from deflagration to 
detonation of the propellant in the package, 
ignited by safety fuze [3,4,5]. The detonation of 
the central package, however failed to cause en-
masse detonation of all the packages (Figure 3) 
stacked in the matrix. 

 
In the second trial, the propellant in the 

central package deflagrated for an instant and 
then transition from 7deflagration to detonation 
occurred (Figure 5 & 6). The detonation of 
propellant in this package caused sympathetic 
detonation of the propellant in all other packages 
stacked together in three-tier arrangement. The 
sheared edges of the witness plate are clear 
indicators of detonation (Figure 7). The 
detonation was further confirmed by shearing of 
the 25 feet tall pole of GI pipe by the shock/blast 
wave. Moreover, the dimensions of the crater 
undoubtedly confirmed the detonation of 360 kg 
of propellant NGB-241 contained in nine 
numbers of steel packages stacked together. 

 
From these observations, the detonation 

of the central package in the first trial and the 
en-masse detonation of nine packages of 
propellant NGB-241 in the second trial, it was 
inferred that the level of violence depends on the 
competition between pressure buildup and stress 
release due to the loss of confinement [6,7].  

 
In view of these observations, the 

double-base propellant NGB-241 in steel 
package should be classified as HD 1.1, which is 
different from the hazard division concluded 
based on the tests conducted as per UN Test 
Series-6.  
 
5.  Conclusion 

 
The variance in results of Stack Tests 

concluded that the geometrical arrangement of 
the packages should be realistic to the conditions 
of actual storage and should be such as to 
produce the most disadvantageous test results. 
The multi-tier stacking of propellant packages 
would suffice to confirm the deflagration to 
detonation transition (DDT) of the propellant 
due to confinement. This new approach of 
stacking is recommended to be included in the 
Stack Test of UN Test Series-6 for assigning 
correct hazard classification of propellants. 
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Figure 1. Trial Setup for Multi-tier Stack Test 

(Linear Arrangement) 
 

 
Figure 2: Dent on Witness Plate 
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Figure 3. Unexploded Propellant Packages 

 

 
Figure 4. Trial Setup for Multi-tier Stack Test  

(Triangular Arrangement) 
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Fig 5: Deflagration to Detonation Transition 

 

 
Fig 6: Smoke Cloud 
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Fig 7: Shearing of Witness Plate due to Detonation 
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COMBUSTION PECULIARITIES OF MIXTURES OF BARIUM NITRATE 

WITH DIFFERENT METALS 

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

 

Abstract 

Mixtures of barium nitrate with different metal fuels are widely used in different pyrotechnic 
devices [1]. One of the most important characteristics of pyrotechnic mixtures is the burning rate of 
mixtures and sensitivity of the burning rate to changes in temperature and in technological parameters. 
Some analysis of experimental data on the burning rate for barium nitrate/magnesium mixture has been 
done before [2]. With the help of this analysis it was found that the temperature in the critical section of 
the burning wave for a stoichiometric mixture at different values of porosity is near the melting 
temperature of barium nitrate T = 867 K or the melting temperature of magnesium T = 923K. In this work 
a complete analysis of experimental data on the burning rate for Ba(NO3)2/Mg mixtures at different 
content and dispersion of mixture components has been carried out. The results of analysis of 
experimental data on the burning rate for stoichiometric mixtures of barium nitrate with another metal 
fuels (zirconium, titanium, chromium) are also presented in this work. 
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1. Method of Analysis of Experimental Data 

In the basis of analysis of experimental data there is the following equation, which comes out 

from the law of conservation of energy for reactive systems [3]: 

hh
qu

m

m
−

=ρ  (1) 

where u  is the linear rate of combustion, ρ is the porosity of mixture, h is the enthalpy of a reactive 

mixture, hm and qm are the enthalpy and the heat flow in the critical section of the burning wave 

correspondingly. 

The enthalpy of the reactive system 

ηQ−= inhh  (2) 

includes the heat, used to warm an inert system hin, and the heat, generated during an exothermic chemical 

reaction hchem = Qη, where Q is the heat of reaction, η is the part of the reacted combustible system. The 

value of η is determined by equations used in chemical kinetics. On the initial stage one can use 

approximation of the reaction of the zero order: 

( )RTEtK −= exp0η  (3) 

where K0 is preexponential factor, E is the energy of activation, R is the universal gas constant, T is 

temperature, t is the time of reaction. In the zone of low and moderate temperatures the heat-generation 

during the chemical reaction is so small that it can be neglected and h = hin. 

When the temperature is rising the enthalpy of the reactive system passes through the maximal 

value of hm at the temperature Tm. 

In this section of the burning wave the following condition is realized: 
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and the reactive system comes from a heat-absorbing condition into a heat-generating one. Here Cp is heat 

capacity of an inert system. The value of the temperature in this critical section of the burning wave is 

determined with the help of the following equation: 

*

2

TT
T

R
E

m

m

−
=  (4) 

where T* is the temperature, to which an inert system can be heated by the quantity of heat hm .The value 

of hm can be considered as a physical-chemical characteristic of a combustible system because the value 
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of hm is determined by thermophysical properties of a combustible system, kinetic parameters of a 

chemical reaction and a characteristic time of a chemical reaction at stationary combustion. The value of 

qm is determined by heat-generation during chemical reactions in the zone of high temperatures as well as 

by heat transfer from the zone of high temperatures to the critical section of the burning wave. Therefore 

the value of qm can change when conditions of heat-transfer change: e.g. when the size of the sample, the 

material and the thickness of the shell change and when the sample is blown round by gas jet or irradiated 

by light flux, but the value of hm must be constant. 

When there is experimental data on the burning rate at least for two values of the initial 

temperature, the values of the parameters hm and qm can be determined easily from the equation (1): 

( ) h
qq

hu
mm

m 11 −=−ρ  (5) 

In those cases when the value of T* (calculated on the basis of the value of hm) is near the melting 

temperature Tf of one of the components, the temperature in the critical section Tm coincides with Tf  and 

the condition of the combustible system in the critical section is determined by the part of the melted 

component Xf. The value of Xf can be evaluated by the following way. With the help of the equation (4) 

the value of the fictitious temperature Tm
f is calculated and the heat generation during the chemical 

reaction is determined: 

*TTCh f
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chem −=  (6) 

where the heat capacity of the mixture Cp is supposed to be at the melting temperature Tf. The part of the 

melted component is determined by the following equation: 
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where hf is the enthalpy of the inert mixture at the melting temperature, Δhf  is the specific heat of melting 

of the component, X is the content of the component (by weight ) in the mixture. 

The influence of different factors (porosity Π , the particle size of the oxidizer dO and metal dm , 

content of the component XO and Xm, temperature T and pressure P) on the burning rate is revealed to 

such an extent to which the values of h, hm and qm depend on these factors. 

In the common case the sensitivity of the burning rate to the factor Y, while the other factors are 

constant, is determined by the following equation: 
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The parameters hm and qm do not depend on the initial temperature, and the expression for the 

temperature coefficient of the burning rate looks like this: 

hh
C

m

p
T −

=β  (9) 

The enthalpy of the combustible system h does not depend on Π, dO, dm. Therefore, the 

expressions for the coefficients of sensitivity of the burning rate to changes in these factors look like this: 
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In the zone of high initial temperatures, when during the period of thermostatting tT the heat-

generation from the chemical reaction becomes noticeable, the equation for the burning rate looks like 

this: 
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In this zone of temperatures the experimental points in the coordinates  

h – (uρ)-1 will lie above the straight line which corresponds to the equation (5). Therefore due regard for 

these experimental points while analyzing the initial data may result in considerable misrepresentation of 

the values of hm and qm. 
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2. Experimental Data on the Burning Rate for Mixtures of Barium Nitrate  

with Different Metals 

Research of the burning rate of mixtures of barium nitrate with magnesium and zirconium has 

been done in work [4]. The major part of measurements of the burning rate has been done for 

stoichiometric mixtures of barium nitrate with magnesium using the samples pressed into paper shells 

with the diameter of 15 mm and the wall thickness of 1 mm. The porosity of the sample was Π = 0.3, 0.2 

and 0.02. The average particle size of the oxidizer was dO = 28, 120 and 490 μm and that of magnesium – 

dM = 18, 130 and 182 μm. 

The content of the metal fuel XM changed from 0.217 to 0.629 and the initial temperature of the 

samples changed from 213 K to 473 K. 

In Table 1 there are the values of the burning rate for stoichiometric mixture XM = 0.317 with the 

particle size of the oxidizer dO = 120 μm and of metal dM = 130 μm at three different values of the 

porosity and seven different values of the initial temperature. The research of the influence of the 

parameters dO, dM  and XM on burning rate was carried out at the porosity Π = 0.2 and the temperature T = 

213, 293 and 473 K. 

Table 1.  The values of the burning rate for 0.317 Mg/0.683 Ba(NO3)2 mixture with the particle sizes 
dO = 120 μm and dM = 130 μm at different values of porosity Π and initial temperature T 

Burning rate u, mm/s at three values of porosity Π 
T, K 

0.3 0.2 0.02 

213 2.96 2.86 2.30 

273 3.11 2.97 2.35 

293 3.22 3.14 2.53 

323 3.33 3.30 2.60 

373 3.47 3.41 2.77 

423 3.53 3.65 3.05 

473 4.07 3.95 3.32 

Experimental values of the burning rate are given in Table 2. For the mixture with the following 

parameters XM = 0.317, Π = 0.3, dM = 182 μm, dO = 120 μm the measurements have been done using the 

sample pressed into a paper shell with the diameter of 23 mm. The values of the burning rate were u = 

3.07, 3.20 and 4.10 mm/s at initial temperature 213, 293 and 473 K. The measurements of the burning 

rate have been also done for the mixture with the following parameters: XM = 0.317, Π = 0.2, dM = 130 
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μm, dO = 120 μm. This mixture was pressed into a copper shell with the diameter of 15 mm. The mixture 

did not burn at temperatures 213 and 293 K. 

Table 2.  The values of the burning rate for Mg/Ba(NO3)2 mixture at Π = 0.2 and different values of 
XM, dM, dO, T 

The burning rate u, mm/s at three values  
of temperature T, K XM,  dM, μm dO, μm 

213 293 473 

0.317 130 490 2.80 3.12 4.29 

0.317 130 28 2.32 2.53 3.04 

0.317 182 120 2.69 2.98 3.82 

0.317 18 120 3.05 5.42 6.48 

0.217 130 120 1.76 1.92 2.38 

0.5 130 120 5.10 5.88 7.48 

0.629 130 120 5.10 6.00 8.02 

0.217 130 490 1.43 1.59 2.14 

0.217 130 28 1.26 1.36 1.65 

0.525 130 28 4.96 5.45 7.32 

Stable burning was observed at temperatures 373 and 473 K. The burning rate was 4.62 and 5.10 

mm/s correspondingly. 

In work [4] there are also the results of measurements of the burning rate for stoichiometric 

mixtures of barium nitrate with sodium thermal zirconium (ZrNa) and calcium thermal zirconium (ZrCa) 

at two initial temperatures 213 and 473 K. The samples were pressed into paper shells with the diameter 

of 24 mm; the porosity was Π =0.3 and 0.1 for mixtures with ZrCa and Π = 0.3 and 0.2 for mixtures with 

ZrNa. Both types of zirconium powder contained not less than 50% of particles with the size < 10 μm but 

ZrNa powder had a higher specific surface. One of the characteristic features of these powders was the 

content of active zirconium: 73.0 – 76.9% for ZrNa and 96% for ZrCa. The average particle size of the 

oxidizer in these mixtures was dO = 120 μm. Experimental values of the burning rate for barium 

nitrate/zirconium mixtures are given in Table 3. 
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Table 3.  The values of the burning rate for 0.466 Zr/0.534 Ba(NO3)2 mixtures containing different 
types of zirconium 

The burning rate u, mm/s at two values  
of temperature T, K Type of Zr Π 

213 473 

0.3 30.7 42.2 ZrCa 
0.1 20.7 30.9 

0.3 22.5 34.5 ZrNa 
0.2 17.7 25.1 

The measurements of the burning rate for barium nitrate/titanium stoichiometric mixture at four 

initial temperatures 213, 293, 373 and 473 K were done in work [5]. The samples were pressed into paper 

shells with the diameter of 24 mm, the porosity was Π = 0.3. The content of metal in the mixture was XM 

= 0.314, the average particle size of titanium was dM = 40 μm and that of barium nitrate dO = 120 μm. The 

values of the burning rate for this mixture are given in Table 4. 

Table 4.  The values of the burning rate for 0.314 Ti/0.686 Ba(NO3)2 mixture 

T, K 213 293 373 473 

U, mm/s 13.6 15.1 17.3 20.6 

In work [6] there are the results of measurements of the burning rate for barium nitrate/chromium 

stoichiometric mixture at different temperatures – from 293 K to 373 K. The content of metal in the 

mixture was XM = 0.399, the average particle size of the metal was dM = 5 μm and that of oxidizer – dO = 

75 μm. The porosity was 0.2. Experimental values of the burning rate for this mixture are given in Table 

5. 

Table 5.  The values of the burning rate for 0.399 Cr / 0.601 Ba (NO3)2 mixture 

T, K 293 373 473 573 

U, mm/s 0.85 1.05 1.20 1.35 

3. Thermophysical Properties of Mixtures 

To evaluate thermal parameters of the burning wave of pyrotechnic mixtures it is necessary to 

have temperature dependences of the heat capacity Cp, the enthalpy h and the density ρ along with the 

experimental data on the burning rate at different temperatures. Thermophysical properties of pyrotechnic 

mixtures at given temperature can be calculated with the help of the additive formulas on the basis of the 

reference data [7] on thermophysical properties of the components: 
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where the indexes "mix", "M" and "O" mean the parameters of the mixture, the metal and the oxidizer 

correspondingly. 

The enthalpy of the component is calculated according to the temperature dependence of the heat 

capacity taking into account the heat of phase transition Δhpt: 
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T

T
p hdTCh Δ+= ∫

0

 

The temperature T0 = 293.15 K was taken as the starting point of the enthalpy. 

At the temperature T = 867 K barium nitrate melts and decomposes. The heat of melting is Δhpt = 

203.5 kJ/ kg. 

The values of the enthalpy of the studied mixtures at the temperature 867 K are given in Table 6. 

These values correspond to the start of barium nitrate melting h' as well as to the completely melted 

barium nitrate in the mixture h". 
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Table 6.  The values of the enthalpy of mixtures at the melting temperature of barium nitrate. 

Mixture h', kJ/kg h", kJ/kg 

0.317 Mg + 0.683 Ba(NO3)2 510.6 649.6 

0.217 Mg + 0.783 Ba(NO3)2 487.7 647.1 

0.5 Mg + 0.5 Ba(NO3)2 552.3 654.0 

0.525 Mg + 0.475 Ba(NO3)2 558.0 654.4 

0.629 Mg + 0.371 Ba(NO3)2 581.6 657.2 

0.466 Mg + 0.534 Ba(NO3)2 320.1 428.7 

0.314 Mg + 0.686 Ba(NO3)2 407.4 547.0 

0.399 Mg + 0.601 Ba(NO3)2 381.1 503.4 

4. Results of Analysis of Experimental Data 

In Table 7 there are the values of thermal parameters of the burning wave hm and qm, which have 

been obtained during the analysis of experimental data on the burning rate for stoichiometric mixtures of 

barium nitrate with different metals. In Table 7 there are also the values of the mean-square error SU of 

approximation of the initial experimental data with the help of the equation (1). 
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Table 7.  Thermal parameters of the burning wave for stoichiometric mixtures of barium nitrate 
with different metals 

XM Π dO,  
μm 

dM,  
μm 

hm,  
kJ/kg 

qm,  
kJ/m2s 

SU,  
% 

0.3 120 130 759.9 4318 2.1 

0.2 120 130 696.7 4419 1.4 0.317 Mg 

0.02 120 130 576.6 3585 1.5 

0.3 120 - 412.5 40560 - 
0.466 ZrCa 

0.1 120 - 332.0 28800 - 

0.3 120 - 312.6 23060 - 
0.466 ZrNa 

0.2 120 - 377.4 24620 - 

0.314 Ti 0.3 120 40 406.3 15270 0.7 

0.399 Cr 0.2 75 2.5 459.0 1360 4.9 

While comparing Tables 6 and 7 one can see that the values of hm are near the values of the 

enthalpy of inert mixture at the temperature 867 K which correspond to the start of barium nitrate melting 

h' or to completely melted barium nitrate h" contained in the mixture. 

For Mg/Ba(NO3)2 mixtures the values of h" at different content of components are near the value 

of h = 650 kJ/kg. If we use the value of hm = 650 kJ/kg and the value of qm averaged on all the 

experimental points and calculated according to the dependence 

)( hhuq mm −= ρ , 

the error of description of the initial data will be the same as for the values of hm in Table 7. 

In Table 8 there are the value of qm and SU which have been calculated using the value of hm 

=650 kJ/kg. The values of qm and SU are given for all the experimental data on the burning rate for Ba 

(NO3)2/Mg mixtures at different combinations of values of the parameters XM, П, dO, dM. To show the 

influence of different factors on the burning rate of Ba(NO3)2 / Mg mixtures, the dependences qm / qm ref 

(where qm ref = 4104 kJ/s m2) are also given in Table 8. 
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Table 8.  The values of the heat flow qm in the critical section of the burning wave for Ba(NO3)2 / Mg 
mixtures at the value of the maximal enthalpy hm = 650 kJ/kg 

XMg П dM, 
μm 

dO, 
μm 

qm, 
kJ/m2s 

SU, 
% qm/qm ref 

Material  
and diameter  
of the shell,  

d, mm 

0.317 0.3 130 120 3658 2.5 0.891 

0.317 0.2 130 120 4104 1.4 1.000 

0.317 0.02 130 120 4077 2.1 0.993 

0.317 0.2 130 490 4193 4.0 1.022 

0.317 0.2 130 28 3273 3.1 0.798 

0.317 0.2 182 120 3917 0.8 0.954 

0.317 0.2 18 120 7039 3.7 1.715 

0.217 0.2 130 120 2695 0.8 0.657 

0.5 0.2 130 120 6725 2.1 1.639 

0.629 0.2 130 120 6401 2.6 1.560 

0.217 0.2 130 490 2281 5.0 0.556 

0.217 0.2 130 28 1902 1.8 0.463 

0.525 0.2 130 28 6347 0.5 1.547 

paper, 
15 

0.317 0.3 182 120 3756 2.1 0.915 paper, 
23 

0.317 0.2 130 120 5392 2.6 1.315 copper, 
15 

In Table 9 there are the values of qm and SU for Ba(NO3)2/Zr mixtures which have been 

calculated using the average value of hm = 358.6 kJ/kg from Table 7.  

Table 9.  The values of the heat flow qm in the critical section of the burning wave for Ba(NO3)2 / Zr 
mixture at the value of the maximal enthalpy hm = 358.6 kJ/kg 

Type of zirconium П qm, 
kJ/m2s SU, % 

0.3 34770 2.5 ZrCa 
0.1 31410 1.6 

0.3 26920 2.9 ZrNa 
0.2 23260 1.0 
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The energy of activation of interaction between different metals and oxygen is in the range: E = 

100 – 200 kJ/mol [8]. At T* = 867 K from the equation (4) we have Tm
f – T* = 73.5 K at E = 100 kJ/mol 

and Tm
f – T* = 33.7 K at E = 200 kJ/mol. 

The heat capacity of studied mixtures of barium nitrate with different metals at the temperature 

867 K is as follows: 

Cp = 1.04 – 1.18 kJ/kg K for barium nitrate/magnesium mixture; 

Cp = 0.68 kJ/kg K for barium nitrate/zirconium mixture; 

Cp = 0.88 kJ/kg K for barium nitrate/titanium mixture; 

Cp = 0.81 kJ/kg K for barium nitrate/chromium mixture. 

The heat-generation during the chemical reaction in the critical section, calculated according to 

formula (6), is 23 – 87 kJ/kg, what corresponds to the heat of melting 11 – 43 % for barium nitrate. 

Therefore even in those cases when the value of hm is a bit lower than the value of h' (as for Ti/Ba(NO3)2 

mixture) the temperature in the critical section of the burning wave coincides with the melting 

temperature for barium nitrate Tm = 867 K, and a part of barium nitrate is in a melted state. 

5. Discussion 

Accuracy of estimation of the parameters hm and qm depends very much on the reliability of the 

initial data on the burning rate. If we compare the data from Tables 7 and 9 for Zr/Ba(NO3)2 mixtures, we 

can see that change in the values of the burning rate on ± 1% results in changes in estimation of hm on 5%. 

The authors in [4 – 6] say that the error of the values of the burning rate (which they have 

obtained) for pyrotechnic mixtures is 3 – 5%. Therefore the error of estimation of hm and qm , obtained as a 

result of approximation of experimental data by the equation (5), can be 15 – 25%. Since h' < hm < h" for 

the majority of estimations in Table 7 and h"/h' = 1.32 – 1.34 for stoichiometric mixtures according to 

Table 6, one can affirm that the chemism of the ignition process for mixtures of barium nitrate with 

metals in the critical section of the burning wave depends on the initial stage of decomposition of barium 

nitrate during its melting. 

Therefore for mixtures of barium nitrate with metals we can use the approximation hm ≈ h" and to 

estimate the temperature coefficient of the burning rate we can use the following equation: 

hh
Cp

T −
=

"
β , 

The parameter hm can depend on many factors: П, XM, dM, dO. 

As one can see from Table 7 for Mg/Ba(NO3)2 mixture at XM = 0.317,  

dM = 130 μm and dO =120 μm the parameter hm depends linearly on the porosity: 

hm = 565 + 650 П, kJ/kg 
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and the dependence qm (П) passes through a maximum at П = 0.2. 

From the other hand, as one can see from Table 8, the use of the fixed value of hm = 650 kJ/kg for 

all the types of Mg/Ba(NO3)2 mixtures does not lead to changes in the error of description of the initial 

experimental data, and the influence of different factors on the burning rate in this case is expressed in the 

following dependence 

qm (П, XM, dM, dO). 

When using the fixed value of hm = 650 kJ/kg the appearance of the dependence qm (П) changes. 

At П = 0.3 the value of qm decreases on 11% and at П = 0.2 and 0.02 the values of qm practically 

coincide. The fact that the ratios of mass burning rates uρ at the same temperature within measurements 

error coincide: 

uρ (П = 0.02)/ uρ (П = 0.2) = 0.994 ± 0.023 – this fact confirms the independence of hm and qm 

from П in this range of porosity values. 

The dependence qm (dM) at XM = 0.317, П = 0.2, dO = 120 μm in the range dM = 18 – 182 μm is 

reproduced by the following equation: 

Mrefm

m
dq

q 158846.0 += . 

The dependence qm (XM) at П = 0.2, dM = 130 μm dO = 120 μm passes through a maximum at XM 

= 0.5 and in the range XM = 0.217 – 0.5 it is reproduced by the following equation: 

097.046,3 −= M
refm

m X
q

q
. 

Increase in the diameter of the sample in a paper shell from 15 to 23 mm results in some increase 

in the value of qm: qm/qm ref = 1.076 after reducing to equal values of П and dM. The material of the shell 

influences the burning rate very much. To maintain stable combustion, when using a copper shell with 

high heat conductivity, it is necessary to increase the value of qm on 31.5%; the sample was unable to burn 

at T ≤ 293 K. 

The value of hm and qm for Zr/Ba(NO3)2 mixture in Table 7 indicate the opposite behaviour of 

dependences qm(П) for ZrСa and ZrNa. When we use the mean value of h = 358.6 kJ/kg for both types of 

zirconium, the value of qm decreases as the porosity decreases. The ratio qm (ZrNa)/ qm (ZrCa) = 0.774 at 

П = 0.3 corresponds roughly to the ratio of contents of active zirconium in initial powders. 

Besides the random error SU = 3 – 5%, more serious systematic errors are possible during the 

burning rate measurements. These errors are caused by the lack of identity in the conditions of heat-

exchange. In works, which are cited in this paper, to maintain the given temperature the samples were 
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placed into massive metal capsules during thermostatting and following measurements of the burning 

rate. 

However at room temperature the measurements were sometimes done without placing the 

sample into the metal capsule – this resulted in serious changes in the conditions of heat-exchange 

between the burning sample and the surroundings. 

The biggest mean square error of approximation of the experimental data SU = 4.9% was 

obtained for Cr/Ba(NO3)2 mixture. If we reject the experimental point at T = 293 K, the approximation of 

the rest experimental data with the help of the equation (5) will give the following values of the 

parameters of the critical section of the burning wave: hm = 613.6 kJ/kg, qm = 1994 kJ/m2s, SU = 1%, T* = 

1001 K. 

These results show that for stable combustion of Cr/Ba(NO3)2 mixture it is necessary to have a 

higher degree of decomposition of the oxidizer in the critical section of the burning wave than that for 

mixtures of barium nitrate with magnesium, zirconium, and titanium. 

The calculated value of the burning rate at T = 293 K is 15% higher than the experimental one 

when using the value of hm = 613.6 kJ/kg and the value of qm = 1994 kJ/m2s. 

Besides the lack of identity in the conditions of heat-exchange there may be another explanation 

of this deviation – at T = 293K a low temperature spotted combustion is realized. This mode of 

combustion is realized most obviously during nitroglycerine powder combustion [9]. 

In work [10] this explanation is confirmed. In work [10] it is shown that under normal conditions 

barium nitrate/aluminum mixtures do not burn but mixtures of barium nitrate with aluminum/magnesium 

alloy burn with strong pulsation – flashes lasting some fractions of a second alternate with extinctions 

lasting up to two seconds. 

Thus for mixtures of barium nitrate with magnesium, zirconium and titanium the mechanism of 

combustion is determined by the initial stage of decomposition of the oxidizer at its melting temperature 

T = 867 K and for stable combustion of barium nitrate/chromium mixture a higher degree of 

decomposition of the oxidizer is needed. 
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ABSTRACT 

 

This paper details the collaborative work carried out by BAE SYSTEMS, Land Systems (formerly Royal 
Ordnance), DuPont™, ARCO® and Pionér Fristads. Following an incident on a Land Systems site a 
comprehensive review of Personal Protective Clothing for protection against fire hazards was undertaken. 
It was realised a systems approach was required in order to analyse the complex requirements of 
candidate solutions. A figure of merit and hazard assessment technique were derived to assist in 
benchmarking assessments thereafter comparative tests were carried out to evaluate the effectiveness of 
traditional versus aramid PPE garments. These tests showed that a multi-layer aramid system of garments 
would greatly enhance protection against fire hazard for pyrotechnic and propellant handling processes. 
These findings were confirmed by tests carried out at DuPont’s™ THERMO-MAN® and ARC-MAN® 
facilities in Geneva, Switzerland. These tests indicated a reduction in total third degree burns from 72% to 
42% body surface area. 

 
1 Introduction 

The current personal protective equipment (PPE) that constitute the main garments providing protection 
against fire and flame within BAE SYSTEMS, Land Systems are Proban® coated cotton garments. This 
standard of protective clothing was introduced in the 1980s. The company has now undertaken a review 
of the new technologies used to protect employees from such hazards was undertaken. This paper details 
the work carried out in this review. 
 
This review has identified that, since the adoption of Proban® flame retardant cotton garments as the 
standard across the old Royal Ordnance organisation, significant advances have been made in the 
provision of flame retardant fabrics and garments.  Extensive collaborative testing and design work with 
suppliers of these garments have allowed Land Systems to roll out a pilot programme of improved PPE, 
to gather further data on the new garment regime before a full roll out is carried out. The areas chosen for 
this pilot scheme are also the high risk areas where protective engineering solutions are less viable and 
where PPE constitutes a significant level of overall protection provided. 
 

2 Best Practice 
This project started with a review of current technologies being used by other pyrotechnic manufacturers 
in the UK. The practice within Land Systems at the time was to provide a single layer of Proban®. From 
this best practice review it was decided to pursue the option of increasing the level of flame retardancy of 



 494 

the PPE regime by procuring garments that are intrinsically flame resistant rather than a flame retardant 
treatment to the fabric. Other differences noted from the Land Systems practice was that a layered 
approach was being utilised on other manufacturer’s sites  that tailors the level of protection against the 
quantity and type of energetic material being handled.  
 

3 Flame Retardant/Resistant Technologies 
The most common flame retardant technology is organophosphorus treated cloth. Cotton cloth is treated 
with organophosphorus and nitrogen containing species to produce fabrics that are inexpensive to 
manufacture but have relatively low resistance to ignition, low char strength, shrinkage and loss of 
effectiveness when washed and the possibility of partial removal of the treatment if washed incorrectly. 

The typical fabric weights of these materials are in the range of 300-450g/m². 

 Examples of commercial organophosphorus flame retardant treatments are; 

• Flamemaster™ range supplied by Carrington Group 

• Proban® treatment – licensed finishers using Albright-Wilson’s process 

• Pyrovatex® treatment – licensed finishers using CIBA-Geigy’s process 

This low cost flame retardant technique is widely used for domestic situations where flame retardancy is 
required (e.g. furniture) but is proven to have low effectiveness in high temperature situations.   

There is a clear difference to be drawn between flame resistant and flame retardant technologies; in that 
the resistance to flame is inherent in the molecules of the fabric rather from any surface treatment. One 
type of molecule that displays this technology are the aramids. Aramids are a family of nylon type 
materials, including KEVLAR® branded para-aramid and NOMEX® branded meta-aramid, which can be 
spun into excellent fibres and then in turn woven or knitted into intrinsically flame resistant fabrics. 
Unlike organophosphorus treated the flame resistance cannot be washed out of aramid fabrics; because 
their flame resistance is an inherent property they can be used until they are worn out.  All aramids have 
good ignition resistance, do not melt or shrink in flame (rather carbonising at very high temperatures) 
have good resistance to shrinkage when washed and good abrasion resistance. Aramid based clothing is 
widely used in process industry and by fire fighters, racing drivers and, increasingly, by the armed forces 
for applications ranging from ground crew suits through to tank-crew coveralls. 

The typical fabric weights of the aramid materials are in the range of 180g-350g/m2 

Examples of commercially available flame resistant aramid based fabrics include: 

• NOMEX® supplied by DuPont™ 

• Kermel® supplied by Kermel 

• Vulcan® supplied by Klopman 

Land Systems selected NOMEX® as a very promising fabric to test, NOMEX ® is meta-aramid supplied 
by DuPont™  and consists of aromatic rings with amide links as shown in Figure 1. KEVLAR® is para-
aramid and also consists of aromatic rings with the amide links in the positions shown below in figure 1. 



 495 

 

4 PPE as a system (Figure of Merit) 
From the early stages of the review it was apparent that PPE must be tailored to the needs of a particular 
process, it would be inappropriate to ask all operators to wear a full aluminised suit where dexterity and 
manoeuvrability were key requirements; as the hazards of the process would not be matched to level of 
protection provided. It is recognised that wearing a high level of PPE may be uncomfortable to wear, 
expensive to maintain and difficult to care for. In order to balance these conflicting requirements a Figure 
of Merit structure was derived and entered into a Figure of Merit (see reference i) Spreadsheet in order to 
asses candidate PPE regimes.  

4.1 Structure 
The Figure of Merit (FoM) technique gathers data at the lowest level of the structure illustrated at Figure 
2 and combines successively higher levels of data to derive a scenario specific rating for a particular 
candidate. By answering questions pertaining to the lower levels of the structure the more abstract 
measures of performance can be derived. 

 

Figure 2; Figure of Merit Structure for PPE Assessment 

4.2 Scenarios 
As mentioned above, each process has a different set of requirements for its PPE. The FoM technique 
captures this by the application of process / scenario specific weightings at each combination point.  

 
Figure 1. Meta and Para aramid.
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These normalised weightings sets are derived from a Pairwise Comparison questionnaire and in order to 
capture the perceptions of various population sets from Land Systems were asked to complete the process 
and return the data for analysis. The data was analysed to give a set of PPE importance weightings by job 
role, a summary of the top level viewpoint can be seen below in Figure 3 below. 
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Figure 3; Summary of PPE weightings by Job Role. 

This data has assisted in mapping candidate PPE regimes against processes. 

4.3 Assessment of PPE systems 
Several candidate PPE systems were assessed using the FoM technique and an initial 
analysis undertaken to determine their characteristics. This exercise provided the responses 
of several systems for one scenario, the tabular responses generated by the FoM spreadsheet 
are shown in Figure 4  
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Figure 4 Example of a FoM result for candidate PPE System 

By further populating this spreadsheet with additional process weightings (scenarios) and 
candidate PPE regimes an assessment of PPE versus process can be made and the correct 
choice of garments verified for each process.  

5 PPE versus Hazard Mapping 
In addition to this systems based analysis a supplementary questionnaire was derived to 
examine the relationship between hazard and the amount of PPE worn by an operator.  The 
questionnaire was distributed to all of the Land Systems sites and a selection of responses 
received.  An arbitrary scale of hazard was derived categorising a process based upon; 

• Type of explosive being handled. 

• Main Hazard Type associated with a process 

• Mass of explosive materials being handled 

• Number of personnel involved in process (and exposed to hazard) 

Then a similar scoring exercise was derived for the PPE provision for the same process, 
examining the following factors, 

• Type of Fire Retardant/Resistant Garments provided. 

• Fire Retardant/Resistant Technology employed. 
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• Type of Head Protection provided. 

• Type of Face Protection. 

• Type of Apron. 

• Footwear requirements. 

• Whether socks are issued. 

• Types of undergarments issued. 

• Design of Gloves issued. 

• Maintenance operators Garments 

• Visitor’s Garments 

• Visitor’s Footwear 

By multiplying the individual scores for process hazard and deriving a similar product for the 
PPE regime then plotting log hazard versus log PPE, a relationship between hazard and PPE 
can be established see Figure 5. Once these levels are verified the use of this type of mapping 
will give a systematic way of assessing PPE provision across processes and sites. 
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Figure 5; Hazard versus PPE plot for various fire hazard processes. 
 

6 Trials 
In order to gain some comparative data on the performance of PPE regimes against pyrotechnic materials 
some simple trials were performed. The trials utilised a fibre-glass mannequin approx 180cm in height 
dressed in the candidate PPE. The mannequin was subjected to the effects of pyrotechnic ignitions in 
several realistic scenarios. Thermocouples placed underneath and over the PPE measured the temperature 
difference across the protective clothing layers. A thermal imager was also used to measure the resultant 
fireball. A video recording was also taken for subsequent study.  

During the initial trials the mannequin remained static as the energetic events were less than a second in 
duration. In later tests where the duration of the event extended to as much as eight seconds the 
mannequin was removed from the event with a lanyard mechanism in order to simulate the ‘flee’ 
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response. The inspiration for this ‘flee’ response was from the work carried out by the Health and Safety 
Laboratory (see reference vii). Whilst these tests were crude they gave valuable data to the size and shape 
of any fireball, speed of takeover and a comparative response of the PPE used. 

6.1 Trial number 1 February 2005 
The first trials performed studied the behaviour of a pyrotechnic tracer priming composition, containing 
barium peroxide and magnesium powder. A quantity of 1.6kg of the tracer priming composition was laid 
out loose onto a fire brick burning hearth and ignited with an electric fusehead. The mannequin was 
dressed in an off the shelf flame resistant aramid coverall, a long aluminised apron with a rayon backing, 
polycarbonate face shield (no chin guard), cotton gloves, sturdy boots and a Proban® cap. 

Despite the fact that the resultant pyrotechnic event lasted for approximately one second the mannequin 
still sustained significant ‘injuries’ particularly around the face and hand. It would appear that the 
particular type of face guard employed, which had no chin protection merely funnelled the fireball 
produced by the event around the operator’s face and, in all probability, provided no real benefit to the 
level of protection provided in this particular scenario and it is debateable whether the level of injury was 
increased due to the provision of poorly selected PPE.  In addition the provision of cotton gloves merely 
prolonged the event as they were readily ignited by the short intense flame and gave rise to a longer 
exposure to high temperatures. The temperature measured at the mannequin’s skin by the thermocouple 
was 210°C within the glove and 90°C at the stomach. Exposure to these measured temperatures for the 
observed duration would have resulted in second degree/partial thickness burns at the stomach and third 
degree/full thickness burns at the hand.   

6.2 Trial number 2 February 2005 
This trial was conducted as trial number 1 with 1.6kg of tracer priming composition; however this time 
the mannequin was wearing a brand new, Proban® tunic top with a short sleeve cotton polo shirt 
underneath, Pyrovatex® trousers, Proban® apron, polycarbonate face shield with chin guard, sturdy boots 
and a Proban® baseball cap. 

Again electric thermocouples were attached to the mannequin, one on the outer surface of the garments 
and the other attached to the ‘skin’ of the mannequin. In this instance the thermocouples were located at 
the mannequin’s torso and at the shoulder. 

It was noted that very high internal and external temperature readings were recorded during the first PPE 
trial and given the similar nature of the trial it would be reasonable to expect a similar result, however on 
the second occasion comparatively lower temperatures were recorded at the mannequins skin; a 
maximum of 64°C at the midriff and only 20°C at the shoulder It is not suggested that this is reflective 
upon the performance of the PPE regime but indicative of another factor, that of prevailing conditions.  
On the second occasion the mannequin was not fully enveloped in the fireball as was seen in the first trial. 
The flame plume was observed to rise vertically, effectively avoiding the mannequin and it was this factor 
that influenced the experiment and produced the lower temperature readings. 

However, despite this apparent difference the test did demonstrate some key findings. There was very 
little injury to the mannequin’s face, the chin protection had served its purpose. The Proban® tunic top 
suffered perforations at the shoulder (it would appear that a fold in the fabric intensified the heat, allowing 
it to burn through the fabric) causing burns to the cotton polo shirt beneath. The Proban® tunic top also 
allowed burning to the collar and neck of the polo shirt beneath as it has a tendency to fall open and 
expose the garment / skin beneath. The second test had demonstrated that there is a degree of variation 
associated with the level of injuries that an operator may sustain in an accident given a fixed scenario.  
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Although the maximum absolute temperatures observed in this trial were lower than previous trials they 
can be of little comfort as they represent poorer overall temperature reduction when compared with the 
previous trial. It must also be observed that in this instance there was an additional layer of ‘protection’ 
provided, albeit only a cotton t-shirt, that would further reduce the internal temperatures observed. 

6.3 Trial number 3 June 2005 
This trial was designed to consider the effects of high temperature and longer duration events such as the 
ignition of propellants, 12kg of slotted stick propellant was laid on a standard height bench. For these 
longer duration events it was decided to instigate a simple ‘flee’ response in the mannequins by using a 
lanyard to remotely remove the mannequin after an appropriately brief exposure to the flame.  

Given the previous damage sustained by the PPE, the suppliers of the NOMEX® garments recommended 
that two NOMEX® fabrics were tested; NOMEX® Tough Rip-Stop (220g/m2 )and NOMEX® Ti-
Technology™ (270g/m2), these fabrics included KEVLAR® fibres and P130 carbon fibres to improve 
mechanical strength after heat exposure and discharge of electro static build-up. NOMEX® Ti-
Technology™  fabric represents new weaving technology developed by Hainsworth fabrics in the UK. 

This test consisted of two separate firings evaluating the response of three PPE combinations. 

6.3.1 Firing Number 1 
12kg of Slotted stick propellant, was laid out on a standard work bench and two mannequins stood next to 
the bench. In this instance the mannequins were equipped with NOMEX® coveralls, one mannequin 
wearing the NOMEX® Tough rip-stop and the other with NOMEX® Ti-Technology™ , both with a long 
sleeve NOMEX® Comfort polo shirt (205g/m2) beneath to provide extra protection. The first mannequin 
was equipped with the following garments 

• A NOMEX® Comfort Long Sleeved Polo Shirt. 

• A NOMEX® Tough Rip-Stop Coverall1. 

• Long legged cotton ‘long-johns’. 

Whilst the second mannequin wore; 

• A NOMEX® Comfort Long Sleeved Polo Shirt 

• A NOMEX® Ti-Technology™  Coverall. 

• Long legged cotton underwear. 

Initiation of the propellant was facilitated by Davey-Bickford electric fuse head. The event lasted for 4 
seconds but the mannequins were exposed to the ensuing fire for only 2.0s (to represent an operator’s 
reaction time) before being remotely removed from the flame by way of a lanyard. 

The results from the temperature profile from the internal and external thermocouples on the NOMEX® 
coveralls as shown in Figure 6 it can be seen that both the NOMEX® Ti-Technology™ and the 
NOMEX® Tough Rip-Stop reduced the temperature seen on the internal thermocouple compared to the 
temperature recorded on the external thermocouple. 

                                                           
1 NOMEX® Tough Rip-Stop is a blend of NOMEX® and KEVLAR ® aramid fabrics that provides a flame 
resistant garment that has a KEVLAR® gridding to prevent break open of the garment due to the force of an event. 
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Figure 6 Temperature profile of NOMEX® Ti-Technology™  and NOMEX® Tough Rip- Stop 

6.3.2 Firing Number 2 
This test was repeated with a third mannequin, equipped with Proban® PPE as below; 

• Proban® tunic top  

• Pyrovatex® trousers 

• Cotton polo shirt (short sleeves)  

• Pair of short – legged cotton undergarments. 

A similar assessment technique was made of the Proban® PPE and alarmingly the cotton polo shirt 
underneath the Proban® tunic caught fire. This meant that temperatures of over 300°C were recorded on 
the internal thermocouple, this is essentially the temperature that skin would see in the same situation and 
this would result in third degree burns. See Figure 7 for temperature profile of the Proban® garments.  

 
Figure 7 – Temperature Profile of Proban® 
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Summary of trials 

Expt PPE Regime Energetic 
Material 

Qty 
(kg) 

Duration Layout Results 

1 Aramid coverall 
Aluminised apron 
Proban® cap 
Polycarbonate face 
shield (no chin 
guard) cotton gloves. 

Tracer 
priming 
composition 

1.6 1s Loose 
material on 
firebrick 
burning hearth 

Internal Recorded 
temperatures of 
210°C at the hand 
and 90°C on the 
torso 

2 Proban ® Tunic 
Short sleeve cotton 
polo shirt 
Pyrovatex ® trousers 
Proban® Apron 
Proban® cap 
Polycarbonate  face 
shield (with chin 
guard) 

Tracer 
priming 
composition 

1.6 1s Loose 
material on 
firebrick 
burning hearth 

Internal Recorded 
temperatures of 
64°C on the torso 
and 20°C at the 
shoulder 

3.1 NOMEX® Ti-
Technology™  
Coverall 
NOMEX® Comfort 
long sleeve polo shirt  
 
NOMEX® Tough 
Rip-Stop Coverall, 
NOMEX® Comfort 
long sleeve poloshirt 

Slotted Stick 
propellant 

12 4s (2s 
exposure) 

Loose 
propellant laid 
out on a 
standard 
height bench 

Internal Recorded 
temperatures of 
50°C on the torso – 
NOMEX® Tough 
Rip-Stop 
30°C on the torso – 
NOMEX Ti-
Technology™  

3.2 Proban ® Tunic 
Short sleeve cotton 
polo shirt 
Pyrovatex® trousers 
Proban® cap 

Slotted Stick 
propellant 

12 4s (2s 
exposure) 

Loose 
propellant laid 
out on a 
standard 
height bench 

Internal Recorded 
temperatures of 
320°C on the torso  

 

6.4 THERMO-MAN® Tests 
Whilst useful the type testing carried out with thermocouples and a fibreglass mannequin do not tell the 
whole story of the protection that can be gained from different PPE garments. As the trials describe the 
same event has given different external temperatures depending on several different factors. There was a 
need for a comparative test that could be carried out under standard conditions that could be repeated.  

THERMO-MAN® is a highly instrumented 6ft 1in (181cm) high temperature composite manikin 
developed by DuPont™. THERMO-MAN® has 122 sensors and a series of 12 gas burners are used to 
apply a controlled heat flux to the test dummy for a given duration. The data acquisition system for 
THERMO-MAN® records a temperature profile of the 122 sensors at half second intervals. Data is then 
collected from the sensors both before and after the flames, measuring the heat transmitted from the 
flames through the test garment to the surface of the body. A computer programme then predicts the 
amount, degree and location of second and third degree burns a wearer might sustain if exposed to a 
similar flash fire. 
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For the tests that DuPont™ carried out for BAE SYSTEMS / Arco® / Pionér Fristads it was decided to 
carry out a 6 second test, a heat flux of 84Kw/m2 and a temperature of 1000°C. This energy is a 
combination of radiant and convection thermal flow. For comparison other test durations have been 
calculated as 4 seconds from the risk assessment for offshore oil / gas platforms as the time to escape an 
offshore incident, similarly this is 3 second in a fast jet fire and an 8 second test is used to simulate 
backdraft situations for the fire brigade. For our tests a duration of 6 second was selected as a 4 second 
duration test would be unlikely to show any difference between the NOMEX® solutions under test.  

The first test was carried out on a good quality Proban® boilersuit of similar specific weight to Land 
Systems’ current PPE garments (338g/m2) with a zip and press-studs. Underneath this garment the 
mannequin was equipped with a cotton t-shirt and cotton shorts, both of 175g/m2  

Following the 6 second test of the Proban® garments the mannequin suffered 72% total burn, of which 
40% full thickness / third degree burns. The Proban® was severely charred and fell off the mannequin 
(similar to results observed at Land Systems in PPE evaluation tests), Whilst the seams of the Proban® 
were still intact the rest of the garment was falling apart. The cotton t-shirt worn underneath the Proban® 
boilersuit had burn marks across its entire surface. 

The second test was of a NOMEX® Tough Rip Stop 220g/m2 boilersuit. This material has a grid of 
KEVLAR® woven through the NOMEX® to give additional strength and prevent an explosion ripping 
the garment apart and exposing the wearer to the subsequent heat. Underneath the boilersuit the 
mannequin was equipped with a short-sleeved NOMEX® t-shirt and long johns, both of 175g/m2 weight.  

Following a similar 6 second exposure it was observed that the flame retardant VELCRO® continued to 
burn after the main test had finished. This added to the calculated burn injury where the VELCRO® was 
in contact with the mannequin. The calculated burn injuries sustained in this test could be reduced by 
substituting the flame retardant VELCRO® for the more costly NOMEX® variant or the garment 
closures should be redesigned. The total burn injuries sustained by the mannequin when wearing this PPE 
regime were 62%, of which 24% third degree burn. Most of the burns were sustained where only one 
layer of NOMEX® was worn i.e. on the arms under the short sleeved t-shirt, if a long sleeve t-shirt had 
been worn the injuries would have been reduced by approximately 10% to ~52%. 

The third test used a lightweight Ti-Technology™ boilersuit (270g/m2) with a long sleeve NOMEX® polo 
shirt (205g/m2) and short cotton underpant underneath. The Ti-Technology™ NOMEX® variant is a 
novel weave of NOMEX® and KEVLAR®. 

Following the 6-second THERMO-MAN® test it was observed that the fabric ripples when subjected to 
this level of heat. The problem with the flame retardant VELCRO® was also evident with this test as the 
VELCRO® at the ankle continued to burn. However, the garment remained in one piece after 6 second 
burn. In this instance the mannequin suffered 42% total burns or 13% of third degree burn; considerably 
less than the 72% total burn injury suffered when wearing traditional ornganophosphorus treated cotton 
such as Proban®. 

6.5 ARC-MAN® Testing. 
The ARC-MAN® test rig is similar to the THERMO-MAN® test rig but applies an electrical arc to the 
garment or a fabric panel to simulate an electrical accident. This is clearly of great interest to utilities 
companies but is capable of generating much higher temperatures than those seen on the THERMO-
MAN® rig. The aim of this test was to replicate a short, very intense burst of energy similar to those seen 
previously with tests on pyrotechnic tracer priming compositions. 
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The ARC-MAN® test is similar to the American standard test and applies a high current (typically 6.5k 
amperes) for a short duration (600 milliseconds). Sensors are 30cm away. If an operator were to be 
exposed to this sort of scenario it is highly likely that the arc may start a fire on the operator’s person and 
the operator would not be able to move due to electric shock – high quality flame resistance is critical in 
these situations.  

The energy transfer imparted by the electric arc described above is 90% radiant heat and 10% convective, 
whereas a typical flame as seen on THERMO-MAN® is 50% radiant 50% convective. Using thermal data 
from the pyrotechnic tracer priming composition trials it was calculated that a 9.02kA, 1 second arc 
would provide a comparable energy output. A test was conducted at these settings to replicate a 
pyrotechnic flash event. The ARC-MAN® test model was then used to predict the extent of injury using 
different PPE regimes.  

The same three PPE combinations were tested on the ARC-MAN® rig; following these tests the Ti-
Technology™ system gave the best effectiveness.  In order to further improve the level of protection 
given it was suggested that Ti-Technology™  coverall could be lined with a light weight NOMEX® 
comfort (110g/m2), this would perform two functions it would increase the protection but would also 
protect the KEVLAR® backing of the Ti-Technology™  fabric and thus prolong it’s life. It would also 
make the garment more comfortable to wear if “long johns” are not to be made mandatory. 

 
7 THERMO-MAN® Results 

 FR Cotton Proban®  NOMEX® Tough NOMEX® Ti-
Technology™  

2nd Degree Burns 32% 38% 29% 

3rd Degree Burns 40% 24% 13% 

Total Burns 72% 62% 42% 

Table 1: Summary of PPE coverall performance in THERMO-MAN® tests 
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Figure 8 – Burn Injury prediction results from THERMO-MAN® 

 

Figure 9  - Graph of Percentage Survivability against age group 

The percentage burns plots are calculated from the temperature recorded underneath the PPE. This is then 
correlated back to a percentage survival probability for different age groups. The survival probability 
changes with age, due in part, to the body’s ability to regenerate cells.  
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It can be seen from the above graphs that the percentage of total burns and third degree burns are 
significantly reduced in the NOMEX® Ti-Technology™  concept (42% total, 13% third degree burns) in 
comparison to the Proban® garment (72% total, 40% third degree burns). This is reflected in the 
percentage survival probability across different age groups. The Proban® garment percentage survival 
probability decreases to only 22% in the 50-59 age range compared to a survival probability of 75% for 
the NOMEX® Ti-Technology™ garment.  

8 Conclusion 
The initial conclusion of this review, based on both the THERMO- MAN® and energetic materials trials 
is that one single layer or Proban®, or similar organophosphorus flame retardant cotton, whilst providing 
a basic level of protection, enhanced protection from the high temperature and high heat flux events of 
burning pyrotechnics and propellants, can be achieved. Inherently flame resistant fabrics such as 
NOMEX® greatly increase the thermal protection with novel fabrics such as NOMEX ® Ti-
Technology™  giving the best protection, however such garments should not be looked at in isolation, 
they should be considered but as part of a system. It is important that they integrate to give the best 
protection for the wearer. All factors also need to be taken into account when designing the best PPE 
system; protection, ease of use, care for the working environment and the energetic material hazards, as 
well as through life costs. 
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ABSTRACT 
 

Nitrocellulose (NC) is the main high-energy ingredient of many gunpowder, explosives, and solid 
propellant compositions. The thermal decomposition of NC had previously been studied in our laboratory 
using DSC, TG, accelerating rate calorimetry (ARC), heat flux calorimetry (HFC) and simultaneous TG-
DTA coupled to FTIR and mass spectrometry (TG-DTA-FTIR-MS). 

In earlier ARC and HFC studies, the onset temperatures obtained for the thermal decomposition 
of NC were shown to be substantially lower than those obtained by DSC, TG and TG-DTA. This 
difference in onset temperatures was attributed to the larger sample mass used in the ARC and HFC 
measurements, as well as the adiabatic capability of ARC and the higher sensitivity of HFC. The results 
obtained from ARC and HFC were found to be more representative of large-scale manufacturing 
processes than the small-scale techniques (DSC, TG and TG-DTA). In this study, additional ARC 
experiments were performed to further investigate NC thermal decomposition under isothermal 
conditions. Isothermal ARC experiments in air and in argon were performed at various temperatures 
between 90 and 115 °C. Kinetic information was derived from an analysis of the induction time for 
thermal runaway at different temperatures. The kinetic parameters determined are compared with the 
literature values for NC, as well as those obtained from an isothermal (155 - 170 °C) TG-DTA-FTIR-MS 
study recently conducted in air and in helium. 

Earlier HFC studies, performed at various pressures of argon between ambient and 27 MPa, 
showed that the onset temperature for NC thermal decomposition decreased with increasing initial 
pressure. This effect of pressure on the NC decomposition has implications on the safety of pressing 
processes for both single-base and double-base propellants. To quantify this dependence of onset 
temperature on pressure, ARC experiments were also performed on NC at various initial pressures 
between ambient and 14 MPa. Identical experiments were performed in both air and argon. In addition to 
bare NC, binary mixtures of NC and nitroglycerin (NG) were also studied using ARC. The results 
obtained in air and in argon are compared to differentiate the effects introduced solely by pressure from 
those associated with the presence of oxygen in the system. 

 
 
 

1. Introduction 
 

At high nitration levels, nitrocellulose 
(NC) has been used extensively as a principal 
ingredient in a wide variety of energetic 
materials, particularly in propellants where it is 
often used in conjunction with nitroglycerine 
(NG). Although much data exists in the 
literature on the thermal stability and on the 
kinetics of NC thermal decomposition, 
unexpected ignitions of such propellants are still 

not uncommon, particularly during pressing 
operations. 

Historically, many different small-scale 
techniques have been used to study the thermal 
decomposition of NC. These have produced a 
wide range of kinetic and thermal parameters 
applicable in different temperature ranges, thus 
revealing the complexity of NC thermal 
decomposition and the resulting formation of a 
large number of product species. 

Many models and much of the historical 
literature have assumed that the kinetics of NC 
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decomposition is autocatalytic [1] or first-order 
autocatalytic [2].  The decomposition process 
however may not be so simple, and convincing 
arguments have been given to the effect that two 
rate laws seem to be required to sufficiently 
describe the decomposition process: first-order 
autocatalytic, and simple second-order [3]. 

Much of the available data has been 
reviewed by Brill and Congwer [4] in an attempt 
to extract kinetic information applicable to 
different temperature ranges. In the 100 – 200 
°C range, they found that most of the existing 
data could be reconciled by plotting the natural 
logarithm of the pre-exponential factor as a 
function of the activation energy. This plot 
revealed that most of the historical data 
correlated on two separate straight lines (so-
called kinetic compensation lines) they 
associated to the autocatalytic and first-order 
processes. 

Part of the difficulty for the prediction 
of incidents in propellant pressing operations 
lies in both proper translation of the results from 
such small-scale experiments to manufacturing 
scales and in the very few thermal stability 
studies performed at elevated pressure. In the 
present work, the thermal decomposition of NC 
was studied both by a small-scale TG-DTA-
FTIR-MS technique and by Accelerating Rate 
Calorimetry (ARC). This last technique being 
adiabatic and somewhat larger scale, it is 
expected to be more representative of 
manufacturing scale. In both cases, kinetic 
information was derived from isothermal 
experiments and compared to existing literature 
values. Using the ARC technique, the effect of 
pressure on the onset temperature for thermal 
runaway in NC was also studied up to 14 MPa in 
both air and argon. This elevated pressure study 
was also extended to a double-base NC/NG 
system and the observed behavior in this case is 
also reported.   
 
2. Experimental 
 
2.1 Sample preparation 
 

The C1 grade NC sample used in this 
work was manufactured by Green Tree 
Chemical Technologies Inc. and was supplied by 
Expro Technologies Inc. Since it was shipped in 

wetted form, the excess of water was first 
removed by filtration. Drying was then achieved 
by leaving the resulting small sample in a 
desiccator for one week. The nitrogen content of 
the sample was determined to be 13.14 mass % 
by Expro Technologies Inc. 

The NC/NG samples were prepared by 
Expro Technologies Inc. by mixing the required 
amount of neat NG with about 20 g of C1 grade 
NC (13.15 % nitrogen) and 100 mL of 
acetone.  The combination was mixed at regular 
intervals for 4 hours with a wooden spoon.  The 
mixture was then transferred onto a stainless steel 
plate.  The average thickness of the NG/NC blend 
was about 2 mm. The product was left to dry at 
room temperature in a fume hood until the 
required solvent residual content was obtained 
(about 3 days).   The material was then peeled off 
and broken manually into small pieces. 

The determination of NG content was 
accomplished using an internal method [5].  In 
summary, about 0.5 g of sample was dissolved, 
under sonication, for 1 hour, in a mixture of 
methanol and acetonitrile (1:2).  An aqueous 
solution of calcium chloride was added to 
precipitate the NC.  The solution was then 
filtered and analyzed by HPLC fitted with a C-
18 RadialPak column (8 mm x 10 cm, 4 
microns) using a photodiode array detector.  

The determination of residual solvents 
and water was accomplished using the Mil-STD-
286C method 103.5.2 [6].  The solvents and 
water were extracted by agitating about 1.0 g of 
sample material in 25 mL of an extraction 
mixture (25% butanone-2 and 75% butanol-2) 
for a period of 4 hours.  The solution was then 
analyzed using a gas chromatograph fitted with a 
2 metre column filled with Porapak Q, (80/100 
mesh) stationary phase.  The NC content was 
obtained by difference.  The results of the 
analyses are shown in Table 1. 

 
 

Table 1 Composition (mass %) of 
NC/NGsamples 

 
Sample NC NG H2O Ethanol Acetone 
NC/NG 
90/10 

87.2 
 

9.0 
 

0.36 
 

1.51 
 

1.92 
 

NC/NG 
70/30 

68.1 
 

30.9 
 

0.16 
 

0.34 
 

0.52 
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2.2 Isothermal simultaneous TG-DTA-FTIR-
MS measurements on NC 

 
A TA Instruments 2960 simultaneous 

TG–DTA interfaced to a Bomem MB100 
Fourier Transform Infrared Spectrometer (FTIR) 
and a Balzers Thermostar GSD300 Quadrupole 
Mass Spectrometer (MS) was used. This system 
has already been described in detail elsewhere 
[7]. The TG-DTA-FTIR-MS data were acquired 
simultaneously to study the thermal behavior of 
the samples and to identify the gases that 
evolved while the samples were heated. Sample 
material of approximately 5 mg was placed in an 
alumina pan. In the reference alumina pan, an 
equivalent mass of platinum foil was used. The 
sample and reference were heated at 20 °C min-1 
to the chosen isothermal temperature (155, 160, 
165 or 170 °C), and then held constant for time 
periods from 250 to 900 min, depending on the 
temperature. The sample and reference were 
purged with either a 50 cm3 min-1 flow of dry air 
or 100 cm3 min-1 flow of helium. TG mass, DTA 
baseline and temperature [8] calibrations were 
performed prior the experiments. 

Due to the differences in gas purge rate, 
the acquisition rate of the FTIR was one scan per 
minute for air, and 2 scans per minute for 
helium. For the MS, the data were acquired 
using bargraph scans, from 5 to 100 amu (atomic 
mass unit) at a speed of 0.2 s/amu; hence a mass 
spectrum was acquired every 19 seconds. The 
electron multiplier detector was set at 960 V for 
acquisition. The MS was calibrated for mass 
alignment and amplifier signal. 

 
2.3 Isothermal ARC measurements on NC 
 

These experiments were carried out 
using an ARC instrument distributed by TIAX 
LLC (formerly known as Arthur D. Little Inc.). 
This instrument is used for the purpose of 
assessing the thermal hazard potential of 
energetic materials [9]. Adiabatic conditions are 
maintained in the instrument provided the rate of 
temperature increase does not exceed about 10 
°C min-1. Experiments were carried out using 
standard procedures already described in earlier 
publications [10, 11, 12]. 

For these experiments, samples of 0.5 g of 
dry NC were placed in lightweight spherical 

titanium vessels and experiments were 
performed with the instrument manifold closed 
in order to contain any pressure resulting from 
vaporization or decomposition of the sample. 
Experiments were conducted both in air an inert 
atmosphere (argon).  

For isothermal experiments, the sample 
was heated quickly (5 °C min-1) and equilibrated 
at the chosen isothermal temperature (Tiso). The 
latter was then held constant (± 0.05 °C), until a 
significant self-heating rate (R) was detected by 
the software (R > 0.01 to 0.02 °C min-1). Once 
self-heating was detected, the isothermal 
procedure was interrupted, and the calorimeter 
was allowed to track time, temperature, rate 
(calculated) and pressure. The data acquisition 
was programmed to stop if the pressure 
exceeded 6.9 MPa or if R exceeded 1 °C min-1. 
Experiments were repeated at various 
temperatures from 90 to 115 °C. 
 
2.4 ARC Heat-wait-search (HWS) 

measurements  on NC and NC/NG 
 

For all HWS experiments, the sample was 
heated quickly and equilibrated at the chosen 
initial temperature (80 °C). The temperature of 
the system was then raised by 2 °C increments. 
At each step, the system was maintained 
adiabatic during the “wait” period (15 min for 
dissipation of thermal transients) and the 
“search” period (15 min looking for an 
exotherm). An exotherm was defined as a self-
heating rate, R, greater than a pre-selected 
threshold value (0.01 to 0.02 °C min-1). Since 
exotherms are not detected during the “heat” or 
“wait” modes, the “true” value of the onset 
temperature for thermal runaway (To) is 
obtained by extrapolating to R = 0. Data 
collection was programmed to stop if the 
pressure exceeded a set value (up to 20.7 MPa or 
3000 psia), or R exceeded 0.5 to 1 °C min-1. 

 
3. Results 
 
3.1 Isothermal simultaneous TG-DTA-FTIR-

MS measurements on NC 
 

The results of typical isothermal TG-
DTA-FTIR-MS experiments in air are shown in 
Figure 1. The TG, DTA, DTG curves and the
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Figure 1 Isothermal: a) TG-DTA; b) FTIR; c) MS results for NC at 170 °C in air 
  
sample temperature are plotted against time in 
Fig. 1(a). A plot of the absorbance (Abs) versus 
time for the evolved gases detected by FTIR is 
shown in Fig. 1(b). The MS data are presented 
as ion current versus time for the selected mass 
fragments (Fig. 1(c)). 

As shown in Fig. 1, a mass loss and an 
exotherm accompanied by evolution of CO2, 
NO2, HCOOH, H2O, CO, NO, HNO2 and 
HCHO were observed in air. These evolved 
gases are consistent with those observed earlier 
from a preliminary non-isothermal TG-DTA-
FTIR-MS study for the thermal decomposition 
of NC [13]. To compare the relative 
concentrations of the evolved gases detected by 
FTIR, the absorbances were converted to 
concentrations relative to CO2 using the scaling 
factors determined by Brill et al. [14]. The result 
demonstrated that CO and NO had a higher 
relative concentration than NO2 and CO2. 

However, it is not clear which gases were the 
most significant, since such scaling factors are 
not available for all of the gases detected in the 
present work. The peak absorbances for all gases 
coincided with the peak of the exotherm and the 
DTG curve, with the exception of NO2. The NO2 
concentration peaked before the isothermal 
period. O-NO2 homolysis is generally 
recognized to be the initial step of NC 
decomposition [4], therefore NO2 is expected to 
be the first evolved gas product below 100 °C. 

The DTA curves obtained at various 
isothermal temperatures in air are compared in 
Figure 2. The maximum temperature difference 
(ΔT) increases, and the time to the maximum ΔT 
(tpeak) decreases with increasing temperature. 
Kinetic information can be derived from an 
analysis of the time for a particular event to 
occur in such isothermal studies. 
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Figure 2  Isothermal DTA results in air. 
 
This approach is based on the 

assumption that the time for a particular event to 
occur is inversely proportional to the rate 
constant [15, 16]. As shown in Figure 3, a plot 
of ln (tpeak) vs. 1/T yields a straight line of the 
form:  
                  ln (tpeak) = (Ea/RT) + ln B               (1) 

 
The derived kinetic constants Ea and A 

in which Ea is an apparent activation energy and 
A was set equal to 1/B are compiled in Table 2. 

The DTG, FTIR absorbance, and MS 
ion current curves also showed a similar 
dependence on Tiso and these data are also 
included in Figure 3, where the peaks in the 
DTG curves together with those in the FTIR and 
MS signals for CO2 were used to deduce kinetic 
constants (Table 2). 

The maximum absorbance (Absmax) 
obtained from the FTIR results was also used to 
determine kinetic information assuming the 
reaction rate is proportional to the detected CO2 
concentration. As seen in Figure 3, a plot of 
ln(Absmax) vs. 1/T also yields a straight line 
whose slope provides an evaluation of the 
activation energy. A value of E = 206 ± 5 kJ 
mol-1 was determined from a linear regression to 
this plot. 

 Figure 3 Plot of time-to-event and CO2 absorbance data in air. 
 

It can be observed from Table 2 that this value is 
significantly higher than those obtained using 
the tpeak method. 

Isothermal TG-DTA-FTIR-MS data was 
also obtained in helium. Compared with the 
results in air, those obtained in helium at Tiso = 
170 °C show lesser amounts of CO2, NO2, 
HCOOH, CO, NO and HNO2, while HCHO and 

H2O were not detected. Also, not enough of 
these product species could be detected at lower 
temperature (155-165 °C) to extract kinetic 
information in helium. Therefore, kinetic 
parameters in helium could only be obtained 
from the DTA and DTG curves. It can be seen 
from Table 2 that the calculated values are 
consistent with those obtained in air so that the 
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gas environment appears to have little influence 
in this temperature range. 

A model free kinetic (MFK) analysis 
using the Isokin software [17] was also 
performed on the TG-DTA results obtained in 
air, and the results are shown in Figure 4. Mean 
values of the activation energy and the pre-
exponential factor were calculated over the 
ranges where the activation energy remained 
approximately constant (Table 2). These kinetic 
parameters were found to be reasonably 
consistent with those obtained by other means in 
the isothermal study. From Table 2, it is also 
observed that these parameters do not depend 
strongly on the gas environment. For the DTA 
data obtained in helium, MFK analysis was 
attempted but it was found that only the two 
highest temperatures, 165 and 170 °C, provided 
meaningful results. However, this did not 
provide enough data to obtain reliable estimates 
of the activation energy by MFK analysis.  

Figure 4 Results for the model free kinetic 
 analysis. 
 
3.2 Isothermal ARC measurements on NC 
 
Based on a preliminary ARC HWS study [13] in 
which onset temperatures of the order of 120 °C 
had been measured for 0.5 g NC samples, 
isothermal experiments were performed at 90, 
95, 97.5, 100, 105, 110 °C in air at ambient 
pressure. The temperature-time records from 
these experiments are shown in Figure 5. This 
figure clearly shows that, after some induction 
time τ, the samples exhibited fast runaway type 
reactions. For each record, the induction time 
was computed as the time from the first arrival 
at the isothermal temperature to the time where 

the first significant departure from the latter was 
observed. 
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Figure 5 Temperature-time records of ARC 

isothermal experiments in air. 
 

Similar experiments were also 
performed in ambient argon. In this case, the 
manifold of the ARC instrument was flushed 
four times with high pressure argon and a slight 
overpressure of argon was left in the system 
when the manifold was closed. In argon, such 
experiments were performed at 105, 107.5, 110, 
and 115 °C and the corresponding temperature-
time records are shown in Figure 6.  

Figure 6 Temperature-time records of ARC  
 isothermal experiments in argon.  
 

It can be observed that, for the same 
temperatures, longer induction times are 
obtained in this case. Using the same approach 
as in Eqn. (1), Arrhenius-like plots of ln (τ) vs. 
T-1 were constructed for both series of 
measurements and are displayed in Figure 7. 
Linear regressions to both data sets provided Ea 
values (Table 2) much lower than those obtained 
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in the isothermal TG-DTA-FTIR-MS study. It 
should be noticed that the values obtained in the 
present isothermal ARC study are more 
consistent with those tabulated in ref. [4] in the 
T < 100 °C temperature range. 

Figure 7 Arrhenius plots of the ARC  
 induction time in argon and in air 

 
It should also be mentioned that similar 

measurements were also attempted at lower 
temperature in both in air and argon. In this case 
much longer induction times and/or much 
slower reactions were observed. This behavior is 
more consistent with that described in Ref. [4] in 
the T < 100 °C temperature range, which reflects 
more the thermal aging behavior of NC. 

 
3.3 ARC HWS measurements  
 

For dry NC, HWS experiments were 
performed at various initial pressures (0.1, 1.8, 
3.5, 7.0, and 13.9 MPa) in both dry air and argon 

and the results are summarized in Table 3. A 
typical example of the observed behavior is also 
shown in Figure 8. It is seen that, in air, a first 
mild exotherm is observed around 100 °C. The 
latter invariably coincides with a drop in 
pressure, which indicates that an oxidative 
process is taking place before the onset of the 
runaway exotherm. This is further confirmed by 
the fact that this behavior was not observed in 
the experiments performed under argon. 

The effect of increasing the air pressure 
from ambient to 13.9 MPa (2000 psig) is 
illustrated in Figure 9 a), where the self-heating 
rate is plotted as a function of the sample 
temperature. It can be observed that the onset 
temperature for runaway is reduced from 113 ± 
2 °C at ambient pressure to 106 ± 2 °C at 1.8 
MPa (250 psig) and that further increase in air 
pressure does not cause significant further 
reduction in To. The same trend is also noted for 
the initial reaction rate. 

The equivalent plot for experiments 
performed under argon is shown in Figure 9 b). 
In this case the observed behavior is more 
complicated: as the pressure is increased from 
ambient to 1.8 MPa, the onset temperature 
increases from 113 to 128 °C. The result at 7.0 
MPa is seen to be identical to that obtained at 
1.8 MPa while further increase of the pressure to 
13.9 MPa causes again a modest increase of the 
onset temperature. 

At ambient pressure of argon, two clear 
regimes can be observed. From 113 °C, the rate 
first increases very slowly up to 124 °C, where it 
starts to increase much more rapidly. 

 
Table 2  Comparison of kinetic parameters obtained in the present work for NC 
 

Method Ea/kJ mol-1 ln (A/min-1) 
Isothermal DTA (tpeak) in air 170 ± 4 42 ± 1 
Isothermal DTG (tpeak) in air 166 ± 2 41 ± 1 
Isothermal MS m/z 44 (tpeak) in air 159 ± 5 39 ± 2 
Isothermal FTIR CO2 (tpeak) in air 175 ± 6 44 ± 2 
Isothermal FTIR CO2 (Amax) in air 206 ± 5 - 
Isothermal DTA (tpeak) in He 169 ± 6 42 ± 2 
Isothermal DTG (tpeak) in He 174 ± 2 43 ± 1 
MFK isothermal DTA in air 0.1<α<0.4 209 ± 25 44.5 ± 0.3 
MFK isothermal DTG in air 0.1<α<0.4 188 ± 5 38.7 ± 0.2 
MFK isothermal DTG in He 0.1<α<0.4 210 ± 6 44.3 ± 0.3 
Isothermal ARC (τ) in air 86 ± 4 21.3 ± 1.4 
Isothermal ARC (τ) in argon 122 ± 8 31 ± 3 
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 Figure 8 Temperature and pressure history for 
 ARC HWS experiment in 1.8 MPa air 

 
Figure 9 Rate vs. temperature for ARC HWS  
 Experiments on NC: a) in air and b) in  
 argon  
 

At intermediate pressure of argon (1.8 to 
7.0 MPa), the first slow regime is suppressed 
while the second fast regime appears to become 
much faster. At 13.9 MPa, the first regime 
somewhat reappears and, even though the onset 
temperature is higher, the second regime is 
slowed down to a slope similar to that observed 

at ambient pressure. More experiments will be 
required to verify if this behavior is not simply 
due to experimental scatter. 

A similar study was also conducted for 
one of the NC/NG system (70/30). In this case, 
only preliminary information was available at 
the time the present manuscript was prepared.  
The R vs. T plots, for this case, are shown in 
Figure 10, while the results are also summarized 
in Table 3. For a 0.5 g sample in air at ambient 
initial pressure, a To value of 116 ± 3 °C was 
measured. It should be noted that this latter 
value is not significantly different from that 
measured under the same conditions for NC 
alone. 

Figure 10 Rate vs. temperature for ARC HWS  
 experiments on NC/NG 70/30 in air 
 

As the initial pressure was increased to 
1.8 and 3.5 MPa, the onset temperature 
decreased to 112 and 109 °C, respectively. At 
the same time, the initial reaction rate is seen to 
increase very rapidly. It should be noted that, in 
the experiment performed at 3.5 MPa, the 
sample self-heating rate accelerated too rapidly 
for the reaction time of the calorimeter so that 
the titanium vessel exploded before the reaction 
could be quenched. This event caused significant 
damage to the calorimeter and introduced 
unforeseen delays in the present study. 

 
4. Discussion 
 
4.1 Kinetic of NC thermal decomposition 
 

Comparing the present kinetic results of 
Table 2 with the data reviewed in Ref. [4], a 
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Table 3 Results of ARC HWS experiments 
 

Sample Sample 
Mass/g 

Atmosphere – Initial 
Pressure/MPa 

ARC detected 
onset/°C 

Extrapolated 
onset/°C 

Mass loss/% 

NC 0.4969 Air – 0.10 115.7 112 ± 2 4.1 
NC 0.4982 Air – 1.83 109.1 106 ± 2 2.2 
NC 0.4993 Air – 3.65 106.1 105 ± 2 1.5 
NC 0.5002 Air – 7.58 109.0 106 ± 2 0.6 
NC 0.4990 Air – 13.81 106.6 104 ± 3 0.1 
NC 0.5001 Argon – 0.27 118.9 114 ± 3 6.3 
NC 0.5002 Argon – 1.91 129.1 128 ± 2 4.1 
NC 0.5002 Argon – 7.20 129.1 128 ± 2 4.9 
NC 0.5002 Argon – 14.10 133.1 129 ± 2 0.0 
NC/NG 70/30 0.2989 Air – 0.10 135.4 132 ± 3 7.6 
NC/NG 70/30 0.5014 Air – 0.10 121.1 116 ± 3 3.9 
NC/NG 70/30 0.5026 Air – 1.85 115.3 112 ± 3 1.0 
NC/NG 70/30 0.5001 Air – 3.62 111.4 109 ± 2 ----* 
* Sample vessel exploded, mass loss could not be evaluated 

 
very large scatter in apparent activation energy 
is observed for measurements obtained using 
various experimental techniques. Such scatter is 
not unusual as similar behavior has already been 
reported for several other energetic materials 
(RDX [18], HMX [18], NTO [19] and CL-20 
[20]). This fact suggests the existence of various 
parallel processes. Therefore, the observed rate-
limiting process may be strongly dependent on 
the specific experimental conditions. 

It was shown that, by plotting ln (A) vs. 
Ea, 28 of the 30 literature measurements 
performed using various methods in the 100-200 
°C temperature range divided neatly into two 
global processes: the autocatalytic and the first-
order stages [4]. A similar plot containing all the 
ln (A), Ea pairs previously tabulated in Ref. [4] 
in the 50 – 500 °C temperature range, together 
with the values of Table 2 obtained in the 
present work, is shown in Figure 11. 

Figure 11 Plot of  ln (A) vs. Ea for rate constants previously reported and from the present work 
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It is observed that, besides the two 
kinetic compensation lines previously discussed 
by Brill and Congwer (autocatalytic and first-
order), a third parallel line appears. The data 
points consistent with this third line are those of 
Leider and Seaton [21] and Chen and Brill [22], 
who have included a second-order process in 
their analysis. It should be noted that a large part 
of the measurements obtained in the present 
work, mostly relying on isothermal induction 
time data, are also consistent with this third line. 
It is also interesting to note that the MFK 
analysis of the TG-DTA data obtained in the 
present work produces ln (A), Ea pairs more 
consistent with the autocatalytic stage. It 
therefore appears that the wide scatter in the 
deduced kinetic parameters not only depends on 
the different experimental conditions, but also 
on the assumptions and models being used to 
derive these values. 

The use of Eqn. (1) to determine kinetic 
constants has also been discussed by Merzhanov 
[23] who stressed the fact that Ea is an apparent 
activation energy often identified with E, the 
real activation energy. In reality, the relationship 
between the induction time and temperature is 
much more complicated than Eqn. (1). In 
general, the rate law can be expressed as 

 

⎟
⎠
⎞

⎜
⎝
⎛ −=

RT
EATf

dt
d exp),( αα

            (2) 

 
where α is the extent of reaction. From the 
above and Eqn. (1), it is obvious that the relation 
between Ea and E must depend strongly on the 
shape of the function f(T,α). It is therefore not 
surprising to see that results extracted from data 
analyses based on various reaction models 
produce different Ea and A values.  
 
4.2 Effect of pressure on the thermal  
 decomposition of NC and NC/NG 
 

From the behavior of NC samples in 
ARC experiments conducted in air, evidences 
that oxidation of NC by atmospheric oxygen 
happens prior to the scission of the O–NO2 
bonds are obtained. This conclusion is in 
agreement with the recent work of Katoh et al. 
[24], who performed Heat Flux Calorimetry 

isothermal experiments on NC samples at 120 
°C and observed that the measured heat of 
reactions depended on the O2 partial pressure. 

In the present work, it is shown that 
increasing the initial pressure from ambient to 
14 MPa has only moderate effects on the onset 
temperature for thermal runaway in NC. In air, 
the effect of increasing pressure was observed to 
be the strongest between ambient and 1.8 MPa 
(250 psig). This behavior is also consistent that 
reported by Katoh et al. [24] who observed a 
reduction of the induction time, in their 
isothermal experiments, up to 0.1 MPa of O2 
partial pressure, for 50 mg samples of NC. 

 In air at modest pressure, To values as 
low as 104 °C have been measured for 0.5 g of 
NC in ARC HWS experiments. This value of 
onset temperature is much lower that that 
obtained in smaller scale techniques such as 
DTA [13] and DSC [25], which typically 
produce To values of the order of 160 to 180 °C. 
It is therefore obvious that any hazard analysis 
of propellant pressing operations based on such 
small-scale measurements would seriously 
underestimate the probability of ignition. 

In an inert atmosphere such as argon, 
the effect of increasing pressure is opposite to 
that observed in air. As pressure is increased the 
onset temperature of NC is observed to increase. 
This moderate effect of the pressure cannot be 
explained in a satisfactory manner at this point. 

The onset temperature for the NC/NG 
70/30 sample in ambient air is found to be 
similar to that of NC alone under the same 
conditions and this seems to suggest that NC is 
the rate-limiting component in the thermal 
decomposition NC/NG systems. As the air 
pressure is increased up to 3.5 MPa the onset 
temperature decreases from 116 to 109 °C. 
While this effect is again relatively modest, the 
effect of air pressure on the acceleration of the 
initial self-heating rate is very significant. In 
ambient air R increases from 0 to 1 °C min-1 in 
about one hour. In air initially at 3.5 MPa, the 
same increase in R takes place in only about 3 
minutes, which indicates a very large increase in 
the initial reaction rate. This may be due to an 
initial gas phase NG/O2 ignition taking place at 
higher O2 enrichment. Further elevated pressure 
ARC experiments in both air and argon and on 
both the 70/30 and the 90/10 NC/NG systems 
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will be attempted to better understand and 
quantify this effect of air pressure.  
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Abstract 

1H-tetrazole (1HT) and 1H-1,2,4-triazole (1Htri) - metal complexes were investigated as promising 
gas generators for airbag inflators. The SC-DSC measurements, sensitivity tests, and deflagration tests 
were conducted to investigate the influences of the metals on the decomposition characteristics of the 
complexes. The SC-DSC measurements revealed the 1HT and 1Htri metal interaction stabilize the 
complexes. Regarding the sensitivity tests, Thermal stability of 1HT and 1Htri metal complexes 
concerned with their aromaticity index (I1). Moreover, 1HT-metal complexes were categorized in the 
same class 6 of friction sensitivity test and class 3 of electrostatic sensitivity test. Besides, drop 
hammer sensitivity test, those complexes did not explode in this test; they were categorized as class 8 
according to JIS. In case of 1Htri -metal complexes were categorized in the same class 7 of friction 
sensitivity test and class 8 of drop hammer sensitivity test. Besides, electrostatic sensitivity test, only 
copper and silver complexes were different from its pure azole which both complexes were categorized 
as class 3 according to JIS. Furthermore, the deflagration test indicated the amount of metals in both 
azole metal complexes, the substance had a substantial impact on burning rate, which was as verified 
by the relation of metal percentage and maximum pressure rate. 

 
Keywords: 1H-tetrazole, 1H-1,2,4-triazole, complexes, TDSC, sensitivity test 
 
1. Introduction 

Nitrogen-containing energetic materials are the substances that release nitrogen particles when 
decomposed. Since there are triple or double bonds in the structure of the substances in this group, they 
can give a relatively large amount of energy during decomposition.  

The substances with 100% nitrogen percentage called Nitrogen-Clusters. These substances will not 
only give clean gases when decomposed but also give a relatively large amount of energy during 
decomposition. However, Nitrogen-clusters only exist in theoretical. With this reason, there are only a 
few energetic materials with Nitrogen percentage more than 50%.  Among those substances, 
Tetrazole and Triazole give a large quantity of Nitrogen gas but they cannot give a relatively large 
amount of energy during decomposition.  

 Furthermore, transition metals such as Cu, Ni, Co and Ag are commonly used to help the heat 
response becomes better, increasing the reaction rates, the reaction response. 
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However before practical usage as a favorable substance, the thermal behavior of a substance 
indicates its energy releasing characteristics under thermal stimuli, it is an important criterion in 
evaluating the quality of energetic material.  

In this research, to understand and clarify the reason which were influenced to the thermal behaviors 

of Nitrogen-containing energetic materials i.e. Tetrazole(Fig.1), Triazole(Fig.2) with transition metals 
such complexes.  
 Nevertheless, since there are myriad of substances subsumed under Tetrazole and Triazole, we chose 
1H Tetrazole( 1HT) and 1H-1,2,4 Triazole (1Htri) which are the elementary structures of Tetrazole and 
Triazole respectively as the representatives. 

 
2. Experiments 
2.1 Synthesis and analysis 1H-Tetrazole and 1H-1,2,4-triazole metal complexes 
1HT and 1Htri metal complexes were synthesized following previous studies 1, 2). All of physical 

analysis, elementals analysis, IR spectra, NMR were carried out and compared with the literature 
value.  
 

2.2 Sensitivities Tests of 1HT and 1Htri metal complexes 
2.2.1 SC-DSC 

SC-DSC was used for thermal analysis. DSC20 was carried out with the operation system STARe 
System (Mettler Toledo K.K.). In this study, stainless steel cells were selected as the high-pressure 
sample containers. The experiments were carried out at a heating rate of 10 Kmin-1 under a steady state 
flow of nitrogen (N2). An almost constant sample mass of 1.0 mg was weighed. They were heated in 
the scanning mode from 30 oC to 500 oC. The temperature and heat flow calibrations were conducted 
by the recommended procedure using pure indium metal with a melting point of 429.6K and heat of 
fusion of ∆Hf= 287.1 J g-1.  

 

2.2.2 Electrostatic sensitivity Test 
 An electrostatic sensitivity tester measured the sensitivity to static electricity. The apparatus was 

design by Mizushima. It is equipped upper and lower electrodes with fixed distance, which were 
conducted to a set of condensers at of condensers, at a predetermined capacitance. The sample was 
sandwiched between the two electrodes and ignited by discharging of condensers. 

 

2.2.3 Friction sensitivity Test 
The Julius Peter (BAM) friction tester was used to determine the friction sensitivity of the various 

metal complexes in this study. The tester operates by rubbing a moving plate against a fixed pin with 
the material being placed between the plate and pin. The 1/6 explosion point was determined. 
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2.2.4 Drop Hammer Test 
The sensitivity to mechanical impact was measured by the drop hammer test according to Japanese 

Industrial Standards (JIS). A drop hammer tester was a set up made by Hosoya Firework. Co. Ltd. In 
operation, a small sample of approximately 0.03 gram of the material is placed in a brass cup. The cup 
is placed in the device and a weight is dropped from a predetermined height. The test is repeated 
following up and down method to determine 50 percent ignition energy.   

 

2.3 Thermal evolution mechanisms of 1H-tetrazole metal complexes 
2.3.1 Quantum-chemical calculations 
The quantum-chemical calculations and the geometry optimizations were performed applying the 

Gaussian03 program as B3LYP/LanL2DZ basis.The gOpenMol program was used to reveal the 
molecular orbital (MO) of complexes. 

 

2.4 Deflagration test 
The 52ml deflagration test was carried out to evaluate combustion characters of 1HT metal 

complexes. The test apparatus is a closed vessel equipped with a pressure transducer (PE-200kws), 
thermocouples, and gas outlet and safety relief valve. The combination igniter of Ti/KNO3 powder 
(100mg) as a primary ignition agent, and B/KNO3 pellet (250mg) as a secondary ignition agent was 
used to ignite the 1HT – metal complexes. In this work, KClO4 was using as an oxidizing agent. 
All of samples in deflagration tests were prepared based on the stoichiometric composition and the 

zero of oxygen balance as equations (I), (II), (III), and (IV) 
 
CN4H2 (1HT) + 0.75KClO4  CO2+ 2N2+H2O+0.75KCl                          (I) 
mMetal complex ([M(CN4H2)n]+ nKClO4  aCO2+ bN2+cH2O+dKCl+fmetal oxide   (II) 
 
4C2N3H3 (1Htri)+5.5KClO4  8CO2+ 6N2+6H2O+5.5KCl                        (III) 
mMetal complex [M(C2N3H3)n]+ nKClO4  aCO2+ bN2+cH2O+dKCl+fmetal oxide  (IV) 
 

 

3. Results and Discussions 
3.1 Sensitivities Tests of 1HT and 1Htri metal complexes 
1HT metal complexes 

The SC-DSC curves of 1HT-metal complexes at a heating rate of 10K/min were showed in Fig. 3, 
before decomposition temperature 1HT exhibited endothermic peak, which corresponded to melting. 

In case of complexes, the endothermic peak disappeared. Kumasaki3) reported that phenomenon might 
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be due to the change of their electronic state. It can be considered 1HT molecules are slightly ionic 
negatively because neighboring metal cations attract their electrons. Therefore, ionic 1HT molecules 
and metal link in complex via coulomb force strongly while neutral molecules link together via Van 
der Waals force in pure azole crystal. Since the Coulomb force is stronger than the Van der Waals 
force, metal complexes made it difficult to melt compared to 1HT molecular crystals.  
Moreover, exothermic peaks of 1HT-metal complexes became sharp comparing with pure 1HT and 

TDSC also increased which the results of the sensitivity tests were summarized in Table 1  
Further sensitivities tests, the results were summarized in Table 1 1HT and 1HT-metal complexes 

were in the same class in its friction sensitivity and electrostatic sensitivity tests, in which every 
sample explode at load 16-36N, class 6 and class 3, respectively. 
  The 50% explosion height (E50) was determined to be 26.92 cm or class 5 for 1HT. In the case of 
metal complexes, the tests were carried out 6 times at a hammer height setting of 50 cm. It means those 
complexes did not explode in this test; they were categorized as class 8 according to JIS. 
 

1Htri metal complexes 
The SC-DSC curves of 1Htri-metal complexes were showed Fig.4. The value of TDSC summarized in 

Table 2. Before decomposition temperature, 1Htri exhibited endothermic peak that corresponded to 
melting. In case of the complexes, the endothermic peak disappeared. The phenomena might be due to 
the change of their electronic state.  

In the metal complexes, 1Htri molecules are slightly ionic positively therefore, ionic 1Htri 
molecules and metal link in complex via coulomb force strongly while neutral molecules link together 
via Van der Waals force in pure azole crystal. Since the Coulomb force is stronger than the Van der 
Waals force, metal complexes made it difficult to melt compared to 1Htri molecular crystals. Moreover, 
the exothermic peaks of 1Htri-metal complexes became sharp comparing with pure 1Htri and TDSC of 
1Htri-Ni increased but decreased in case of 1Htri-Cu which the results of the sensitivity tests were 

summarized in Table 2  
Further sensitivities tests results were summarized in Table 2 which the results of 1Htri and 

1Htri-metal complexes were in the same class in its friction sensitivity and drop hammer sensitivity 
tests, in which every sample explode at load353N, class 7 and class 8, respectively. 

 The electrostatic sensitivity was determined to be class 3 for copper and silver complexes. 
However, nickel and cobalt complexes, the tests were carried out in the same class 4 of its pure 1Htri, 
which were according to JIS. 
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3.2 Thermal evolution mechanisms of 1H-tetrazole metal complexes 
1HT metal complexes 

 According to previous studied4), the aromaticity of 1HT with substituents influenced to TDSC, which is 

the Bird`s aromaticity index (I1) increased, TDSC also increased. Thus in this study, 1HT-metal 

complexes` aromatics have been investigated (Fig.5-9) and we found in case of 1HT coordinated with 

metals as 1HT metal complexes, I1 did not concern with its TDSC each other (Table 3). On the other 

hand, we approached the electronic spatial extent (ESE) which is the summing of overall electrons was 

concerned to TDSC instead .That results revealed in case of the ESE was higher; the TDSC was also 

higher (Fig.10).  

1Htri metal complexes 

 According to previous studied, the aromaticity of azole influenced to TDSC, which is I1 increased, TDSC 

also increased. Thus 1Htri-metal complexes` aromatics have been investigated (Fig.11-14) and we 

found in case of 1Htri metal complexes, I1 concerned with its TDSC each other. If the I1 is high; the TDSC 

would also high (Table 4).  

 

3.3 Deflagration test 
1HT metal complexes 

The results of the deflagration test of 1 HT-metal complexes were shown in Fig.16-17 and Table 5. As 
silver complexes, the sample for deflagration could not be prepared because it could not form the pellet. 
The deflagration behaviors of 1HT were changed by the coordination of 1HT to metal ions as well as 
thermal behavior, (dP/dt)max was largely increased; in particular, 1HT-Cu complex showed about 
twice the (dP/dt)max of 1HT.  
 It was considered that the burning rate actually improved with the appropriate mixing composition of 

catalysts and substances 4). The appropriate amount of metal contains in 1HT-metal complexes allowed 
to improve burning rate. Since 1HT-Cu and 1HT-Co complexes contained much metal compared with 
1HT-Ni complex, both burning rates of 1HT-Cu and 1HT-Co complexes were increased. However, the 
burning rate of 1HT-Ni decreased even though comparing with 1HT. 

1Htri metal complexes 
The results of the deflagration test of 1Htri-metal complexes were shown in Fig.18-19 and Table 6. 

As silver complexes, the sample for deflagration could not be prepared because it could not form the 
pellet. The deflagration behaviors of 1Htri were changed by the coordination of 1Htri to metal ions. 
(dP/dt)max was decreased; in particular, 1Htri-Ni complex showed about twice the (dP/dt)max of 
1Htri.  
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 It could be distinguished among the burning rate and the proportion of metal in each complex. 
Even if the burning rate of 1Htri-metal complexes were decreased, it would decrease corresponding to 

the proportion between the catalysts and substances 5). The arrangements of metal proportion in 
complexes were 1Htri-Co, 1Htri-Cu and 1Htri-Ni respectively and the qualities of burning rate were 
agreed with this arrangement 
 

4. Conclusions 
1HT metal complexes 

The following results can be concluded.  
First, thermal stability of 1HT metal complexes improved because of 1HT-metal interaction. 
Second, 1HT-metal complexes were in the same class 6 of its friction sensitivity test and class 3 of 

its electrostatic test. In drop hammer sensitivity test, those complexes did not explode; they were 
categorized in class 8 according to JIS. 

Third, 1HT metal complexes, I1 did not concern with its TDSC but the electronic spatial extent (ESE), 
which is the summing of overall electrons of 1HT metal complexes, were concerned to TDSC instead. 

Finally, the amount of metal in the substance has a substantial impact on burning rate as verified by 
the relation of metal percentage and values of maximum pressure rate. 

 

1Htri metal complexes 
The following results can be concluded.  
First, thermal stability of 1Htri metal complexes improved because of 1Htri-metal interaction. 
Second, 1Htri metal complexes, I1 concerned with its TDSC more than the ESE. 
Third, 1Htri -metal complexes were categorized in the same class 7 of friction sensitivity test and 

class 8 of drop hammer sensitivity test. Besides, electrostatic sensitivity test, only both copper and 
silver complexes were different from its pure azole that categorized as class 3 according to JIS. 

Finally, the proportion of metal in the substance has a substantial impact on burning rate as verified 
by the relation of metal percentage and values of maximum pressure rate. 
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Figure 18 1Htri-metal complexes with KClO4
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Figure 19 the 52ml deflagration test result curves  
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Table 1 sensitivities tests results of 1HT - metal complexes

Im pact Friction

TDSC (℃) QDSC (J/ g) Q DSC(kJ/m ole 1HT)
Electrostatic

Sensitivity (E50/J)
Standard

Deviation(σ)
Drop Hammer

(H1/6/cm)
Friction Sensitivity

(M1/6/N)

1HT 209 3484 246 0.14(class 3) 0.12 26.92 (class5) 16～36(class 6)

1HT-Cu 262 1840 186 0.18(class 3) 0.23 >50 (class 8) 16～36(class 6)

1HT-Ni 299 2094 211 0.22(class 3) 0.37 >50 (class 8) 16～36(class 6)

1HT-Co 329 1602 171 0.21(class 3) 0.03 >50 (class 8) 16～36(class 6)

1HT-Ag 248 1130 200 0.07(class 3) 0.32 14.8(class 3) 16～36(class 6)

Sam ple
SC -D SC Electrostatic
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Table 2 sensitivities tests results of 1Htri - metal complexes 
 
 

Im pact Friction

TDSC(℃) QDSC(J/g) QDSC(kJ/mole
1HT)

Electrostatic
Sensitivity (E50/J)

Standard
Deviation(s)

Drop Hammer
(H1/6/cm)

Friction
Sensitivity
(M1/6/N)

1Htri 343 850 59 1.26(class 4) 0.36 6.76 (class 2) 78～157(class 5)

1Htri-Cu 297 1525 262 0.19(class 3) 0.69 >50 (class 8) >353(class 7)

1Htri-Ni 343 1496 189 0.49(class 4) 0.17 >50 (class 8) >353(class 7)

1Htri-Co 379 1418 262 0.69(class 4) 0.61 >50 (class 8) >353(class 7)

1Htri-Ag 344 1103 283 0.34(class 3) 0.18 >50 (class 8) >353(class 7)

Sam ple

SC -D SC Electrostatic

TDSC I1

1HT 209 89.82

1HT-Cu 262 79.25

1HT-Co 299 83.74

1HT-Ni 329 81.31

1HT-Ag 248 79.00

Table3 TDSC VS I1 
Table4 TDSC VS I1 

TDSC I1

1Htri 343 81.32

1Htri-C u 297 72.27

1Htri-C o 343 74.24

1Htri-Ni 379 76.96

1Htri-Ag 344 73.58
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Table 5 the deflagration test results of 1HT metal complexes 

 Sam ple Chemical formula Pm ax[M pa] (dP/dT)m ax [M Pa /s] % m etal in com plex

1HT 11.3 437.7

1HT-Cu [Cu(CN4H)2]・1.5H2O 9.2 729.9 27.8

1HT-Co [Co(CN4H)3]・2H2O 8.6 583.8 19.5

1HT-Ni [Ni(CN4H)3]・3H2O 7.3 222.7 18.4  

Sam ple Pm ax[M pa] (dP/dt)m ax [M Pa /s] %m etal in com plex

1Htri 9.3 287.4

1Htri-C u 8.1 244.2 16.3

1Htri-C o 9.2 257.7 18.5

1Htri-Ni 7.8 150.4 15.9

Table 6 the deflagration test results of 1HT metal complexes  
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Abstract 
We all know that normal operations with pyrotechnic compositions or other energetic materials, apart 

from the desired effect (e.g.: controlled blast from high explosives, propulsive power resulting from 
propellant gas pressure, various visible or sound effects from fireworks…) lead to the release of various 
products (gases, vapours, aerosols) in the environment, in relation with the chemicals, the reactions 
involved and some physical parameters. 

Although discussed from time to time by experts, and contrary to the case of ‘conventional’ fires [1], 
toxicity and environmentally related questions associated with burning pyrotechnics, have received far 
less attention than they actually deserve. Therefore, this paper supports an analysis of our current 
understanding of the sole toxicity problems (acute toxicity, sub-acute toxicity concerns…) emerging with 
all types of burning pyrotechnics, at the light of what has been established to address ‘normal’ fires in 
built environments. The paper provides an analysis of the regulatory context, lessons from past accidents, 
typology of chemistry and reactions of pyrotechnics, and some contribution to the analysis is supported 
by experiments on smoke powders, one significant family of products belonging to pyrotechnics. 
Eventually, a discussion is proposed to envisage pathways to go further in learning on those important 
issues. 

 
1. Introduction 

Pyrotechnic compositions present 
challenging issues in many aspects. Combustion 
related issues and safety considerations are no 
exception, and even in some well known cases 
look like controversial issues. For instance, the 
availability of first generation air-bags systems 
was considered as a major step in the reduction 
of car crash impacts on passengers. However in 
the same time, both intrinsic and non intrinsic 
combustion related toxicity issues have been 
raised, due to the type of gas generating 
energetic materials primarily used for their 
development, namely sodium azide [2][3]. 
Considering pyrotechnics in a more global 
scope, the extreme diversity of their applications 
(pyrotechnic compositions used in display and 
consumer fireworks, propellants and powders, 
‘special effects’ systems (like distress flares, gas 
generators, smokes of all sorts), pyrotechnic 
devices for the automotive industry…) is by 
itself very challenging for coping 
comprehensively with all safety-related issues. 

The analysis of toxicity issues proposed in 
this paper was motivated from the lead author’s 
primary scientific background; that is 
‘conventional fire’ safety. The so called 

‘conventional fires’, are all those fire involving 
materials that burn by reaction with air in the so-
called diffusive (laminar or turbulent) mode. 
They represent a large fraction (say 99%) of all 
fires taking place in any type of built 
environment. Fire safety science, and related fire 
engineering practice, were developed as early as 
in the late 1890’s, when for instance, the NFPA 
(National Fire Protection Association), a non-
for-profit organization solely devoted to 
reducing all types of fire threat (primarily of 
thermal nature) started to develop standards and 
codes. As compared to current knowledge in the 
field of pyrotechnics (those materials sometimes 
referred to as ‘low explosives’), toxicity fire 
science constitutes by now a well advanced 
knowledge, and as a result, more interactive 
processes between scientific communities 
covering fire science, and those covering safety 
related issues of explosives, and pyrotechnics of 
all sorts is thought highly desirable [4]. This 
view is expressed despite significant differences 
in the reaction processes that are involved with 
burning pyrotechnics comparatively to 
conventional fire. This paper is an effort to 
contribute to such a process. 
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With the guidance brought to us by fire 
scientists on combustion-related toxicity issues, 
our purpose is therefore: 
- to review what is the current knowledge on 

the matter regarding pyrotechnic 
compositions of all sorts, when reactions 
taking place and liberating chemical species 
do not lead to mass explosion. 

- to review how those issues are currently 
handled by regulations or other means in 
some applications and provide some 
analysis on how to progress 

- to explore capabilities of some experimental 
equipments (e.g. the US Fire Propagation 
Apparatus (FPA) so called ‘Tewarson’ 
Apparatus in France [5], other more 
conventional laboratory calorimetry 
techniques) to provide information on 
toxicity pertaining to burning pyrotechnics 

- to discuss on how we should try to progress 
in the field in future research efforts. 

 
2. Combustion-related toxicity of energetic 
materials and regulations 
Control of the toxicity threat from regulation is 
currently very limited, if actually existing at all 
for pyrotechnics: Four main reasons for this 
situation can be quoted: 

a) Combustion toxicity is by no means an 
intrinsic property of any material, as 
recalled long ago by Babrauskas [6]. 
Covering toxicity issues in case of 
normal or accidental burning of any 
combustible product through regulatory 
thresholds values referring to toxicity 
criteria is thus very often irrelevant, if 
appropriate ‘combustion scenarios’ 
cannot be well defined or characterized 
and if no satisfactory ‘toxicity index’ 
cannot be adequately developed. 

b) Acute, or severe sub-acute combustion 
toxicity issues with pyrotechnics are 
probably limited to military applications 
[7] (normal use scenarios), or other very 
limited professional applications, and 
thus not relevant for a regulatory control 
by nature. 

c) No significant threat - contrary to what 
was deducted from the post mortem 
blood analysis of victims of fires 
involving ordinary materials in 

buildings- could so far be assumed from 
experience with most pyrotechnic 
compositions  

d) Until recent past, validated knowledge 
seems to be limited to energetic 
materials in use for blasting operations 
in underground mining, where most 
often toxicity problem are related to fast 
thermal decomposition reactions of 
nitro-compounds, thus liberating 
essentially toxic species such CO and 
NOx. For instance, example of studies 
regarding the parameters affecting the 
yields of NOx and CO emitted have been 
carried out by Mainiero [8][59]. 

 
As an example, in the context of the 

Canadian regulatory scene, carbon monoxide 
plus nitrogen oxides emitted by basting agents or 
high explosives are referred to as fumes by the 
explosive industry. A classification containing 
three classes of those materials have been 
established according to specific test conditions 
[9] on the quantity of fumes produced. Only 
class 1 explosives (limiting the emissions of 
fumes to less than 22.6 L/kg of cartridge of 
given geometry) should normally be used in 
underground applications. On the European side, 
long term collaborative research ended up with 
the implementation of national limits for a 
toxicity index taking account of CO and NOx 
emissions based on the application of the 
standard EN13631-16 [10]for same usage 
(underground mining). 

By comparison, a similar situation appears 
regarding the control of toxicity issues in 
accidental ‘normal’ fires. Regulators have often 
felt reluctant in the past to set regulations for the 
control of the non thermal fire hazard, with a 
few exceptions, like in the transportation sector 
(aeronautics, railways), where prompt 
evacuation of occupants of concerned enclosures 
(rail cars, aircraft cabin) are not a potential 
emergency response, in case of a fire. As an 
example of this, the French subways and 
railways operators require that materials used in 
rail cars fulfil requirements defined in combined 
French standards [11], [12]. 
As a result of numerous studies of the kind 
carried out on both side of the Atlantic Ocean, 
regulators have developed requirements 
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expressed in terms of maximum threshold values 
for the sum of [CO + NOx] for mining 
applications. 

To our knowledge [13], limitation of toxic 
yields from burning pyrotechnics exist only for 
air-bag inflators. In that case, the toxicity 
problem was an issue identified in the early 
stage of development of such safety car 
components, due to both inherent toxicity of 
sodium azide, the first gas generating material 
that was used, and from combustion / 
decomposition related toxicity. 

Further reduction in combustion toxicity 
obtained from use of new blends of chemicals  
such as compositions with complexes of 
transition metals [3][14], together with other 
performance targets such as increase in gas 
production rates, is still in the current research 
agenda of developers [15]. However, target 
limits are driven by the automotive industry 
proprietary standards, and thus, due to 
competition, test data on toxic emissions from 
the various pyrotechnic compositions in use are 
not easily made available in the public domain. 

We might have to face in the near future 
an increasing societal demand, in particular 
impacting the firework industry, for knowing 
more about actual concerns that might arise from 
repeated exposures of diluted smoke in the 
environment of the workers (professional of 
display fireworks) and of the public. This could, 
in turn, initiate some move from the regulatory 
scene in this sector. 
 
3. Fire Toxicity: brief overview of state-of-
the-art 

About three decades of research have been 
dedicated to the study of toxicity of fire 
effluents. In this time, it has been recognized 
that the bulk of fire victims generally die from 
toxic smoke inhalation rather than from thermal 
burns (Alarie [16]). Prominent researchers in the 
field during that period of time have been 
Hartzell [17], Purser [18], Alarie, Tsuchyia [19], 
Levin [20], Baud [21], Gann [22], and some 
others. Recent overviews are available that 
correctly summarize current knowledge as well 
as workable tools for use in toxicity risk 
assessment (see also the recent international 
standards being produced by ISO TC 92 SC3, 

progressively replacing the old reports series 
produced in the late 80’s [23]). 

From their work and findings, the 
following is of interest, in terms of knowledge 
transfer to the scientific community of 
pyrotechnics: 
- Acute toxicity in fire always results from 

multiple components exposure that 
superimpose to other environmental 
parameters (temperature, stress, health 
conditions of exposed people…), 

- Figure 1 expresses the Haber’s rule often 
considered for individual toxic fire 
component stating that a given effect (e.g. 
lethality) is a function of the dose (time x 
exposure) received. 
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Figure 1: Dose-response relationship of fires for 2 
substances ‘A’ & ‘B’: the basic paradigm of fire 

toxicology (adapted from Pauluhn [24]) 
 

- Although hundreds of components are 
emitted in fires, a limited number of them 
are responsible for actual acute toxicity 
threat, that can be classified into :  
a) asphyxiant, or narcosis-producing 

toxicants (CO, HCN, CO2, limited O2) 
b) sensory or pulmonary irritants (NOX, 

SO2, HCl, HBr, aldehydes, particles…) 
c) toxicant exhibiting other or unusual 

effect (e.g. neurotoxics, carcinogen 
effect…) 

- In most cases, CO levels were found high 
enough (in terms of carboxyhemoglobin –
COHb- in blood samples from the bodies) to 
be assumed as the primary cause (if not the 
unique cause) in fire deaths occurring in 
built enclosures; rare other situations have 
been identified where HCN or SO2 [1] 
played the main role in ‘conventional fires’ 
casualties. 
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- To a reasonable approximation in most 
cases, the effects of major toxic components 
may be considered as additive for situation 
of interest with asphyxiants and irritants, 
although the real effects comprise more 
complex synergisms and even in some cases 
antagonistic effects [20/21]. 

- These latter results have led to the 
development of the fractional effective dose 
(FED) model, that expresses this concept in 
its simple form according to equation (1): 

 

 (Eq. 1) 
 

Where in the summation, any Ci term stands 
for the concentration of toxic species i taken 
into consideration, and (Ct)i stands for the 
critical dose related to that species i for a 
given effect (e.g. lethality). When the FED 
value reaches 1 in a given scenario, the toxic 
effect intensity is assumed to be obtained. 
Considerations on the validity of this type of 
equation for various types of exposed sub-
populations have been reported by Hartzell 
[25]. Equation (2) is the simplest form taken 
by the FED model when assuming the toxic 
threat is limited to CO + HCN. 

 

 (Eq. 2) 
 

Equation (2) also reflects the fact that the 
dose-effect relationship followed by the 
HCN species do not actually follow the 
Harber’s rule, concentration level ‘weighing 
more importantly’ than exposure time in that 
case. 
 
In contrast, equation (3) is the more complex 
but still workable equation that may be used 
by fire engineers to analyse the risk of 
incapacitation in built environment that can 
arise from the combination the following 
irritant species: 

 

(Eq. 3) 
- The concept of lethal potency (that is the 

toxicity of the smoke (gases +aerosols) from 
a specimen of material or product, taken on 
a per unit-specimen-mass basis, depicted by 
the symbol ‘LC50’) has been developed to 
account for the concentration which will be 
lethal to 50% of the exposed subjects. 
LC50’s are accessible from experiments 
including bioassays using animals as well as 
through estimates derived from lab-scale 
combustion experiments on materials, and 
from use of models (eg. ISO 13344 [26]), 
based on existing animal test data, according 
to measured concentration of toxic species 
in the smoke environment. 

Fire effluents

?

?

Pyrotechnic
gases  & 
smokes

 
Figure 2: Range of toxicity potencies for 

combustion products as compared to other 
poisons –(adapted from Hirschler, 1987 [27]) 

 
Figure 2 gives an overview, in arbitrary 

units, of the toxicity issues pertaining to 
conventional products emitted in conventional 
fires (gases and smoke), confirming their toxic 
potency and providing some ranking between 
toxic species. Figure 2 also illustrates that 
“actually supertoxic” fire effluents, that were in 
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focus in the past in fire research are extremely 
rare. This is indeed one of the interests of the 
LC50 concept (when coupled with bioassays), 
that allows rapid identification of combustion-
related extra-ordinary toxicity issues, during 
early stages of new materials or products 
development [22]. Very few problems of this 
kind were reported in the literature in the past, 
like the cases known exceptions regarding PTFE 
smoke particles and an organophosphorous 
caged compound identified in a burning test 
involving a fire-retarded polyurethane foam 
[28]. 

However, unpublished cases may have 
also occurred during R&D work performed by 
the chemical industry ([29])  

Indeed, we have currently no precise idea 
on how ‘pyrotechnic smoke’ (limited to the 
aerosol components) is ranking relatively to the 
other products listed in Fig. 2. Last but not least, 
it has been established (e.g. by Babrauskas [30]) 
that Lethal potencies of ‘conventional fire’ 
smoke doesn’t vary much, contrary to rate of 
smoke production depending on materials and 
scenarios, which in turn makes the real 
difference. That is why fire scientists are 
focusing on obtaining basic fire data such as 
mass burning rate per unit area and yields of 
combustion products emitted (in mg/g) to 
characterise ‘source terms’ of non thermal 
damage potential, in addition to estimate of 
some kind of critical toxicity value for species of 
interest. Many searchers have produced such 
data for various materials. A compilation of such 
data for burning chemicals was recently 
published  by Tewarson & Marlair [31]. 

 
4. Analytic analysis from chemistry of 
pyrotechnics 

Pyrotechnics highly differ from classical 
combustible materials in many ways, and thus a 
careful examination and comprehension of their 
chemistry and reaction modes under normal use 
or accidental scenarios are needed to identify 
and evaluate toxicity issues relating to species 
emitted in pyrotechnics gases and smoke.  

One of the basic differences is that most of 
the time, if not in all cases, pyrotechnic 
compositions intimately mix combustible 
materials (carbonaceous, sulphur, phosphorous, 
metals, others…) with oxidisers (nitrates, 

perchlorates, chlorates…). Thus, the community 
of pyrotechnics knows very well, from 
information available in the references [32] to 
[33], the high variety of possible pyrotechnic 
compositions according to applications (industry 
of fireworks, distress signals, propellants for 
military or civil use, special effects).  

 
Table 1 (from [4]): color-governing chemicals in 

pyrotechnic compositions 
Chemicals or 

chemical element 
Flame color 

obtained 
Light intensity 

Li carmin red intense 
Na yellow intense 
K purple pink weak/average 
Sr red weak/glow 
Ba green weak/glow 
CaCl orange red intense 
SrOH & SrCl red intense 
BaOH &BaCl green intense 
CuOH green intense 
CuCl blue intense 
BO2 green intense 
Mg, Al bright white intense 

 
Some 300 different pyrotechnic 

compositions have also been compiled and made 
available on the web according to the initiative 
coming from the Netherlands [34]. 
 

 
As a reminder, when coloration of the 

effect is the issue, the chemistry of the 
composition will vary according to desired color 
and luminous intensity. Potential chemicals that 
may be used (as an example!) are indicated in 
table 1. 

Table 2 was prepared from ref. [35] to 
[37]. It lists and classifies products emitted that 
may contribute (with highly varying weights) to 
the overall potential toxicity arising from those 
products when burning, according to typical 
pertinent scenarios. 
 

Table 2 : Significant products emitted from by 
reaction of pyrotechnics (fireworks only) 

type chemicals emitted 
gases COx, H2, H2S, CH4, COS, CH4, N2, NOx, 

O2, SO2, … 
aerosols Al2O3, (NH4)2CO3, Sb2O3; BaCO3, 

BaSO4; Bi2O3, C (charcoal), CuO, 
Fe2O3, MgO, KCl, K2O, K2CO3, 
KNO3, K2SO4, K2S, K2SO3, KCNS, 
SrCO3, SrSO4, S, TiO, … 
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4.1 What do we know so far from accidents 
and testing ? 

Regarding the fireworks industry, 
statistics recorded by the NFPA [38], as well as 
other information sources from recent well 
known accidents (Enschede, NL, 2000 [39], 
Kolding DK, 2004 [40] [41]essentially stress 
that most (if not all) victims are the results of 
burns and blast effects in case of accidental mass 
detonation, or possibly, in some cases, from the 
consequences of physical impacts of projectiles. 
However, in both mentioned worst-cases, some 
medical treatment has been required for a few 
inhabitants leaving close to the premises or fire-
fighters just after the accident. To our 
knowledge, relating symptoms did not 
apparently end up for those patients with 
persistent troubles.  

In addition, more scientific feedback was 
made available as the aftermath of a measuring 
campaign implemented during and just after the 
accident of Enschede [42]. The study consisted 
in taking samples on the day of the fire and on 
the following days to perform analytical 
measurements of toxic/pollutant species. The 
results, which refer to three different phases for 
the data acquisition provides clear indication 
that a number of species were present in 
concentrations that significantly exceeded so-
called ‘long term acceptable limits’ quoted for a 
comparison in the report. According to that 
report, the bulk of the substances and chemical 
elements at the origin of the gaseous and solid 
emissions are as follow (table 3)  
 

Table 3: main materials (termed in related 
elemental quantities) involved in the Enschede 

fireworks accident [42] 
materials/elements quantities 

(kg) 
Carbon based (as C) 1150000 
Pb 22000 
Cu 13000 
Zn 21000 
Ba 2200 

 
Table 4 summarizes part of the analytical 

results from the study that focus on those species 
that, at some time during the accidental scenario, 
were measured in quantities exceeding what is 

referred to as admissible long term threshold 
values in the report. 
 

Table 4 : concentrations of toxic species emitted 
during the Enschede accident  

(after table 5.1 in ref. [42]) 
Toxic 
species 

Concentrations vs phase (1, 2 or 
3) of accident (μg/m3) 

long term 
value 

 1 2 3  
PM10 135 1045 290 40 
Cu 3.6 2.6 - 0.9 
(Mn)   (2.2) 0.6 
Ba 6.5 - 2.1 1 
Pb 1.5 23.1 2.8 0.5 
Cd - 0.7 - 0.3 
Cr  0.07  0.0025 

(a) 
(a) : admissible long term value refers to Cr6+ 

 
Other type of pyrotechnic materials would 

deserve further consideration as regards the 
combustion related toxicity issue. For instance, 
normal use and accidental burning of propellants 
based on AP/HTPB systems essentially raises 
the question of HCl emissions. Although some 
work has been done in the field [36] [37] [56]…, 
we are still lacking consolidated data on burning 
behavior of black powder, an essential 
constituent of lifting and bursting charges in 
fireworks devices. Within the automotive 
industry, the initial toxicity issues relating to 
sodium azide and related decomposition 
products have somewhat shifted to the control of 
other types of toxic species according to 
propellants under development and from 
controlling oxygen displacement by N2 
generation 

Finally, another type of pyrotechnic 
compositions, those in use for generating “more 
or less buoyant “smokes” (e.g. screening effects 
for military applications),  may cause well 
identified potential concerns regarding toxicity . 
At first, smoke compositions have been reported 
to often contain inherently toxic products [33]. 
In addition, acute combustion-related toxicity 
have been recently proven by a detailed study on 
given smoke compositions [43]. In the latter 
case, products of concern were essentially 
organic compounds that also raise the 
carcinogenic risk issue. Survival fractions of 
such organic compounds, that much often 
present irritant properties, are generally very 
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limited in temperature environments exceeding 
500 to 700°C [44]. 
 
5. Experiments on smoke powders 
5.1 Test materials 

Two different smoke powders 
consisting in ternary mixtures containing 
starch and lactose as fuel components and 
potassium nitrate as an oxidizer have been 
supplied to investigate the potential toxicity 
concerns arising for their use as “clean 
smoke” generators.  

Such compositions are currently in use 
by the Fire Services in Switzerland and 
France for the control of smoke venting 
systems in buildings. The characteristics of 
the two test smoke powder samples used in 
the test series are indicated in table 5. 
 

Table 5: composition (mass %) of test smoke 
powders 

components SP1 SP2 
lactose 30% 22.5% 
starch 30% 22.5% 
KNO3 40% 45% 

(Notice : ‘SP’ stands for smoke powder) 
 
5.2 Experiments conducted by INERIS using 
of the Fire Propagation Apparatus 
5.2.1 The FPA or Tewarson Apparatus 

A Tewarson calorimeter (see fig. 3) was 
commissioned in a dedicated laboratory by 
INERIS in 1997. Designed in its early 
configuration as soon as the mid 1970s 
(Tewarson and Pion, [45]), the current version 
has significant advantages, having benefited 
from more than 20 years of development and 
technical improvements. Associated test 
protocols give access to information on fire 
related phenomena of a qualitative nature 
(visualisation of product specific phenomena, or 
characteristic flame colour changes etc.) as well 
as of a quantitative nature (rate of heat release, 
mass loss, smoke opacity, etc.) that can be 
obtained for a large variety of materials.  
 

 
Figure 3 : schematic view illustrating the 

operating principle of the Fire Propagation 
Apparatus (FPA) 

 
The equipment has received more official 
recognition by standardization bodies like 
ASTM and NFPA [5], and has quite recently 
been added in the limited list of equipment that 
have been recognized capabilities in the field of 
fire toxicity issues by ISO TC92 SC3 (Technical 
Committee regarding Fire threat to people and 
the environment [46]).  
 
Research work devoted to the exploration of the 
potential use of the equipment for other goals 
than learning on the fire behavior of polymeric 
materials [47] has been the main target with the 
use of the apparatus in Europe [48].  
Preceding experience with the equipment at 
INERIS regarding evaluation of the hazards 
presented by energetic materials comprises: a) 
the fire behavior of organo-phosphourous 
pesticides [49], b) the evaluation of toxic 
emissions of electrolytes for large electric 
capacitators, c) the analysis of the 
decomposition processes of nitro-cellulose based 
archive films and d) the evaluation of toxicity 
issues presented by mixtures containing incense 
/oxidizers mixtures. 
Moreover, fire-induced toxicity properties of 
chemical additives is also in INERIS research 
agenda with this apparatus [51]. 
At last, quite surprisingly, the inventor himself 
contributed to the evaluation of the potential use 
of the apparatus in the area of energetic 
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materials by characterizing the fire-enhancing 
properties of different oxidizers [50]. 
 

 
Figure 4: Smoke Powder 1 burning in the  
Tewarson apparatus operated by INERIS 

 
5.2.2 Experimental results with Smoke 
Powders 

Table 6 summarises the main results 
obtained from tests under controlled combustion 
conditions, representing well ventilated fire 
conditions, in the Tewarson apparatus. Samples 

weighed some 80 g and were distributed in 
circular glass pans (88 mm in diameter). Ignition 
was obtained from a pilot flame without use of 
the external heat flux system see figure 4).  
From those results, it can be noticed that a 
significantly faster combustion process is 
observed from the mass loss rate measurement 
leading to a specific rate of combustion of some 
400 g/m2/s with the powder SP2, containing  
45% KNO3 against only 140 g/m2/s in the case 
powder SP1 only containing 40% of KNO3.  

Regarding the emissions, as expected from 
the low temperature of the combustion process, 
which characterises most smoke producing 
pyrotechnic compositions presenting obscuring 
capabilities, a number of irritant species are 
produced in such quantities that the toxic hazard 
assessment requires more in-depth analysis –
taking into account practical scenarios of use- to 
conclude on actual dangers relating to the 
proven toxic potency revealed from the tests. 
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Table 6 : combustion characteristics and products released from burning Smoke Powders in the Tewarson 
apparatus 

Combustion products SP1

40% KNO3

SP2

45% KNO3

Combustion rate (g/m2/s)

140 400

Emission yields (mg/g)

CO2 690.2 700.4

CO 98.2 56.4

Total hydrocarbons 16.2 6.8

NOx 5.5 4.2

Soot 19.5 18.2

Ammonia 10.8 4.6

Methylamine < 0.04 ND

Dimethylamine D D

Trimethylamine D D

Formaldehyde 0.380 0.283

Acetaldehyde 1.299 0.318

Acrolein ND ND

Pentanal D 0.003

Butanal 0.016 0.004
. 

 
 
5.2 Experimental conditions for DSC 
experiments on Smoke Powders and 
corresponding results 

A TA Instruments Q-1000 differential 
scanning calorimetry (DSC) was used to study 
the thermal behaviour of the same smoke 
powders in air and nitrogen. About 1-2 mg of 
smoke powders were placed in aluminium pans 
sealed with pin-hole lids.  

Comparison of DSC Results for Smoke Powders
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Figure 5 : DSC results on Smoke Powders 

 
The samples were heated from 40 to 550 

°C at 5 °C min-1. Experiments were carried out 
in a dry air or nitrogen purge at 50 cm3 min-1. 

The DSC was calibrated for heat flow [54] 
and temperature [55]. 
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DSC Results for Smoke Powder 1 (40 % KNO3)

Temperature/°C
50 100 150 200 250 300 350 400 450 500 550

en
do

   
  H

ea
t F

lo
w

/W
 g

-1 Run 844
Run 847
Run 848
Run 850

β = 5 °C min-1

in air

 
Figure 6 : DSC results on Smoke Powders, 

repeatability analysis 
 
Figures 5 to 7 report on some graphical results 
obtained on smoke powders with DSC 
experiments. 

Comparison of Smoke Powder 2 (45 % KNO3) in Air and in N2
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Figure 7 : DSC results  
for SP1 in air and N2  

 
5.3 Experimental conditions for TG-DTA-
FTIR-MS experiments on Smoke Powder and 
relating results 
A TA Instruments 2960 simultaneous TG-
DTA was interfaced to a Bomem MB100 
Fourier Transform Infrared (FTIR) 
Spectrometer and a Balzers Thermostar 
GSD300 Quadrupole Mass Spectrometer 
(MS). The TG-DTA-FTIR-MS data were 
acquired simultaneously to study the thermal 
behavior of the smoke powders and to 
identify the gases that evolved while the 
samples were heated. 

Equal amounts (5 mg) of sample and 
reference material (Pt foil) were placed in 
alumina pans and heated at 10 °C min-1 to 1200 
°C in air (50 cm3 min-1). TG mass, DTA baseline 

and temperature [55] calibrations were 
performed prior to the experiments. 

The FTIR interface consisted of a 5 mm 
i.d. Teflon tube and a 10 cm Pyrex cell with a 50 
mL volume and KBr windows. A quartz 
microfibre filter was placed at the FTIR inlet. 
The acquisition rate of the FTIR was one scan 
every minute. 

For the MS analysis, the heated quartz 
capillary interface was placed near the sample 
pan, in the TG-DTA furnace. Data were 
acquired using bargraph scan, from 29 to 300 
amu (atomic mass unit) at a speed of 0.2 s/amu. 
The electron multiplier detector was set at 960 V 
for acquisition. The MS was calibrated for mass 
alignment and amplifier signal. 
 
5.4 Brief analysis of test results. 
The experiments relying on the use of the Fire 
propagation Apparatus (FPA) (see table 7. ) 
confirm –if needed- the high degree of 
polyvalence of such an apparatus to address in a 
reasonable way thermal as well as non thermal 
issues regarding building and industrial fires, 
including atypical combustion processes, 
provided that the rate of reaction is not to high, 
and that no significant pressure build-up is 
taking place. From previous experience achieved 
by Tewarson himself and by INERIS, we may 
think that the decomposition is representative of 
most of effects induced in the ‘real world’ 
burning processes. On the materials tested, they 
reveal the potential for such substances to emit 
irritant substances such as aldehydes in 
quantities that have to be taken into 
consideration, even if they are normally absent 
in high temperature combustion processes, [44]. 
The second main information is that the 
concentration in the oxidizer agent (KNO3) 
plays a role in modifying rate of reaction as well 
as yields of species emitted. 

The other tests were also useful to identify 
or confirm that the experimental technique may 
highly influence the results (at least at lab-scale). 
The DSC tests (figure 5) did not show much 
difference in the decomposition behavior of the 
two smoke powders (contrary to FPA), which 
may find an explanation in the fact that the 
heating rate is not representative of ‘burning 
pyrotechnics’ like smoke powders. The lack of 
difference for the two smoke powders may also 
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be due to the much smaller sample size used in 
DSC measurements: the sample size used in the 
FPA is at least 4 x 104 times larger than that 
used in DSC. On the other hand, DSC results 
(see figure 7) show that air may play a role in 
the case of smoke powders, despite of the 
general assumption presented in table 7. 

There are also no significant differences 
observed for the thermal decomposition of the 
smoke powders from the TG-DTA-FTIR-MS 
results. Similar to DSC, the low heating rate and 
small sample size used in TG-DTA-FTIR-MS 
are probably the causes of this lack of 
difference. Coupled TG-DTA-FTIR-MS results 

(figure 8) are more illustrative of the interest of 
coupling different experimental techniques to 
investigate such a complex issues as combustion 
related non thermal damage pertaining to 
reactive materials when burning. Qualitative 
identification of species emitted from TG-DTA-
FTIR-MS tests reveals how powerful those 
techniques are to perform relevant screening 
tests with reasonable time/cost efforts. Next step 
will be to proceed to further investigation by 
coupling same analytical techniques to flash 
pyrolysis technique, which use a high heating 
rate closer to smoke powder burning process. 
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Figure 8 : Evolution of TG-DTA/FTIR/MS results for smoke powder 1 (40% of KNO3) according to common 

temperature range 
6. Discussion 
 

We have shown from preceding 
development that burning pyrotechnic toxicity 
issues do exist, although we may reasonably 
think that acute toxicity concerns resulting from 
normal use of pyrotechnics are essentially 

existing in military applications (eg. smoke 
powders containing hexachlorohexane…). 
However, to get a better understanding on all 
‘non thermal’ issues of burning pyrotechnics, 
from acute toxicity up to environmental 
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pollution and contamination related problems, 
more knowledge-based information must be 
produced in order to provide satisfactory data for 
analysing adequately those issues and be able to 
evaluate toxicity related problems for cases of 
interest.  

In particular, likewise for the case of 
conventional fires [52][53], repeated exposure 
more to sub-lethal doses of pyrotechnics smoke 
might be of concern. The evaluation of such 
situations (that occur at least for workers, if not 
for the public with display fireworks shows, and 
possibly also with smoke producing pyrotechnic 
compositions and other applications making use 
of pyrotechnics) must rely on a more in-depth 
analysis, by producing suitable new information 
(from test data, new lessons from experience…).  

Due to the high variety of pyrotechnic 
compositions, the importance of toxicity related 
issues is likely to vary somewhat according to 
products and applications, so a case by case 
approach is probably the best method for 
addressing properly the question. INERIS and 
CERL have just started to collaborate in such a 
direction, by examining (see section 5) 
experimentally the case of smoke powders.  

In the near future, other tests with 
different compositions will be carried out, in the 
framework of a commonly supported thesis 
work, to which the University of Edinburgh 

(UK) (school of electronics and fire engineering) 
is also associated. The thesis work aims at 
developing analytical and experimental 
procedures to learn more on safety issues 
pertaining to non explosive burning of 
pyrotechnics. The importance of toxicity issues 
is also likely to be highly scenario-dependant:  
- normal uses of pyrotechnics with single or 

repeated exposures to diluted pyrotechnic 
smoke may represent one generic type of 
scenarios 

-  accidental pyrotechnics smoke releases of 
all sorts are the second ‘generic’ type of 
scenarios to be treated 

Subdivisions of both categories of 
mentioned scenarios will have to be correctly 
identified (for instance ‘high’ and ‘low’ 
temperature systems, ‘in-door’ and ‘out-door’ 
use of pyrotechnics, accidental burning inside 
enclosures or in the open…). 

Table 7 might serve as a guideline to 
develop adequate research trying to optimize the 
findings obtained by fire researchers. This table 
simply outlines significant differences that can 
pertain between conventional fires and burning 
pyrotechnics scenarios. 
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Table 7 : conventional fires versus burning pyrotechnics:  
a comparison of governing paramaters affecting toxicity 

parameters conventional fires burning pyrotechnics 
chemistry of 
combustible 
materials 

Building fires : CH-, CHO-, CHON- based 
natural or synthetic polymers (+ small amounts of 
Cl, S…) 
Industrial fires : largely more variable in terms of 
chemical structures and chemical elements 
involved 
 

C (charcoal), CxHy, CxHyOz, metallic 
powders, S, P, other organic materials 
(saw dust, wax…) 

oxidizing stream air solid oxidizers intimately mixed in 
pyrotechnics compositions (nitrates, 
chlorates, perchlorates, mainly 
inorganic…) 

mode of burning diffusive burning in air decomposition / ’combustion’ in kind of 
deflagration mode (at least one order of 
magnitude higher in speed)  

main toxic 
products 
identified 
(acute/sub-acute) 

CO, HCN, depleted O2 
SO2, HCl 
Other irritants (acroleine, aldehydes, 
isocyanates…) 

metallic compounds (oxides or salts) with 
mercury, lead, arsenic…? 
irritants or products of specific toxicity 
(aldehydes…)  with low temperature 
systems 
needs further evaluation to balance 
current positions 

role of air of prime significance: availability of air governs 
type of fire: 
- either fuel-rich (well ventilated) 
- or full lean (under-ventilated) [57] 

limited role (in most cases) to: 
- burning of pyrotechnics packaging 

devices and materials 
- lifting charges ? 

importance of 
aerosols/particles 

limited for the acute toxicity problem. Under 10 
μm, may however serve as carriers of adsorbed 
species inside the respiratory tract 

significantly higher importance, as many 
of the products during burning of 
pyrotechnics are released as solids or 
solidify very quickly with decreasing 
temperature 

Geometry of 
sources 

Materials when burning can generally be 
assumed as fixed ‘sources terms’ of pollutant or 
toxic species 

often to be taken as moving sources 
species, due to lift charges for many 
fireworks 

pertinent lab-
scale tools 

So-called fire physical models with bioassay 
coupling capacities and lab-scale fire 
calorimeters (such as the FPA) 
Well identified in literature and standards (see in 
particular ISO DTR 16312-2 (2006) [46] 

no pertinent standardized testing tool 
isolated initiatives existing, however. 

 
 

The importance of toxicity issues is also 
likely to be highly scenario-dependant:  
- normal uses of pyrotechnics with single or 

repeated exposures to diluted pyrotechnic 
smoke may represent one generic type of 
scenarios 

-  accidental pyrotechnics smoke releases of 
all sorts are the second ‘generic’ type of 
scenarios to be treated 

Subdivisions of both categories of 
mentioned scenarios will have to be correctly 

identified (for instance ‘high’ and ‘low’ 
temperature systems, ‘in-door’ and ‘out-door’ 
use of pyrotechnics, accidental burning inside 
enclosures or in the open…). 

Table 7 might serve as a guideline to 
develop adequate research trying to optimize the 
findings obtained by fire researchers. This table 
simply outlines significant differences that can 
pertain between conventional fires and burning 
pyrotechnics scenarios. 
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Figure 9 : inhalation pathways of aerosols 

according to particle size 
 

As indicated in the mentioned table, 
aerosols must also be taken into account in the 
analysis.  

However the complexity of the analysis of 
the toxicity issues pertaining to the aerosols 
emitted in burning processes is illustrated in 
figure 9, that first explain why ‘PM10’ 
(particulate matter below 10 μm) may be of 
concern. The finer the particles are, the deeper 
they may penetrate into the respiratory tract up 
to direct interactions with cells in the lungs. 
Regarding that issue, new information is needed 
for both conventional fires and scenarios 
involving burning pyrotechnics, as indicated in 
recent analysis by Arntz [58]. 
Indeed, in the case of pyrotechnics, high 
temperature systems toxicity issues are 
probably more dependant on the size of the 
aerosols. 
 
7. Conclusions 

The current understanding of combustion- 
toxicity issues of burning pyrotechnics has been 
reviewed, with state-of-the art knowledge of 
related issues pertaining to ‘conventional fires’ 
serving as a guideline in the analysis. 

From existing -and still very limited- 
information based on testing, past experience 
regarding normal and accidental scenarios where 
pyrotechnic materials are burning, acute toxicity 
issues seem to be limited to a number of more or 
less well identified cases (devices providing 
screening smoke for military application, 
possibly also ‘first generations’ air-bag inflators 

making use of sodium azide and other 
propellants). 

However, existing knowledge regarding 
toxicity related issues of pyrotechnics are far 
less advanced than in the case of combustible 
materials burning with surrounding air in built 
enclosures or in the open. Moreover, studying 
combustion toxicity issues pertaining to 
pyrotechnics appears to be more complex due to 
the much higher diversity in chemistry and 
combustion processes exhibited by these 
materials, as compared to normal fires involving 
common materials. 

Therefore, research efforts in the area are 
highly desirable and they may benefit from some 
of the engineering tools developed to study more 
general fire safety issues. 

Our experimental contribution to support 
such an effort regarding the behaviour of smoke 
powders confirms that powders containing 
KNO3 may present sub-acute toxicity issues,  
depending on scenarios of use. 

Our understanding is that generally, those 
pyrotechnic devices leading to ‘low temperature’ 
decomposition or combustion processes, in order 
to produce special effects like screening are of 
concern, as they are liable to produce significant 
amount of organic irritants (like aldehydes) or 
organic species of specific toxicity (carcinogenic 
substances… ). These tests have also proven the 
capacity and the interest of combining 
experimental techniques so-called ‘fire 
calorimeters’ (such as the Fire Propagation 
Apparatus) to more conventional calorimetry 
techniques coupled with MS/FTIR systems. 
 

At last, we keep on thinking that closer 
collaboration between the scientific community 
of fire science and those relevant to energetic 
materials would be of mutual benefit (for 
instance for the development of validated 
sampling and analytical techniques for aerosols 
produced by combustion / decomposition 
processes).  
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ABSTRACT 
 

Shock sensitivity of HNS-I, HNS-II and CH-6 explosives in a wide range of loading densities was 
studied using a Small Scale Gap-Test procedure. RDX, PMMA and steel were used as donor, gap 
material and dent plate respectively. Critical values of gap thickness and initiation pressures for stable 
detonation development were defined. For all three explosives it was found that the initiation pressure 
strongly increases with the loading density ρ, showing a linear dependence in semi logarithmic 
coordinates log(Pi) -  ρ, indicating exponential decrease of the explosive shock sensitivity with the rise of 
loading density. From the results we can also see that CH-6 is more dependent on the density than HNS-II 
or HNS-I in that order.  The addition of nano aluminum (ALEX®) to HNS explosives results in decrease 
of the shock sensitivity without the reduction of detonation output. 
 
Introduction 

Shock sensitivity is one of the main parameters defining the practical application of the explosive 
materials. In light of modern safety requirements the reduction of shock sensitivity without considerable 
effect on the explosive output is one of the principal motivations of explosive research. In the last decade 
considerable progress was achieved in understanding of physical and chemical phenomena underlying the 
shock initiation of explosives [1,2]. It was shown [3,4] that particle morphology strongly influences the 
initiation process indicating the possibility to modify the sensitivity properties by changing particle size 
and shape. RDX and HMX with reduced shock sensitivity were developed by this way [5,6]. The other 
possibility to change the initiation characteristics of explosives is the mixing with various additives both 
energetic and inert. One of the most promising additive is nano aluminum. The effect of nano aluminum 
on detonation properties of various explosives was widely studied in numerous publications (see [2] and 
references therein). For high explosives of the RDX, HMX and CL-20 type, no measurable effect on the 
detonation velocity was found when Al was present in the reference sample The influence of Al nano 
particles on the shock sensitivity of the explosives is practically unstudied. 

In this paper the results on shock sensitivity and initiation processes of HNS and CH-6 explosives 
in a wide range of loading densities are presented. The effect of different concentrations of nano Al 
(ALEX®) on the shock sensitivity of HNS is also investigated.   
 
Experimental Procedure 

The standard Small Scale Gap Test (SSGT) procedure was used to measure the shock sensitivity 
of explosives. The donor and acceptor charges were loaded into identical brass cylinders. The outer and 
inner diameters of the cylinder were 25 mm and 5.1 mm respectively and the length was 38 mm. PMMA 
spacers of different thickness served as a gap. The donor charge was initiated  by Nobel 8 detonator. The 
acceptor charge was attached to a steel plate and the depth of the dent induced in the plate by exploding 
acceptor explosive served as the measure of the acceptor output.  

RDX type 1 loaded with the density of 1.74 g/cm3 was used as the donor charge. HNS and CH-6 
explosives were used as acceptor charges. HNS was of two types conforming to WS-5003 specification: 
HNS Type 1 (HNS-I) and Type 2 (HNS-II). CH-6 is based on RDX Type 1 possessing properties 
conformed to MIL-C-21723. Nano aluminum ALEX® was used as additive to HNS explosive. 
Mechanical mixtures of ALEX® with HNS were prepared using Pascal mill. 
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The intensity of the shock wave generated by donor charge and its absorption by the PMMA 
spacers were preliminary measured with manganin pressure transducers and modeled with LSDYNA 
calculations. The obtained dependence of the transmitted pressure on the spacer thickness P(t) was used to 
measure critical pressure values (Pi) necessary to initiate the acceptor charges. 
 
Results and Discussion 
Effect of Acceptor Density 

Figs.1-3 show the dependences of the dent depth induced by various acceptor explosives on gap 
thickness for different loading densities of acceptor charges. In order to obtain the 
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Fig.1. Dependence of the dent depth on gap thickness for various densities of HNS-I explosive 
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Fig.2. Dependence of the dent depth on gap thickness for various densities of HNS-II explosive 
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Fig.3. Dependence of the dent depth on gap thickness for various densities of CH-6 explosive 

 
reference value of the dent depth under the conditions of stable detonation d0 of the acceptor all 
experiments started from the zero gap. As can be expected the curves shown in Figs.1-3 have a sharply 
graded form indicating the critical character of the shock initiation of the acceptor. For critical gap 
thickness tc ensuring the stable detonation of the acceptor charge we accepted the following value: 

tc (mm) = td/2 (mm) – 1 mm 
where td/2 is the gap thickness where the dent depth is equal to d0/2. Substituting the measured tc values 
into the calibration dependence P(t) the critical initiation pressures Pi were obtained. As can be seen from 
Figs.1-3 the critical gap thickness shifted to lower values with the rise of the acceptor loading density. 
This means that the shock sensitivity is reduced with the density increase. The effect is good illustrated in 
Fig.4 where the critical initiation  
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Fig.4. Dependence of the initiation pressure Pi on the explosive density 

 
 

pressures are shown as a function of loading density. For all three explosives the initiation pressure 
strongly increases with the density rise. The dependencies get the linear form in semi logarithmic 
coordinates (Fig.5) showing the exponential growth of the critical pressure with the explosive density. 
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Fig.5. Initiation pressure as a function of explosives density 

 in semi logarithmic coordinates  
 

Among of three explosives studied, HNS-I requires the highest initiation pressure and at the same 
time it is less sensitive to the density changes (the slope of log[Pi](ρ) line is minimal and equal to 0.46). 
The other distinctive features of HNS-I initiation can be found in Fig.1. At any density the HNS-I 
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explosive does not demonstrate the intermediate values of the dent depth. This means that the initiation of 
HNS-I is of actually threshold character. If the regime of stable detonation is not developed through shock 
to detonation transition the other types of detonation formation are not realized. The other interesting 
feature of HNS-I initiation is the increase of the dent depth in the field of critical gap thickness. The effect 
is more pronounced at high densities (Fig.1). It indicates that at overpowered incident shock waves the 
part of the loaded explosive does not contribute to the detonation wave directed to the target. 

Differently from HNS-I, CH-6 and HNS-II demonstrate relatively smooth reduction of the dent 
depth in the region of critical gaps (Figs. 2 and 3) showing the dent depth intermediate between d0 and 
zero value.  The effect is observed at any loading density. These facts indicate the existence of several 
mechanisms of the detonation development. The additional information on the detonation formation can 
be obtained from the post fire inspection of the acceptor fixtures and their fragments. Fig.6a shows the 
post fire fragment demonstrating the process of detonation development in HNS-II with the dent depth 
corresponding to stable detonation. As can be seen in the photo there is a short initial interval of ~ 5 mm 
after which the rapid transition to stable detonation occurs. In the case of intermediate dent depth the 
transition to detonation (Fig.6b) takes place gradually and finishes at the end of the explosive column. 
Fig.6c shows the case where the transition to detonation in CH-6 does not succeed at available distances 
and the dent was not observed.  Obviously that in the first case (Fig.6a) the detonation is developed 
through shock to detonation transition. In the second case (Fig.6b) it seems that the intensity of the 
incident shock wave is insufficient to initiate the detonation and the transition to detonation takes place 
with the help of deflagration. The critical initiation pressure for HNS-II and CH-6 explosives is very 
sensitive to the density changes (Fig.5). The slopes of log[Pi](ρ) lines are 0.80 and 1.6 for HNS-II and 
CH-6 respectively. 
 
 
 

 
              (a)                                                 (b)                                                  (c) 

 
Fig.6. Photographs of acceptor fixture and fragments illustrating process of detonation development. (a) 

HNS-II, 1.4 g/cm3, d=1.48 mm, (b) HNS-II, 1.25 g/cm3, d=1.17 mm, 
(c) CH-6, 1.6 g/cm3, d=0 mm  

 
The obtained results can be interpreted in terms of hotspot models of detonation initiation. These 

models [7,8] are developing for heterogeneous non-ideal explosives and assume the collapse of pores or 
bubbles or crystal lattice defects upon intense shock wave impact. The collapse is followed by sharp 
pressure and temperature rise which in turn heat the neighboring explosive particles and provide the 
reaction propagation. The pressure waves emitted by collapsed inhomogeneities can merge into a plane 
wave according to the internal geometry contributing and amplifying the initiating wave. Such an 
approach supposes a strong dependence of detonation development on particle morphologies and their 
compaction and thus explains the considerable difference between HNS-I and HNS-II explosives, which 
are chemically identical.  HNS-I represents a close to spherically shaped particles of micron size whereas 
HNS-II consists of irregularly sized and shaped particles. Under high compression conditions induced by 
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the incident shock wave, the heterogeneous constitution of the HNS-II particles greatly facilitates hot 
spots formation. This can explain the higher shock sensitivity of HNS-II as well as the stronger 
dependence of the initiation pressure upon the loading density. The slope of the log[Pi](ρ) lines can serve 
as a measure of the explosive structural heterogeneity.  According to Fig.5 the structural heterogeneity of 
the tested explosives increases in the order of HNS-I, HNS-II, CH-6. 
 
Effect of nano aluminum on shock sensitivity  

The introduction of nano aluminum of ALEX® type to HNS-I and II explosives was aimed at 
studying the influence of reactive nano particles on the shock sensitivity and to compare the response of 
two chemically identical but morphologically different explosives. Usually due to its extremely high 
reactivity the addition of nano aluminum into energetic materials results in an increase of both the 
sensitivity to external impacts and energetic output. In the case of explosive detonations the results are 
much complex. Since the explosive reaction supporting the detonation is intermolecular it seems that 
nano aluminum does not contribute directly to the detonation reaction. However as a consequence of high 
reactivity it can participate in the immediate post detonation reactions thereby contributing to the overall 
detonation process and compensating for the decrease of pure explosive.  

The other possible role of nano aluminum in detonation can be realized through its influence on 
the structural heterogeneity of the explosive. Actually nano particles embedded inside the irregular 
structure of the heterogeneous explosive can fill the pores and intra particle space reducing the structural 
heterogeneity. Thus the introduction of nano aluminum particles will lead to the stabilization of certain 
structural defects which in turn will result in the reduction of the explosive shock sensitivity without 
considerable changes in the explosion output.        Figs. 7 and 8 show the effect of different 
concentrations of ALEX® on the shock sensitivity and detonation output of HNS-II and HNS-I 
explosives. As can be seen even a small amount (2%) of nano aluminum leads to a considerable decrease 
of the shock sensitivity for both explosives. 
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Fig.7. Dependence of the dent depth on gap thickness for HNS-II explosive (ρ=1.65 g/cm3) 

containing various amounts of ALEX®  
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Fig.8. Dependence of the dent depth on gap thickness for HNS-I explosive (ρ=1.59 g/cm3) 

containing various amounts of ALEX® 
 
 

The initiation pressure for HNS-II increases from 23 kBar to 33 kBar and approaches to the pure HNS-I 
value. The rise of ALEX® content to 5% does not influence the shock sensitivity of HNS-II. There is no 
effect of ALEX®  on the values of the dent depth thus the detonation output is unchanged.  There are no 
intermediate values of dent depth for ALEX® containing HNS-II showing the extraordinary role of the 
pure shock to detonation transition in the modified explosive. 

HNS-I reaction on the ALEX® additive is similar to HNS-II. The initiation pressure increases 
from 34 kBar to 44 kBar and the detonation output remains unchanged. However there is an intermediate 
value of the dent depth indicating the certain contribution of the ALEX® particles into the  detonation 
development through deflagration to detonation transition. 
 
Conclusion  

The effect of the loading density on the shock sensitivity of HNS-I, HNS-II and CH-6 was 
experimentally studied and interpreted in terms of the hot spot model for detonation initiation. It was 
shown that dependence of the shock sensitivity of the explosives on the loading density was a function of 
structural heterogeneity of the explosive material and its particle compaction. With the rise of the 
heterogeneity the dependence becomes stronger. It was also shown that the introduction of a small 
amount of nano aluminum of ALEX® type powder into HNS explosives  reduced the structural 
heterogeneity and lead to a considerable decrease of the shock sensitivity without reduction of the 
detonation output. This effect can be used to modify explosive properties.  
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ABSTRACT 
 
Understanding of the mechanism of the low-frequency non-acoustic instability phenomena at the solid 
rocket propellants combustion - one of the most complicated problems in the solid propulsion physics. 
The burning process of each specific solid propellant can be characterized by the set of own frequencies 
of pulsations of the burning surface that appears in the critical burning conditions. Several theories have 
been proposed highlighting one or other process as the dominant mechanism, but a unifying theory is yet 
to emerge. The present work focuses on one of the critical events, namely the spatial-periodic micro-
structures (SPMS) excitation in the evaporated energetic materials (EM) liquid-viscous layer (LVL). The 
low-frequency non-acoustic combustion instability phenomenon, the chuffing phenomenon and the 
accompanying physico-chemical effects have received a new explanation within the concept based on the 
data of optical visualization of the physico-chemical processes on the EM burning surface. This concept 
connected, mainly, with excitation of the synergetic dissipative SPMS in the thin LVL and on the EM 
burning surface. At heating from above in the thin LVL occurs the thermo-electric convection excitation, 
that induce cellular movement and formation of the synergetic SPMS. On the EM burning surface is 
observed the process of self-organizing of the dynamic dissipative synergetic SPMS into the torch macro-
structures. Suggested mechanism opens possibilities for understanding the essence of the EM unstable 
combustion phenomena on the new qualitative level. 
 
 

INTRODUCTION 
 

The problem of combustion instability and anomalies of burning of the energetic materials (EM) 
traditionally remains one of actual problems in the theory of combustion (Ref. 1). The principles of the 
EM combustion anomalies theory were established by outstanding Russian scientist Ya.B. Zel'dovich 
(Ref. 2). Prediction of ignition transients and low-frequency non-acoustic combustion instability in the 
solid propulsions systems (SPS) has remained a topic of active research for several decades, yet there 
appears to be no model that can describe the roles played by all the complex physico-chemical processes. 
The development of larger and more sophisticated SPS have emphasized the need to model the ignition 
transients accurately as they do not lend themselves to costly trial and error development techniques. The 
radical difference in size and technology of these SPS defy extrapolation of the empirical knowledge 
gained in the development of earlier, more conventional SPS. 

With regard to the physical mechanisms of the solid rocket propellant combustion, the combustion 
zone is quite complicated even under steady state conditions, with multiple flamelets attached to different 
parts of the burning surface. The complications are, in part, due to the statistically random nature of the 
distribution of the reactants in the condensed phase, and, in part, due to poor understanding of the 
combustion zone owing primarily to its microscopic nature and the hostility of the environment to clear 
investigation. Understanding of the mechanism of the low-frequency non-acoustic instability phenomena 
at the solid rocket propellants combustion - one of the most complicated problems in the solid propulsion 
physics. Several theories have been proposed highlighting one or other process as the dominant 
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mechanism, but a unifying theory is yet to emerge. The present work focuses on one of the critical events, 
namely the spatial-periodic micro-structures (SPMS) excitation in the evaporated EM liquid-viscous layer 
(LVL).  

THE LOW-FREQUENCY NON-ACOUSTIC INSTABILITY IS THE CHARACTERISTIC 
PROPERTY OF COMBUSTION PROCESS OF THE  

SOLID ROCKET PROPELLANTS 
 

SPS with a small characteristic length of the chamber L* may exhibit spontaneous oscillations in 
the chamber pressure. If the oscillations occur simultaneously in the bulk of the chamber, such an 
instability has been variously called the L*, bulk mode or non-acoustic type. The phenomenon is typically 
characterized by the amplifying low-frequency pressure oscillations of below some 300 Hz, leading to the 
extinction of the SPS. In extreme cases, when the L* is very small, extinction occurs almost immediately 
after ignition, followed by a sequence of periodic pressure build-up and extinction: such a process has 
been called chuffing. 

 
The phenomenon of chuffing involves large pressure fluctuations, sometimes with widely varying 

frequencies. Although the order of magnitude of chuffing frequencies suggests a dominant solid-phase 
energy release mechanism at low pressures, the underlying process is not convincingly explained yet. 
Such kind of combustion instability in the combustion chamber is most frequently observed for the end-
burning solid propellant charges and for channel-shaped propellant grains. According to the data 
presented in the paper (Ref. 3), for the channel-shaped charges the boundary of low-frequency 
combustion instability depends not from the channel volume and the chamber volume, but is determined, 
mainly, by the pre-nozzle volume. Therefore, if the volume of the SPS combustion chamber with end-
burning charge coincides with the pre-nozzle volume of the SPS with a channel-shaped charge, the 
boundaries of their low-frequency stability coincide.  

 
In the paper (Ref. 4) on the basis of large number of the fire stand tests has been made conclusion 

that periodic processes - the chuffing processes and the low-frequency non-acoustic combustion 
instability are the characteristic properties of combustion process of the solid rocket propellants. Usually, 
these properties appears in the conditions of low pressure in the combustion chamber and (or) in the 
conditions of the low ambient temperatures. As a matter of fact, for the first time has been suggested 
assumption that the burning process of each specific solid propellant can be characterized by the set of 
own frequencies of pulsations of the burning surface that appears in the critical burning conditions. And 
also has been mentioned the existence of some universal law connected with unstable processes on the 
burning surface of the solid propellants. However how it is possible to explain this property and what 
physical phenomena appears here not enough clearly till now. Existence of such problems has been 
indicated in the recent dissertations (Refs. 3, 5). The hypothesis that the determining mechanism of 
excitation of the low-frequency combustion instability and chuffing are the reactions in the gas phase has 
been suggested in the paper (Ref. 6). The similar hypothesis about existence of the gas-phase oscillatory 
chemical reactions which excite low-frequency combustion instability and chuffing has been suggested in 
2003, in the dissertation (Ref. 5). However the papers (Refs. 4, 7) have convincingly shown that the 
determining mechanism of excitation of the chuffing processes and the EM low-frequency combustion 
instability are the reactions in the condensed phase (the mechanism of thermal explosion of the condensed 
phase), but not the reactions in the gas phase. Frequency of pulsations at the burning process of the 
propellant laboratory samples in the air appeared same as at burning of the samples in the conditions of 
the nitrogen flow above the propellant burning surface. At the same time, the heat feedback from the hot 
gases trapped in the chamber when the chamber and ambient pressure equalized due to extinction, could 
not cause re-ignition of the propellant. Re-ignition after extinction, and hence chuffing, could not be 
obtained with a surface reaction model.  
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TORCH MACRO-STRUCTURES EXCITATION ON THE  

ENERGETIC MATERIAL BURNING SURFACE 
 
For successful solution of the problems, connected with suppression of the SPS combustion 

instability are necessary to have detailed understanding about essence of mechanisms of the EM unstable 
burning on the new qualitative level. Obviously the possibilities of understanding of laws of this complex 
phenomenon are closely connected with excitation and formation of the cellular micro-structures on the 
EM burning surface. Certainly, the new level in understanding of the fundamental laws of the EM low-
frequency non-acoustic combustion instability can be provided on the basis of use of the newest 
technologies of visualization of zones of burning of the EM.  

 
Recently with use of new interferometric and shadow technologies of optical visualization of the 

zones of burning of the EM, the unique results overturning traditional representations about the 
mechanisms of cellular-pulsating burning and low-frequency non-acoustic instability at the solid rocket 
propellants combustion have been received (Refs. 8 – 10). 

 
Some fragments of optical visualization of the process of burning of the standard ballistite 

propellants are shown on the Fig. 1 and Fig. 2.  
 
 

 
 
          Fig. 1. Sequential images of dynamics of the carbon spatial-periodic micro-structures  
                     on the burning surface of the standard ballistite propellant. 
 
 

On the Fig. 1 are shown the fragments of the process of throwing away of the carbon grid, formed 
at the propellant burning surface.  

The experimental data have shown that torch combustion phenomenon develops irrespective of 
properties and structure of the specific EM. At realization of this burning mode the sizes of burning cells 
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are not connected with sizes of components and the sizes and structure of researched EM. Besides, 
according to the experimental data, ignition of long propellant channels occurs in the cellular or in the 
torch mode (Ref. 11). Also the experimental data has shown that active (reaction-capable) SPMS (the 
burning cells) on the burning surface are united into the more large-scale structures - into the torch macro-
structures. By other words, on the EM burning surface is observed the process of self-organizing of the 
dynamic dissipative synergetic SPMS into the torch macro-structures. The torch macro-structures on the 
EM burning surface can be considered as independent synergetic structures. This phenomenon reflects 
universal law of the SPMS excitation on the burning surface of the EM. In this connection, on the burning 
surface the process of moving (wandering) of the torches is observed.  

 
 
 
              Fig. 2. The effect of formation of the pair of torch macro-structures. Sequential  
                          images of dynamics of two torch macro-structures on the burning surface 
                          of the standard ballistite propellant. 

 
 

Fig. 2 shows dynamics of two torch macro-structures on the burning surface of the standard 
ballistite propellant. The processes in each of the burning cells develops independently from each other. 
The torch structures on the burning surface can exist steadily in the event that they form a pair of two 
torches. This phenomenon is observed also on the shadow photos of torches on the burning surface. 

 
Fig. 2 (1) shows a luminescence of gaseous products of reaction in the one torch. At this time 

occurs formation of the carbon grid on the burning surface. After formation of the carbon grid on the 
burning surface the luminescence of the torch disappears. Further the process starts to develop on the 
burning surface and appears luminescence of the carbon grid on the burning surface (Fig. 2 (2)). The 
combustion products flowing from the burning surface throw away a carbon grid from the burning surface 
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(Fig. 2 (3)). After throwing away of the carbon grid the luminescence of the torch above the burning 
surface appears again (Fig. 2 (4)). 

 
Separate researches of the torch structures were executed, with use of shadow method, both for 

the gun-powder "N" and for standard gun-powders on the basis of nitrocellulose with the lead oxide 
(Refs. 8 – 10). In the researches were used the gun-powder plates with thickness of 3 mm (on the course 
of the light beam) and with width of 12 mm.  
 

Fig. 3 - Fig. 5 contain the information only of two categories. Firstly, this is jet streams of the 
gasification products from the burning surface and secondly, the dependence of the sizes (and 
accordingly, the numbers) of the burning cells from the pressure.  

 

Fig. 3. Burning of the ballistite gun-
powder "N" in the nitrogen atmosphere 
at the pressure 0.4 MPa. Two torch 
macro-structures on the burning surface 
are observed. 

 

 

Fig. 4. Burning of the ballistite gun-
powder "N" in the nitrogen atmosphere 
at the pressure 0.6 MPa. Four torch 
macro-structures on the burning surface 
are observed. 

 

 

Fig. 5. Burning of the ballistite gun-
powder "N" in the nitrogen atmosphere 
at the pressure 0.8 MPa. Six torch 
macro-structures on the burning surface 
are observed. 
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At execution of the researches in the field of high pressures it was impossible to differentiate the 

cells on the burning surface. In these conditions on the burning surface there was so many burning cells, 
that at transverse passing of the light beam through the several jets it was impossible to differentiate 
behavior of the separate burning cell on the background of others.  

 
 

EXCITATION OF THE SPATIAL-PERIODIC MICRO-STRUCTURES IN THE IONIC FUSION 
WITH THERMO-ELECTRIC PROPERTIES ON THE BURNING SURFACE 

 
In accordance with extensive experimental data (Refs. 12 – 14) burning of the evaporated EM is 

accompanied by occurrence of electric conductivity of the burning surface (of the liquid-viscous layer) 
and by chemical ionization of the gas layers adjoining to the burning surface. In conditions of burning 
wave, where the temperature in the condensed phase increasing by exponential law, the thin reactionary 
LVL can be considered as the molten mass with ionic properties. Concentration of the ions increases with 
the burning rate and determines electric conductivity of the burning surface. At burning in conditions of 
threshold-low pressures, periodic pulsations of the electric conductivity are observed. In connection with 
existence of the ionic properties of the LVL and electric conductivity of the LVL, the new technologies of 
regulation of the burning rate of the solid rocket propellants have been developed (Refs. 15 – 17). 
  

The low-frequency non-acoustic combustion instability phenomenon, the chuffing phenomenon 
and the accompanying physical-chemical effects have received a new explanation within the following 
universal concept based on the unique data of optical visualization of physico-chemical processes on the 
EM burning surface. This concept connected, mainly, with excitation of the synergetic dissipative SPMS 
in the thin LVL and on the EM burning surface and determining the burning wave spatial instability. At 
heating from above in the thin LVL occurs the thermo-electric convection excitation, that induce cellular 
movement and formation of the synergetic SPMS (Ref. 18). Besides the velocity cells, in the LVL arise 
the electric field cellular structures.  
  

Fig. 6 schematically shows distribution of the physico-chemical processes in the thin LVL in the 
EM reaction zone. 
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                     Fig. 6. Thin liquid-viscous layer in the EM reaction zone, having  
                                 thermo-electric properties at heating from above. 
In accordance with the experimental data, the ratio of the longitudinal and cross-sectional sizes of the 
elementary SPMS is the most stable characteristic of the cellular movement excitation. Change of the 
boundary conditions practically does not influence this parameter. The reason of stability of the sizes of 
the SPMS is connected with the thermo-electric mechanism of excitation of such structures. 
In other words, stability of the SPMS is provided by the electro-magnetic field cellular structures in the 
LVL. The experimental data shows the boundaries of the electric field structures coincide with the 
boundaries of the convection cells (“the structures of velocity”). And on the LVL surface under influence 
of thermo-electric field is excited the electric charge. 
 
 

TWO SCALES OF THE SPATIAL-PERIODIC STRUCTURES  
ON THE BURNING SURFACE 

 
Comparison of the scales of zones of the EM cellular-pulsating burning shows that reaction-

capable SPMS, excited in the LVL, are the initial existential structures that are united in the set of 
aggregates. Each of such aggregates represents a torch or the burning cell on the burning surface. 
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The burning process localized in each of the SPMS, is supported by the process of self-organizing 

of the SPMS into the groups. In other words, each of such aggregates, formed from two and more SPMS 
with identical properties it is possible to consider as a cluster. 

 
TORCH (CELLULAR) SPATIAL-PERIODIC MACRO-STRUCTURES 

ON THE BURNING SURFACE 
Scale of the torch (the burning cell) on the burning surface - (10 - 15) h 

(Diameter of the torch - (1 - 2) mm) 
 
 

 
CARBON GRID (CARBON SPATIAL-PERIODIC MICRO-STRUCTURES) 

ON THE BURNING SURFACE 
 

 
Reaction Liquid-Viscous Layer 

 
The thickness of the reaction liquid-viscous layer determines scale 
of the SPMS (cells) of the thermo-electric convection. 
 
For estimation of the average thickness of the reaction liquid-
viscous layer (the effective thickness of the zone of electric 
conductivity) in the EM heated-up layer can be used the following 
expression: 

)u(/a CS ⋅≈χ 10  
The thickness of the reaction liquid-viscous layer 

- (0.0010 – 0.0035) mm 
 

 
 
 
 
HEATED-UP LAYER 
OF THE ENERGETIC 
MATERIAL 
 
 
The Thickness of the 
Heated-up Layer  
(The Conductive Size) 
 

Cu/ah ≈  
h ~ (0.010 – 0.070) mm 
 

 

The Inert Heated-up Layer of the Energetic Material 
 

 
  Fig. 7. Two scales of the spatial-periodic structures on the burning surface.  
The torch structures on the burning surface forms the non-uniform burning front: on the burning 

surface appears the local discontinuity.  
 
In the conditions of low pressures the sizes of the SPMS and the cluster structures (torches) will 

increase, but the total number of the torch structures on the burning surface will decrease. And vice versa, 
in the conditions of high pressures the sizes of the SPMS and the cluster structures (torches) will decrease, 
but the total number of the torch structures on the burning surface will increase.  
 

Besides for estimation of the Sχ  value can be used D.A. Frank-Kamenetskii’s characteristic 
temperature interval (Ref. 19). Let's consider that the main part of reactions takes place within the limits 
of the quadruple specified temperature interval: 
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For example, at 0T = 293 K and P = 4 MPa, Sχ = 0.0035 mm; and at 0T = 293 K and P = 10 MPa, 

Sχ = 0.0022 mm.   
 
 

THE PHENOMENON OF THE SPATIAL-PERIODIC MICRO-STRUCTURES 
EXCITATION ON THE ENERGETIC MATERIAL BURNING SURFACE  

AT THE INFLUENCE OF THE LASER RADIATION ENERGY 
 

The experimental data have shown that the SPMS develops on the EM burning surface under 
influence of the laser radiation energy. Both the experiment, and the theory confirm, that the SPMS 
formation is rather universal phenomenon.  

 
In the researches was used radiation of the СО2 - laser with power of 60 watt and with wave 

length of 10.6 micrometers. The time of influence of the laser radiation energy on the gun-powder surface 
gradually increased up to the moment of ignition of the burning surface of the sample. It has allowed to 
observe development of the micro-structures on the burning surface in various phases of the process. Fig. 
8 shows the image of the burning surface of the standard ballistite propellant under influence of the laser 
radiation energy in the nitrogen atmosphere at the pressure of 0.4 MPa.   
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                             Fig. 8. The structure of the surface of the sample after influence  
                                         of laser radiation during 120 milliseconds. 

 
 

Excitation and formation of the SPMS on the burning surface is accompanied by separation of the 
LVL on the local zones with different viscosity and density. Local zones with the increased viscosity are 
formed on the boundaries between cellular micro-structures.  

 

 
 
                     Fig. 9. Formation of the carbon micro-structures on the burning surface. 

The Carbon 
Particle 
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In such zones with increased viscosity occurs formation of the carbon micro-structures (Fig. 9). 
Actually, the carbon grid reflects one of sequential stages of development of the cellular micro-structures 
on the EM burning surface. In this case, excitation of the thermo-electric convection in the layer is a main 
structures-forming factor. At further increase of the duration of influence of the laser radiation energy on 
the surface of the sample, the carbon structures will unite with each other and will cover all a greater and 
greater surface. Fig. 10 show gradual increase in quantity of carbon structures on the burning surface. 
 
 

 
 

Fig. 10. Increase in quantity of the carbon micro-structures on the EM burning surface 
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Fig. 11. Formation of the carbon micro-structures on the burning surface. 
 

When the carbon micro-structures cover the surface of the sample approximately on 60 %, 
transition from ignition to burning will be observed. Fig. 11 shows the threshold time moment, after 
which the surface of the sample will be ignited.  

The EM burning surface gradually becomes covered by a carbon grid. During formation of the 
carbon grid on the burning surface the burning process is gradually reduced and eventually the torch 
luminescence disappears. At this stage of the process the luminescence of the carbon grid is observed 
only (Fig. 2, (2)). Further, the combustion products flowing from the burning surface throw away a 
carbon grid from the burning surface (Fig. 1 (2) and Fig. 12).  
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                Fig. 12. The process of throwing away of the carbon grid, formed on the  
                              burning surface, accompanied by extinction of the burning surface. 
 
 

After throwing away of a carbon grid the luminescence of the torch above the burning surface 
appears again. Formation of the carbon grid are determined by formation of the cellular micro-structures 
on the EM burning surface. 
 
 

THE PROCESS OF SELF-ORGANIZING OF THE DYNAMIC DISSIPATIVE 
SYNERGETIC SPATIAL-PERIODIC MICRO-STRUCTURES 

INTO THE TORCH MACRO-STRUCTURES 
 

On the EM burning surface is observed the process of self-organizing of the dynamic dissipative 
synergetic SPMS into the torch macro-structures. In this connection, on the burning surface the process of 
moving (wandering) of the torches is observed. Besides, the torch structures on the burning surface can 
exist steadily in the event that they form a pair of two torches. 

The Carbon Grid 
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Fig. 13. Self-organizing of the SPMS into the torch macro-structures. 

 
 

THE PHENOMENON OF THE END-BURNING SOLID PROPELLANT  
CHARGES RHYTHMIC EXTINCTIONS 

 
Within suggested mechanism becomes possible to give a new explanation of the phenomenon of 

the end-burning solid propellant charges rhythmic extinctions. This phenomenon is observed enough 
frequently both for small-sized (Fig. 14) and for large-sized end-burning charges of the gas-generators 
and SPS (engines for control on a roll channel, the nose cone engines, having diameter up to 0.4 m.). This 
anomaly of burning for the first time was described in details by Dr. Valentin N. Fomenko in 1990 (the 
Federal Centre of Dual-use Technologies "SOYUZ", Dzerzhinsky, Moscow region, Russia), on the  
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FORMATION OF THE CARBON 
MICRO-STRUCTURES 

THE SPMS (CELLS) OF THE  
THERMO-ELECTRIC CONVECTION 



197 

 
 

Fig. 14. Sectional view of the solid propellant gas-generator (Ref. 20). 
basis of use of the results of large number of the fire stand tests (Fig. 15). The phenomenon is typically 
observed only for charges with insulation layer. At periodic accumulation of critical concentration of the 
melted fire-proofing compounds, flowing on the propellant burning surface from the insulation layer, this 
propellant begins to burn in unstable mode. 
 
 

 
 
 
Fig. 15. Combustion products pressure developnent at the end-burning solid propellant charges  
rhythmic extinctions. Curves 1 - 4 corresponds to the solid propellant rocket motor charge, 
manufactured from the standard ballistite propellant (220/0-400). Curves 5 and 6 corresponds to 
the gas generator propellant charge, manufactured from the standard ballistite propellant (60/0-
500). Figure shows curves at different ambient temperatures: 1, 4 – 293 K; 2, 5 – 223 K; 3,6 – 323 
K; Curve 4 corresponds to the situation at flame propagation under the charge armoring cover. 
 
 

Fomenko V.N. has convincingly proved that deviations of physico-chemical parameters of the 
solid-propellant charge material are not the reason of occurrence of the low-frequency rhythmic 
extinctions phenomena. For explanation of experimental results he has assumed, that the picture of this 
phenomenon are similar to the phenomenon of burning cross spin waves at the self-propagating high-
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temperature synthesis (SHS). Nevertheless, such theoretical explanation of the phenomenon do not 
correspond to other results of researches. For example, for the SHS-systems, the transverse burning waves 
may exist at various ratios between propagation velocities of the transverse and longitudinal burning 
waves. However, at the gun-powders and solid propellants burning, the transverse burning waves can be 
considered only if their propagation velocity considerably exceeds the longitudinal burning wave 
propagation velocity. Besides, there is no full analogy between the burning processes of the solid rocket 
propellants and the SHS-systems, because at the SHS the condensed reaction products continue to 
produce essential influence on the further development of the burning process.  
 

In the conditions of increased pressure, inflow of the inhibitor of burning from the insulation 
layer on the end-burning surface will increase viscosity and density of the LVL and will lead to increasing 
of sizes of the SPMS and the burning cells. In this situation the quantity of the burning cells will decrease. 
Accordingly, more dense and steady carbon grid on the burning surface will be formed (as in conditions 
of the low pressures). Periodical throwing away of the carbon grid, formed at the burning surface causes 
extinction and the subsequent flashes that is recorded on the pressure curve (Fig. 15).   
 

It is important to note, that in the majority of theoretical models of the low-frequency non-
acoustic instability phenomenon in the SPS, the processes of excitation of the SPMS on the burning 
surface are not taken into account. Thus, suggested mechanism and theoretical model opens possibilities 
for understanding the essence of the EM unstable burning phenomena on the new qualitative level. Such 
an improved model will be a step towards detailed interpretation of the large amount of experimental data 
on L* instability that is available. 
 
 
PROBLEMS OF CONTROLLING OF THE ABNORMAL PHYSICO-CHEMICAL PROCESSES 

AT THE ENERGETIC MATERIALS BURNING 
 

Actuality of the researches connected with controlling of the abnormal physico-chemical 
processes at the EM burning is evidently demonstrated by continuous perfection of the designing-
technological development in the given scientific-technical area. Let us examine some new Russian 
technologies intended for effective suppression of the unstable combustion and abnormal modes of the 
SPS operation. These technologies are created on the basis of traditional theoretical ideas about the EM 
combustion instability (Table 1). 

 
 

Table 1. Technologies for the combustion instability suppression in the SPS. 
 

Design Schemes and Brief Description 
The SPS with acoustic 
damper, manufactured as the 
cylindrical two-level cham-
ber. Device provides 
effective suppression of 
vibrating burning in the wide 
frequencies band (Ref. 21). 
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Table 1. Technologies for the combustion instability suppression in the SPS (continuation). 
 

 

The SPS with large-lengthened 
casing. The engine design 
provides effective suppression 
of longitudinal pressure 
pulsations (longitudinal acoustic 
oscil-lations) with low 
frequencies (Ref. 22). 

The SPS contains main and additional chambers, 
connected by subsonic nozzle. The engine design 
provides effective suppression and stabilization of 
the low and high-frequency combustion products 
oscillations at the ignition system operation and at 
appearance of the charge unstable burning (Ref. 
23).  
  

 The SPS contains the acoustic cavity of given sizes, 
and at the solid propellant charge end faces are 
installed the elastic boots. The engine design provides 
effective suppression of the high- and low-frequency 
pressure oscillations at appearance of the charge 
unstable burning (Ref. 24). 

Design Schemes and Brief Description 
 
In the SPS, between the front bottom and the 
engine casing the perforated thin diaphragm 
is installed, and between the diaphragm and 
the front bottom are located the acoustic 
cavity. Oscillations of the front diaphragm 
provide additional suppression of the 
combustion products acoustic oscillations 
(Ref. 25). 
 

 

  
The SPS contains a sectional solid propellant 
charge and the acoustic cavities, located between 
the charge sections. The engine design provides 
stability of the internal ballistics characteristics by 
suppression of the pressure oscillations in the 
wide frequencies band, at appearance of the 
charge unstable burning (Ref. 26). 
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Table 1. Technologies for the combustion instability suppression in the SPS (continuation). 
 

 

 

 
 
 
Mechanical device installed in the SPS 
charge channel: longitudinal and cross 
perforated plates and diaphragms (Ref. 5). 

 
 
 
Method of ignition provides increased 
reliability of the solid propellant rocket motor 
with multigrain charge with large relative 
elongation in the wide temperature range 
(Ref. 27). 

 

 
 

 
 

For suppression of the combustion instability can be used various mechanical devices installed in 
the combustion chamber or in the charge channel: the resonant rods of various forms; longitudinal and 
cross perforated plates and diaphragms; various screens. Other versions of technologies for suppression of 
combustion instability are purposeful change or regulation of form and geometrical characteristics of the 
combustion chamber; exact tuning of geometrical characteristics of the chamber or its separation on 
several volumes; creation of resonant acoustic cavities in the combustion chamber; installation of 
damping rings (diaphragms) and also internal and external acoustic (gas dynamics) dampers (Helmholtz 
resonators). Besides, in some cases for suppression of the combustion instability there may be used high-
porosity cellular materials in the form of disks installed in the combustion chamber. Such disks are 
usually manufactured by means of powder metallurgy.  
 

At the same time there are deficiencies of these technologies. The efficiency of the mechanical 
damper decreases after burning out a portion of the propellant charge, in connection with change of the 
cavity sizes, because the mechanical means of suppression of unstable burning operates in a narrow 
frequencies band. Also, damper design elements induce the energy losses due to braking of the 
combustion products flow. Use of mechanical dampers leads to increase of the engine inert weight. In 
some cases there may be damper destruction and ejection of its separate elements from the engine. 
Absorbers of resonant type - the acoustic dampers (Helmholtz resonators) operates effectively in a narrow 
frequencies band and can induce transition of unstable mode to other frequency or lead to destabilization 
of steady burning process in the engine. 
 

The main source of instability is the solid propellant pulsating burning surface. However, the 
existing technologies for suppression of the solid propellant combustion instability do not take into 
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account the influence of the synergetic spatial-periodic micro-structures on the propellant burning surface. 
Further progress in this vital area may be connected with understanding of mechanisms of formation and 
destruction of the synergetic micro-structures on the EM burning surface.  

 
In the SPS of a new generation with high energy and mass characteristics, the problem of 

prevention of development of combustion instability and anomalies of burning have extreme importance. 
Solution of this problem can be provided with using of suggested mechanism and with using of plasma 
physics technologies for control of the process of excitation of the SPMS on the burning surface. 
 

In particular, for control of the process of the SPMS excitation on the EM burning surface the 
effect of acoustic cavitation in the LVL can be used. This effect can be organized in the LVL under 
influence of the acoustic field with certain frequency. 
 
 

CONCLUSION 
 

The low-frequency non-acoustic combustion instability phenomenon, the chuffing phenomenon 
and the accompanying physico-chemical effects have received a new explanation within the concept 
based on the data of optical visualization of the physico-chemical processes on the EM burning surface. 
On the EM burning surface is observed the process of self-organizing of the dynamic dissipative 
synergetic spatial-periodic micro-structures into the torch macro-structures. The torch macro-structures on 
the EM burning surface can be considered as independent synergetic structures and can exist steadily in 
the event that they form a pair of two torches. 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 EM burning zone. Within suggested mechanism becomes possible to give a 
new explanation of the phenomenon of the end-burning solid propellant charges rhythmic extinctions. 
The existing technologies for suppression of the solid propellant combustion instability do not take into 
account the influence of the synergetic micro-structures on the propellant burning surface. Further 
progress in this vital area may be connected with understanding of mechanisms of formation and 
destruction of the synergetic micro-structures on the EM burning surface. Design community and quality 
assurance people should continue to give due importance to the above problem of controlling low-
frequency non-acoustic combustion instability of the energetic materials in practical applications so that 
their guidelines will be realistic for safety. 

  

NOMENCLATURE 
 

a - Thermal diffusivity of the liquid-viscous layer; 
C -  Specific heat capacity of the condensed phase; 

aE  - Activation energy of the condensed phase reactions; 

LF  - Buoyancy (lifting) force (the difference between Archimedean force and the force of 
gravity), (Rayleigh, 1916); 

STF  - Surface tension force (thermo-capillary force), (G.K.A.Pearson, 1958), (the 
convection cells arising under influence of this mechanism is known as Maringoni 
cells);  

TEF  - Thermo-electric (electrostatic) force, Coulomb’s force, (I.V.Ioffe and E.D.Eidelman, 
1976); 

g - Acceleration due to gravity; 
h - Characteristic size of fluctuation movement (the thickness of the liquid-viscous layer, 

cross-sectional size of the cell); 
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0k  
  - Pre-exponential factor of chemical reaction rate;  

P - Combustion products pressure; 
0q  - Heat release distribution due to chemical reactions in the solid phase and in the 

liquid-viscous layer of the cell; 
0Q  - Heat flux issuing from the gaseous phase (flame) to the surface of the burning cell; 

R - Gas constant; 
t - Time of the process; 
T - Temperature; 

0T  - Initial temperature; 

CT  - Temperature of the “cold” boundary surface of the liquid-viscous layer; 

hT  - Temperature of the “hot” boundary surface of the liquid-viscous layer (on the 
interface of liquid-viscous layer and gasification zone); 

RT  
- Temperature of beginning of the effective exothermic reactions; 

ST  
-  Temperature on the burning surface; 

Cu  -  Linear burning rate of the energetic material sample; 

)j,i(
Cu  

-  Linear burning rate of the energetic material sample in the cell with number “(i, j)”; 

z -  Space coordinate, perpendicular to the liquid-viscous layer;   
 
Greek Symbols 
 

Sχ  - Average thickness of the reaction liquid-viscous layer (the effective thickness of the  
   zone of electric conductivity); 

0ϕ  - Temperature gradient; 

Cλ  - Conductivity; 

ρ  - Density of the liquid-viscous layer, density of the condensed phase;  
 
Subscripts and Superscripts 
 

c -  Condensed phase; 
g -  Gas phase; 
s -  Surface; 
0 -  Parameters of equilibrium state. 
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Elaboration and characterization of nano-sized AlxMoyOz / Al thermites 
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ABSTRACT 
 

A new process to control the reactivity of thermites containing molybdenum trioxide (MoO3) and 
aluminium (Al) has been developed at the Institut franco-allemand de recherches de Saint Louis 
(ISL). This process consists to elaborate by a new sol-gel method nano-sized mixed AlxMoyOz 
phases whose structure is correlated to the chemical composition. It is so possible to adjust the 
energetic properties of the thermites obtained through physical mix of these phases with 
nano-sized aluminium (Al 50-P, Nanotechnologies). The resulting nanothermites are very 
insensitive to mechanical and thermal stresses, but can be easily ignited by the energy brought by 
a laser beam. The nano-structuring of the oxidative phase decreases the sensitivities, shortens the 
ignition delay times and dramatically increases the combustion rates. These promising 
characteristics allow considering these metastable interstitial composites (MICs) as potential 
components for insensitive weapon ignition systems.  
 
 
INTRODUCTION 
 
 The effect of the aluminium particles 
sizes on the reactivity of thermites 
composed of molybdenum trioxide (MoO3) 
and aluminium was recently studied by 
several authors. It was reported that 
materials in which aluminium is structured 
at the nano-scale have thermal sensitivity 
two magnitudes higher than their 
micron-size counterparts1 and a dramatically 
increased combustion rate2. The idea 
developed at the Institut franco-allemand de 
recherches de Saint Louis (ISL) is to control 
the reactivity of such thermites through the 
composition and the structure of the 
molybdenum oxide.  
 To this purpose an unconventional 
method branching of the sol-gel process was 
set up to elaborate nano-sized AlxMoyOz 
phases. The ratio of aluminium to 
molybdenum in the AlxMoyOz phase is used 
to control the structure and the reactivity of 
AlxMoyOz / Al based thermites.  
 
1. Synthesis of the nano-sized AlxMoyOz 
oxidative phases 
 

1-1. Elaboration of agar based composite 
gels 
 Agar is a galactose polymer obtained 
from the cell walls of some species of red 
algae or seaweed. When dissolved in hot 
water and cooled, agar gives gels which are 
more and more substantial than the ratio 
agar : water becomes higher. The gelling 
properties of agar in aqueous media are 
widely used in biology to grow bacteria and 
fungi. But to our knowledge, the use of this 
compound as a structuring agent in materials 
science was never reported before the recent 
paper of Kawano et al.3. This process 
however consists in precipitating zinc 
hydroxide from Zn2+ ions contained within 
the agar gel. So, although the agar was used 
by these authors as a structuring agent, their 
method considerably differs from the one 
described herein.  
 The composite agar based gels used in 
this study were elaborated as follows:  
A solution of 40.46 mmol.L-1 (about 50 g.L-

1) is prepared by dissolving ammonium 
paramolybdate (APM, H24Mo7N6O24 . 4H2O, 
≥ 99.0% ; Fluka) into deionised water. To 
various amounts of agar powder (Merck, fire 
ash < 3%) was added a given volume of the 
APM solution. The suspensions are heated 
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using a hot plate at temperatures ranging 
from 333 to 343 K in order to dissolve agar 
and to obtain clear solutions. The 
concentration of agar in the APM solution 
ranges typically from 0.85 to 15 % w/v. The 
gelling is induced by spontaneous cooling of 
the solutions at room temperature 
(T ≈ 293 K). The water is extracted from the 
gel by washing it with acetone in a Soxhlet 
apparatus during approximately a hundred of 
cycles (2 to 4 min per cycle). The acetone 
mixes with water and induces the 
co-precipitation of the agar and the APM. 
The residual acetone is evaporated in a 
vacuum drying oven at room temperature. 
The final material is composed of hollow 
monoliths, even more crumbly than there is 
less agar. The composite APM / agar gel is 
ground into liquid nitrogen in order to have 
a powder easy to handle and to characterize. 
If the grinding step is performed at room 
temperature, the material undergoes 
decomposition: the initial white slight 
pale-blue coloration turns then black.  
 Pure agar gels used as references were 
elaborated following the same experimental 
protocol. The APM aqueous solution is then 
replaced by deionised water. As these 
materials were very hard, they were not 
ground but pulverized using a diamond file.  
 In the following text, the pure agar gels 
and the composite gels (CG) will be labelled 
by the masses and the volume of each 
reagent used to make them: 
agar (g) : APM (g) : solution (mL).  
 
1-2. Structural characterization of agar 
based composite gels 
 First, the structure of pure agar gels was 
compared to the one of the composite gels 
by scanning electron microscopy 
(Figure 1a, 1b). The micrographs were 
taken at the same magnification (x 10,000) 
to give a global view of the structure of the 
two samples, but the quantitative 
measurements were done at higher 
magnification (50,000 to 100,000). The 
APM and agar composite gels have a 
three-dimensional porous structure formed 
of interlinked strands of average section 
equal to 45 nm (20 < Φ < 90 nm, 

Figure 1a), whereas pure agar-containing 
gels are not structured at the nano-scale and 
do not exhibit porosity (Figure 1b). The 
structure appearance of composite gels is 
reminiscent of the nerve-cells one. This 
structure, which is systematically observed 
on this kind of material, is due to the agar 
and APM co-precipitation during the water 
extraction with acetone. Micron-sized free 
particles were here and there observed in 
poor agar-containing composite gels (agar 
content below 23 w%). These particles form 
outside the gel during the extraction of water 
by acetone. This phenomenon called 
“exocrystallization” is even more obvious 
than the proportion of agar to APM is low. 
The same phenomenon has been observed 
when the proportion of agar to water is 
lowered. “Exocrystallization” of APM does 
not occur in the richest agar-containing gels. 
The fact that a single phase is observed 
shows that the material is a nano-sized 
composite in which the APM particles are 
necessarily smaller than the strands that they 
are part of. Transmission electron 
microscopy observations confirm that the 
composite gels have an interconnected 
fibrous structure (Figure 1c). APM particles 
have an isotropic sphere-like shape and are 
located along agar strands defining a 
stringer-like structure.  
 The electron microscopy qualitative 
observations were quantitatively confirmed 
by nitrogen adsorption (BET method) which 
showed that the specific surface area of pure 
agar gel does not exceed some square meters 
per gram whereas it ranges from 26 to 
116 m2.g-1 in the case of the composite gels 
(Table 1). The value of the surface area is a 
good criterion to know if a given material is 
structured at the nano-scale insofar as it 
gives more global information on a sample 
than the microscopy does.  
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Figure 1: SEM micrographs of a 40 w% agar-containing composite gel (a) and of a pure agar gel 

(b). TEM micrograph of the a 68 w% agar-containing composite gel (c).  
 
 To calculate the average size of the 
APM particles using the measures of the 
surface area, a model in good agreement 
with the microscopic observations was set 
up (Figure 1c). Thus, the particles of APM 
are considered to be spheres contained in a 
non-porous cylinder of agar and separated 
from a distance which is assumed to be 
constant (Figure 2): 
 
 
 
 
 

Figure 2: Scheme of the pattern used to 
evaluate the size of the APM nanoparticles 

(Φ) and the average distance which 
separates them (L). 

 
 The measured surface area is the ratio of 
the external geometric surface of the 
cylinder to its mass. It can be expressed as a 
function of Φ and L, using the respective 
densities of the APM (ρAPM ≈ 2.8) and of the 
agar (ρA ≈ 1.4): 
 
 
 

Once simplified, it gives: 
 
 
 
 To obtain the second equation necessary 
to solve the system, the volume ratio of the 
APM (χV/APM) was also expressed as a 
function of Φ and L, and calculated from the 
experiment with the APM and the agar 
weight ratios (respectively χW/APM ; 
χW/A = 1 - χW/APM): 
 
 
 
 
 
 
 
 
 The solving of the system defined by the 
equations (1) and (2) finally permits to 
express Φ and L from the experimental 
parameters SBET and χW/APM: 
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 The surface areas (SBET) are 
experimentally determined using nitrogen 
adsorption. To this purpose, the composite 
gels were first heated at 80°C in a helium 
flow during at least six hours in order to 
remove adsorption water which represents 
about 10% of the global weight of composite 
gels. The volume ratios of the APM are 
deduced from the mass ratios found by using 
Thermogravimetric Analysis (TGA). From 
these values, the average size of the APM 
particles and the distance separating them 
were calculated (Table 1). The gels 
considered as the best precursors of the 
nano-sized AlxMoyOz phases are those with 
the smallest APM particles (Φ small) and 
the ones in which the APM particles are 
separated by the largest distance possible (L 
large). When the L value tends to zero, it 
means that the APM particles are in contact. 
This critical value is reached when a 
composite gel contains 79.8% in weight of 
APM. Outside this limit (χW/APM > 79.8%), 
the model previously described cannot be 
used any longer. Then, the APM particles 
nucleate and grow outside the agar strands. 
This is the “exocrystallisation” phenomenon 

which was experimentally observed by SEM 
on the APM richer compositions.  
 As a general rule, the more agar a 
composite gel contains, the higher is the 
surface area. However, when the proportion 
of agar to water becomes too important (e.g. 
composition 1.50 : 0.50 : 10), the agar is 
hardly dissolved and the surface area 
decreases. Moreover, the surface area of the 
composite gels gets higher as less water is 
added.  
 Pure agar gels elaborated within the 
same conditions than the composite gels are 
non porous and have a surface area which 
corresponds to the geometric surface of the 
agar particles. This statement is in good 
agreement with the results obtained by 
electron microscopy and shows that the very 
particular nano-sized structure of the 
composite gels is linked to the agar and 
APM interactions.  
 From a structural point of view, the best 
gels to elaborate nano-sized AlxMoyOz 
phases must contain 40 to 60 percents in 
weight of agar and must be elaborated with a 
weight to volume ratio of agar to APM 
solution ranging from 1 : 10 to 1 : 20.  
 

 

Synthesis conditions 
Agar (g) : APM (g) : Solution (mL)

Actual composition 
Agar : APM 

(w%) 

SBET 
(m2.g-1)

Φ 
(nm) 

L 
(nm) 

0.17 : 0.50 : 10 15.4 : 84.6 25.7 - - 
0.21 : 0.50 : 10 18.7 : 81.3 29.3 - - 
0.25 : 0.50 : 10 23.3 : 76.7 35.6 50 1.2 
0.50 : 0.50 : 10 40.5 : 59.5 76.4 27 2.8 
1.00 : 0.50 : 10 60.0 : 40.0 116.3 20 2.0 
1.50 : 0.50 : 10 68.6 : 31.4 108.1 22 2.0 
0.25 : 0.50 : 20 24.8 : 75.2 29.7 60 2.1 
0.50 : 0.50 : 20 41.5 : 58.5 59.3 34 3.5 
1.00 : 0.50 : 20 59.5 : 40.5 82.2 28 2.9 
1.50 : 0.50 : 20 73.0 : 27.0 99.2 25 2.0 
1.50 : 0.00 : 20 100.0 : 0.0 3.2 - - 
0.50 : 0.00 : 20 100.0 : 0.0 4.3 - - 

 
Table 1: Values of BET-N2 surface area of the composite gels as a function of their composition. 
These experimental values were used to evaluate the average diameter (Φ) of the APM particles 

embedded in agar strands and the mean distance between these particles (L). 
 



97 

1-3. Elaboration of the nano-sized AlxMoyOz 
phases 
 The experimental elaboration of the 
AlxMoyOz nano-sized phases from the 
composite gels is typically performed as 
follows: a 4.00 g sample of a 7.5 : 5.0 : 100 
composite gel is weighted in a 500 mL 
one-neck round-bottom flask. The composite 
gel powder is impregnated by 60 mL of 
anhydrous aluminium trichloride (AlCl3; 
Sigma-Aldrich; purity ≥ 99.9%; further 
noted AAT) solutions in diethyether (Et2O; 
Aldrich; purity ≥ 99.7%). This solvent was 
chosen because of its good ability to 
dissolve AAT and its compatibility with 
both agar and APM. The concentrations of 
AAT were respectively equal to 15, 30 and 
60 g.L-1. The mixture is a flowing paste 
which is homogenised by applying 
ultrasounds at room temperature during one 
minute, using an ultrasonic bath. 
Diethylether is evaporated at 313 K under 
reduced pressure using a rotary evaporator. 
The impregnated materials are finally 
calcined into a programmable muffle 
furnace. The calcination is carried out under 
an air atmosphere, continuously renewed by 
a vacuum pump working in reverse order. 
The heating program used was a 10 K.min-1 
ramp from 303 K to 823 K followed by an 
isothermal treatment at 823 K applied during 
two hours. The samples were then allowed 
to cool and removed from the furnace at 
room temperature.  
 In order to have a reference material, a 
4.00 g sample of a 7.5 : 5.0 : 100 composite 
gel was calcined without previous 
infiltration by an AAT solution.  
 
1.4. Structural characterization of the 
nano-sized AlxMoyOz phases 
 The microstructure of the reference 
material obtained by direct calcination of the 
composite gel without a preliminary AAT 
infiltration leads to micron-sized 
molybdenum trioxide particles being roof 
tile-shaped like (Figure 2a). When the 
composite gel is impregnated with an AAT 
solution in diethylether before the 
calcination step, the resulting particles are 
far smaller (Figure 2b, 2c, 2d). Their sizes 

directly depend on the concentration of the 
AAT solution. These particles are 
sphere-like slightly elongated and keep a 
three dimensional organization reminding 
the one of the composite gels. This trend 
was corroborated by the values of the 
surface areas measured on these samples by 
gas adsorption. These results can be 
explained by the fact that the adsorbed water 
contained into the composite gel reacts with 
the AAT to form a thin layer of aluminium 
oxychloride at the surface of the gel strands. 
During the thermal treatment, this layer 
prevents the sintering, by acting as an in-situ 
nano-sized crucible. The major part of 
chlorine atoms is removed and several 
chemical species are formed leading to 
AlxMoyOz phases.  
 The nature of these phases was studied 
by X-rays diffraction which showed that 
they were composed of an amorphous part 
as well as nano-crystalline species. The 
non-crystallized phase is probably alumina 
or an aluminium oxychloride because the 
amorphous content is all the more important 
as the AlxMoyOz phase contains more 
aluminium. The crystallized species are the 
molybdenum dioxide (MoO2) and the 
aluminium molybdate (Al2(MoO4)3). In the 
case of the molybdenum dioxide, the size of 
elementary crystallites is constant 
(Φ ≈ 70 nm) whereas the size of the 
aluminium molybdate entities decreases 
when the aluminium content increases. The 
highest oxidation state of molybdenum 
(Mo+VI) is stabilized by aluminium in the 
molybdate anion form, whereas the 
molybdenum (Mo+IV) appears in the form of 
MoO2. The under oxygenated MoO2 phase 
probably forms in the reducing environment 
of the agar strand core. The aluminium 
molybdate most likely appears at the surface 
of the agar strand, where the APM particles 
are in contact with AAT and oxygen from 
air. 
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Figure 2: Characterization by scanning electron microscopy (SEM) and gas adsorption (BET) of 
particles formed by oxidation at 823 K of: a raw composite gel (a), a composite gel impregnated 

with respectively 18.4 w% (b), 31.0 w% (c) and 47.4 w% (d) of AAT. 
 
2. AlxMoyOz / Al based nanothermites 
 
2.1. Elaboration of AlxMoyOz / Al 
nanothermites 
 Nanothermites were elaborated by 
physical mix4 of the AlxMoyOz nano-sized 
phases with aluminium nanoparticles. 
Nano-sized aluminium (Al 50-P) was 
purchased from Nanotechnologies and 
stored once opened in a moisture free 
atmosphere. In fact, a study by gas 
adsorption of Al 50-P aging has showed that 
this kind of aluminium is not too sensitive to 
severe storage conditions, except for the 
condensation of atmospheric moisture 
induced by sudden temperature changes. 
This observation seems to be in good 
agreement with the conclusions of 
Ramaswamy et al.5 who assert that the water 

adsorbed into the alumina shell which 
covers the aluminium nanoparticles, plays a 
major role in the nano-aluminium aging 
process. The composition Al : Al2O3, the 
mean size of the particles, the diameter of 
the aluminium core and the thickness of the 
alumina shell were determined following the 
experimental method described by Pesiri et 
al.6 The Al 50-P used to elaborate the 
nanothermites contains 66.6% by weight of 
metallic aluminium. The specific surface 
area being equal to 40.9 m2.g-1, the Al 50-P 
particles are composed of a 45.7 nm metallic 
aluminium core embedded in 2.9 nm thick 
alumina shell. The chemical composition of 
each AlxMoyOz phase was defined by 
quantitative elemental analysis (Table 2). 
The « useful » quantity of oxygen is 
deduced from these results, assuming that 
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the only oxygen atoms which can react 
during the combustion of AlxMoyOz / Al 
nanothermites are those which are 
chemically linked to molybdenum. To this 
purpose, the global formula of the AlxMoyOz 
phases can be rewritten as follows 
(Al2O3)0.5x(MoO(z-1.5x)/y). The number of 
pyrotechnically active oxygen atoms is 
noted u (u = (z-1.5x)/3y). This value which 
ranges from 2 to 3 is used to write the 
stoichiometric equation of the combustion:  

MoOu + (2u/3) Al → Mo + (u/3) Al2O3 
According to Pantoya et al.1 the best 
energetic performances for the MoO3 / Al 
based thermites ignited in ambient 
atmosphere are obtained with a slight excess 
of aluminium (+ 20% in weight) in 
comparison with the theoretical 
stoichiometry. The experimental proportions 
of AlxMoyOz nano-sized phases to Al 50-P 
were calculated from the elemental analysis 
results (Table 2).  

 
Elaboration 

CG : AAT (g) 

Mo 
(w%) 

Al 
(w%) 

O 
(w%)

Cl 
(w%)

Phases formulae 
 

Composition (w%) 
AlxMoyOz : Al 50-P 

Index

4.00 : 0.00 66.7 0.0 33.3 - MoO3 59.7 : 40.3 Th.1 
4.00 : 0.90 50.0 10.5 33.2 6.3 (Al2O3)0.19(MoO2.85) 65.0 : 35.0 Th.2 
4.00 : 1.80 41.0 16.8 32.3 9.9 (Al2O3)0.31(MoO2.54) 69.4 : 30.6 Th.3 
4.00 : 3.60 30.3 24.7 31.8 13.1 (Al2O3)0.46(MoO1.95) 76.0 : 34.0 Th.4 

 
Table 2: The proportion of APM / agar composite gel to AlCl3 is given in the first column. The 

following columns report the elemental composition of AlxMoyOz phases in molybdenum, 
aluminium, oxygen and chlorine. The detailed formulae were determined from these data and 
then used to define the experimental proportions of AlxMoyOz to Al 50-P for each thermite.  

 
 From an experimental point of view, the 
AlxMoyOz phases and the Al 50-P powder 
are separately dispersed in hexane by 
applying intense sonic waves with a 400 W 
horn. The ultrasounds are continuously 
delivered at the maximum amplitude during 
15 to 20 minutes. Finally, the two 
suspensions are mixed together by a 10 
minutes additional sonication. In order to 
avoid the interactions of the thermite 
mixtures with the ambient atmosphere 
during the drying step, the hexane is 
extracted by evaporation under reduced 
pressure (T = 90°C). The thermite powders 
are kept away from the atmospheric 
moisture in a glass desiccator containing 
phosphorus pentoxide as desiccating agent.  
 
2.2. Structural characterization of 
AlxMoyOz / Al nanothermites 
 AlxMoyOz thermites were characterized 
by SEM (the corresponding micrographs are 
not shown here). In the Th.1 material, the 
micron-sized MoO3 particles are surrounded 
by the Al 50-P nanoparticles. In the Th.2, 
Th.3 and Th.4 samples the nanoparticles are 

homogeneously mixed and it is impossible 
to distinguish between the AlxMoyOz and the 
Al 50-P particles.  
 The specific area of AlxMoyOz thermites 
(ATh.) was measured by nitrogen adsorption 
after a suitable process of desorption 
(T > 5 h, t = 150°C, helium flow). BET 
surface area was logically found to be equal 
to the weight balanced specific areas of each 
component: 
 
 
 
This result indicates that there is neither 
physical nor chemical aggregation of the 
particles during the sonication (see § 2.1.).  
 
2.3. Implementation of AlxMoyOz / Al 
powders 
 80 ± 1 mg samples of the AlxMoyOz / Al 
powders were pressed into cylindrical 
cohesive pellets using a mould designed for 
this purpose and a standard hydraulic press. 
No binding agent was used and a die load of 
116 kg corresponding to a pressure of 
557 MPa was applied to each material. The 

P50AlP50AlOMoAlOMoAl.Th SSS
zyxzyx −− ×χ+×χ=
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pellets were stuck with an epoxy resin on 
Duralumin discs used as supports during the 
experiments of time resolved 
cinematography.  
 
3. Study of the reactivity of AlxMoyOz / Al 
based nanothermites 
 
3.1. Classical characterization 
 The impact sensitivity of AlxMoyOz 
based thermites was investigated using a 
drop-weight system. This fall-hammer 
apparatus is equipped with a 5 kg mass 
which drops from a one meter height, on a 
steel cell containing about 40 mm3 of the 
tested sample. Concerning the thermites, the 
test is considered to be positive when black 
ashes are formed. A negative test leads to 
reflecting metallic sheets which burn in 
contact with an open flame. As shown 
below, the impact sensitivity of the 
AlxMoyOz / Al 50-P thermites is very low 
(Table 3). In fact, none of these materials 
react under the maximal stress.  
 A Julius-Peters measuring device was 
used to determine the sensitivity of the 
thermites to friction. A material laying down 
(about 10 mm3) on a rough ceramic 
undergoes a friction by using a ceramic 
stick. The press intensity of this stick 
(expressed in Newton) is determined by the 
relative position of weights suspended from 
a lever. A test is assumed to be positive 
whenever an inflammation of the thermite is 

observed. The thermite containing only 
micron-sized molybdenum trioxide and the 
one with the MoO3 richest AlxMoyOz phase 
(Table 3, Th.1 and Th.2 respectively) are 
the most sensitive to friction. On the other 
hand, the materials with the biggest alumina 
contents which contain the finest AlxMoyOz 
phases are less sensitive to friction (Table 3, 
Th.3 and Th.4). The nano-structuring of the 
AlxMoyOz phases makes the thermites more 
insensitive to friction.  
 The thermal decomposition of thermites 
was studied with a TGA / DSC apparatus 
using a 20 K.min-1 heating rate from room 
temperature to 1773 K, in an argon flow. 
The decomposition of the AlxMoyOz based 
thermites under progressive heating occurs 
following a two exothermic steps 
mechanism:  
- The first step is characterized by a low 
exothermic signal with a complex shape and 
a low onset temperature (Table 3).  
- A strong exothermic signal is associated to 
the second step. It corresponds in fact to the 
combustion reaction of the thermite. As the 
temperature range of TGA / DSC apparatus 
was not wide enough, it was not possible to 
determine the energy released by this 
combustion (Tmax = 1773 K).  
As the onsets of the combustion of the Th.2, 
Th.3 and Th.4 samples are higher than the 
Th.1 onsets, it can be assumed that they are 
less sensitive to thermal stress.  
 

 

Composition 
Impact sensitivity 

(J) 
Friction sensitivity 

(N) 
Thermal sensitivity 

T onset (K) 
Th.1 > 49 212 741.4 1483.4 
Th.2 > 49 212 798.6 1580.7 
Th.3 > 49 282 813.0 1611.2 
Th.4 > 49 > 353 807.7 1571.0 

 
Table 3: Classical energetic characteristics of AlxMoyOz / Al 50-P based nanothermites. 

 
3.2. Characterization by time resolved 
cinematography and spectroscopy 
 The time resolved cinematography 
(TRC) is an advanced method specifically 
devoted to the reactive characterization of 
energetic materials which was first described 

by Pantoya et al7. From an experimental 
point of view, the energetic material is 
ignited by a laser beam which is focused by 
the mean of a lens disposed on an optical 
bench. The ignition delay time is the 
duration between the laser impact on the 
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energetic material and the beginning of its 
combustion. The ignition delay time (δ) can 
be correlated to the density of surface energy 
(activation energy Ea) necessary to initiate 
the material. To this purpose, it is necessary 
to know the effective power (P) delivered by 
the laser source as well as the diameter (Φ) 
of the laser beam:  
 
 
 
The power of the focalized laser beam was 
measured with a calorimeter and was found 
to be equal to 9 W. The average diameter of 
the laser beam at the surface of the 
nanothermite pellet was determined by 
optical microscopy observations of the 
section of the burnt zone induced by the 
laser impact on a photographic film paper 
(Φ ≈ 1.4 mm). The combustion rate (Vr) is 
measured by ultra fast cinematography using 
a Photron camera which can capture till 
125,000 frames per second. The flame 
temperature (Tf) is measured by 
spectrometry.  
 Contrary to the classical analysis 
methods (see § 3.1), the time resolved 
cinematography allows to classify 
unambiguously the nanothermites according 
to their reactivity (Table 4). The AlxMoyOz 
based nanothermites have shorter ignition 
delay times than the micron-sized based 
MoO3 thermite. Moreover, the ignition delay 
time is minimal for a intermediate alumina 
content. That corroborates that the ignition 
delay time is related to the structuring of the 
oxidative phase as well as to the amount of 
inert phase (alumina). The nano-structuring 
of the oxidative phase induces a strong 

increase of the combustion rate. The Th.2 
nanothermite burns for instance sixty times 
faster than the Th.1 thermite. In the case of 
the AlxMoyOz based nanothermites, the 
combustion rate logically decreases when 
the alumina content becomes more 
important. It can be explained by the fact 
that alumina limits the mass transfer 
between reactive entities (MoOu and Al). 
The more the thermites contain alumina, the 
lower are the combustion temperatures. 
Actually, the combustion temperature of a 
thermite does not depend on its particles size 
but on the chemical composition of the 
particles it is made off. The theoretical 
decomposition temperature of a MoO3 / Al 
stoichiometric mixture is equal to 3253 K8. 
The experimentally measured value is lower 
(Tf / Th.1 = 2667 K) because the aluminium is 
in slight excess in comparison to the ideal 
stoichiometry (see §2.1). In addition, the 
alumina content of nano-sized aluminium is 
important (see §2.1). From a pyrotechnical 
point of view, the alumina is considered as 
an inert compound which does not 
chemically react but absorbs a part of the 
energy released by the thermite combustion. 
So, the presence of alumina results in a 
significant decrease of the flame 
temperature. The flame temperatures of the 
Th.2, Th.3 and Th.4 nanothermites are 
higher for these materials because the 
molybdenum is not only present at the + VI 
oxidation state corresponding to MoO3 
(see §1.4). The temperature decrease from 
the Th.2 to the Th.4 material is related to the 
alumina growing content. 
 

 

Composition 

Ignition delay 
time 

δ (ms) 

Activation 
energy 

Ea (J.cm-2) 

Combustion 
rate 

Vr (cm.s-1) 

Combustion 
temperature 

Tf (K) 
Th.1 17.8 ± 1.9 9.6 ± 1.0 1.7 ± 0.2 2667 
Th.2 4.4 ± 1.4 2.3 ± 0.7 103.0 ± 10.6 3206 
Th.3 2.8 ± 0.8 1.5 ± 0.5 59.8 ± 1.6 3131 
Th.4 5.4 ± 0.6 2.9 ±  0.3 21.0 ± 4.2 2706 

 
Table 4: Characterization by time resolved cinematography and spectroscopy of 

AlxMoyOz / Al 50-P based nanothermites. 

2a
P4E
Φπ

δ=
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4. Conclusions 
 
 The synthesis process described in this 
study allows the elaboration of AlxMoyOz 
nano-sized phases which contain alumina 
associated with molybdenum oxides MoOu 
(2 < u < 3). This process consists to use agar 
as structuring agent of a molybdenum oxide 
precursor (APM). The corresponding 
materials are composite gels of agar and 
APM. The removal of agar and the APM 
conversion into molybdenum oxide are 
performed by a thermal oxidative treatment. 
The direct calcination of the composite gels 
leads to the formation of micron-sized 
molybdenum trioxide (MoO3) particles. One 
the other hand, if the composite gels are 
impregnated with an AAT / Et2O solution 
before calcination, the resulting AlxMoyOz 
phases are nano-sized.  The nanothermites 
elaborated by physical mix of these phases 
with nano-sized aluminium (Al 50-P) are 
very insensitive to mechanical and thermal 
stresses, but can easily be ignited by a 
convenient laser source. Their ignition delay 
times do not exceed a few milliseconds and 
their combustion rates are between twelve 
and sixty times faster than the combustion 
rate of thermite composed of micron-sized 
MoO3 particles. The energetic characteristics 
are tuned by adjusting the ratio CG : AAT in 
the synthesis process.  
 These promising characteristics allow 
considering these metastable interstitial 
composites (MICs) as potential components 
for insensitive weapon ignition systems.  
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ABSTRACT 
 

The procedure was developed for manufacturing the mechanoactivated energetic 
composites (MAEC). These materials are highly homogeneous systems, consisting of 
ultra-fine layers of oxidizer and metal. The reactivity of MAEC is much higher than 
that of ordinary mixtures. This provides higher velocities of combustion and 
detonation of MAEC. The new experimental results of investigation of metal-Teflon 
MAEC structure as well as of detonation-like processes in Al//Teflon and Mg/Teflon 
are presented. The experiments on burning demonstrated high velocities (300 - 400 
m/s) and temperatures (> 4000 K). It was shown the possibility of propagation of the 
steady detonation regime in Al/Teflon and Mg/Teflon MAEC, when the end products 
of detonation are in the condensed state (detonation velocity attains 1300 m/s). A 
cellular structure of imprints on the witness plates indicates that the process 
propagation in the systems considered is accompanied by the formation of supersonic 
jets of products and may occur due to forwarding of the reaction from one center to 
another. 

 
 

INRODUCTION 
 
Previously, experimental studies of burning and 
shock-induced processes in oxidizer-metal 
mixtures, followed by formation of solid final 
reaction products, have been performed [1, 2]. 
Attempts were undertaken to increase the 
mixture reactivity. The greatest effect was 
obtained when the method of preliminary 
mechanical activation of mixtures was used. 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 much higher 
than that of ordinary mixtures. This provides 
higher velocities of combustion and detonation 
of MAEC.  
Among metal–oxidizer mixtures, reacting with 
the formation of solid products, the aluminum–
Teflon (Al/Tf) and magnesium-Teflon (Mg/Tf) 
are of special interest due to a high heat effect of 

the reaction between mixture components 
(maximum energy effect 2071 and 2280 kcal/kg 
respectively). In earlier paper [3] we reported 
the first results on the Al/Tf mixture detonation. 
The detonation regime with a constant velocity 
was obtained in a porous Al/Tf MAEC sample. 
The sound speed measured by the ultrasonic 
method was less than 100 m/s, while the 
detonation velocity was 700-1300 m/s. In the 
present paper, we report on new experimental 
results of investigation both of metal-Teflon 
MAEC structure and of detonation-like 
processes in Al/Tf and Mg/Tf.  
 

MATERIALS 
 
For preparing mixtures, we used Al powder - 
ASD-6 (spherical particles with a mean size of 
3.6 µm) and Mg powders - MPF-3 and MPF-4 
(milled flake particles with thickness 5-10 µm 
and cross-sectional sizes 50-200 µm); Teflon 
powders - F4-PN (particle size of 10–300 µm) 
and “Forum” (mean particle size 0.6 µm). 
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Mixtures were treated in a vibratory mill 
designed by Aronov [4] with the addition of a 
small amount of hexane, which was 
subsequently removed by drying the mixture. 
The conditions of mechanoactivation were 
chosen so that the maximum homogenization of 
the mixture was ensured in the absence of the 
reaction between reagents in the course of 
treatment. The energy efficiency of the mill (i.e., 
the energy passing through 1 g of the material 
per second during grinding) 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 total activation 
time was 15 min for most of experiments. 
Analysis of the scanning electron 
microphotographs of MAEC particles shows that 
the particles have the shape of flakes consisting 
of thin metal layers in a Teflon matrix. The 
linear size of the main fraction of particles 
ranges from 5 to 50 µm, while their thickness 
varies from fractions of a micrometer to 1 µm. 
X-ray diffraction analysis of the MAEC shows 
that mechanical activation is followed by the 
broadening of x-ray lines for the components. 
This effect may be due both to a decrease in the 
size of crystallites (coherent scattering regions) 
and to the accumulation of dislocations. In 
particular, the analysis indicates that the 
broadening of the X-ray lines of Al and Mg is 
caused by the formation of dislocations. The 
formation of dislocations is apparently 
associated with the intense plastic deformation 
of metals under mechanical actions. 
Deformation is accompanied by change in the 
shape (flattening) of the initially spherical Al 
particles. No products of chemical reactions 
between the components are detected. Analysis 
of recovered products of MAEC combustion 
showed absence of gaseous products and 
practically complete interaction of the 
components with formation of solid final 
products (AlF3, MgF2 and C). 
It should be noted that the application of the 
mechanochemical activation method to the 
preparation of energetic materials has begun 
only recently. For example, ARM method 
(Arrested Reactive Milling) was developed in 
USA, and it is used to process Al–oxidizer 

mixtures in a mechanochemical activator prior 
to the onset of a chemical reaction [5]. 

EXPERIMENTAL 
 

For the most part detonation experiments were 
carried out in thick-wall composite steel tubes 
with an inner diameter of 29 mm, which 
consisted of individual sections with a height of 
20 – 30 mm. Also there were used duralumin 
and PMMA tubes with inner diameters 10-20 
mm. The schematic diagram of the experiment is 
shown in Fig. 1. The mixture was charged in 
portions into the tube and slightly compressed. 
The mixture of ammonium perchlorate (AP) and 
acrylic plastic (PMMA) (95/5) with a mass of 5 - 
10 g and a density of 0.55 g/cc was used as the 
initiator. According to the estimation based on 
the method proposed in [6], the velocity and 
pressure of detonation in such a mixture are 2.5 
km/s and 1 GPa, respectively. The initiating 
mixture was detonated by the ED-8 electric 
detonator. In the case of lesser diameters of 
tubes the charges AP/PMMA (5 - 6 g) or 
RDX/PMMA (0.5 - 1 g) were used for initiation. 
The velocity was measured by electric contact 
gauges and quartz optical fibers inserted into the 
mixture to half the diameter. The error of 
velocity measurements did not exceed 50 m/s.  
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Fig. 1. Experimental set-up. 
 
In some experiments at the end of a charge, a 
compound witness plate made of duralumin 
(D16) or Teflon with a piezoelectric pressure 
gauge was installed. We used polyvinylidene 
fluoride film (PVDF) gauges, which were 
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prepared and calibrated at the Russian Federal 
Nuclear Center VNIIEF. In our experiments, a 
PVDF gauge was mounted between two 
duralumin (or Teflon) plates or at the Teflon–
PMMA boundary. In other experiments LiF 
window was installed at the end of a charge, and 
in these experiments the brightness temperature 
of products was measured. 
The results of measurements of the detonation 
velocity for Al/Tf of different components 
content are presented in Fig. 2. The final 
velocities and maximum pressures in witness 
plates for Al/Tf mixtures are given in Table 1. 
The detonation regime with a constant velocity 
was obtained for Al/Tf mixtures. For a mixture 
with a weight ratio of 45/55, the steady-state 
detonation velocity was 700 – 850 m/s for a 
density of 0.4 – 0.5 g/cc. As the stoichiometric 
ratio of the components (Al/Tf 26.5/73.5) was 
approached, the detonation velocity increased, 
and the length of the segment preceding the 
steady regime decreased from 120 – 150 mm for 
the 45/55 mixture to 90 mm for the 25/75 
mixture. The steady-state detonation velocity for 
the 35/65, 30/70, and 25/75 composites was 
equal to 1050, 1110, and 1280 m/s, respectively. 
A further decrease in the aluminum 

concentration reduces the velocity to 700 m/s for 
the 15/85 mixture. Detonation velocity vs Al 
mass content in MAEC Al/Tf is shown in Fig. 3. 
 

Fig. 2. Detonation velocity over the Al/Teflon 
MAEC charge length for compositions:  

Al/Tf 45/55 of a density of (1) 0.40, (2) 0.50, (3) 
0.48, (4) 0.44, and (5) 0.49 g/cc in helium 

atmosphere; Al/Tf 35/65 of a density of (6) 0.5 and 
(7) 0.47 g/cc; (8) Al/Tf 30/70 (0.55 g/cc); (9) Al/Tf 
25/75 (0.54 g/cc); (10) – Al/Tf (Forum) 30/70 (0,80 
g/cc); 11 – Al/Tf 27/73 (0,59 g/cc). The curves are 

the exponential extrapolations. 
 

 
Table.1. Final detonation velocity and pressure in witness plates for MAEC Al/Teflon 

(Activation time – 15 min; charge diameter - 29 mm) 
 

Al/Tf ρ0, g/cc Charge length, mm D, m/s Witness 
plate Pressure, GPa

15/85 0.57 210 750 - - 
0.67 210 910   20/80 0.47 210 1200   

25/75 0.54 210 1280   
27/73 0.59 305 1200   
30/70 

(Forum) 0.80 210 1020   

30/70 0.55 210 1110 Teflon 1.1-1.6 
0.50 180 1050 Duralumin - 35/65 0.47 210 1060 Teflon 0.75 

      
0.40 150 840 - - 
0.44 150 780 - - 
0.48 180 740 Teflon 0.6 45/55  

0.50 305 705 Duralumin 1.0 
(Helium) 0.49 140 710 Teflon- PMMA 0.5 
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Fig. 3. Detonation velocity vs Al mass content 

in MAEC Al/Teflon 
 
In the case of different tube diameters and 
initiator powers (within the limits considered) it 
was obtained the identical steady-state velocities 
for Al/Tf 27/73 (see Fig. 4). But in the case of 
weak initiator it was observed establishing of 
constant velocities with a gradual increasing 
from the values 600 – 700 m/s to the same value 
that in the case of powerful initiator (1200 m/s). 
Detonation velocity depends only on a 
component ratio and density of Al/Tf MAEC.  
 

 
Fig. 4. Detonation velocity over the Al/Teflon 
MAEC charge length for the different tube 

diameters:  
1 – steel tube of diameter 29 mm,  initiation 
AP/PMMA 10 g; 2 – PMMA tube 20 mm, 

AP/PMMA 5 g; 3 – duralumin tube 15 mm, 
AP/PMMA 5 g; 4– PMMA tube 10 mm,      

RDX/PMMA 0.5 g + RDX  0.5 g.  
 

When the pressure was recorded in various 
witness plates, the time of signal buildup to the 
maximum value did not exceed 0.5 µs. The 
maximum pressure for the Al/Tf 45/55 mixture 
was 1.0 GPa in duralumin, 0.6 GPa in Teflon, 
and 0.5 GPa at the Teflon–acrylic plastic 
boundary (see Table 1). These results made it 
possible to estimate the pressure in the 
detonation products of the 45/55 MAEC at ~ 0.1 
GPa. For mixtures with a higher detonation 
velocity, the pressure at the Teflon boundary 
increased. The maximum pressure in Teflon was 
equal to 0.75 and 1.1 - 1.6 GPa for the Al/Tf 
35/65 mixture of density 0.47 g/cc and for the 
Al/Tf 30/70 mixture of density 0.55 g/cc, 
respectively.  
A cellular structure of imprints on the witness 
plates indicates that the process propagation in 
the systems considered is accompanied by the 
formation of supersonic jets of product particles 
and may occur due to the forwarding of the 
reaction from one center to another.  
 

 
Fig. 5. Detonation velocity over the Mg/Teflon 
35/65 MAEC charge length for the different 

tube diameters:  
1, 2 - Mg - MPF-4, 15 min activation;  
4 - Mg - MPF-3; 21 min activation;  

1 – steel tube of diameter 29 mm, initiation 
AP/PMMA 10 g; 2 – duralumin tube 17 mm, 

AP/PMMA 6 g;  3 – Al/Tf 27/73 steel tube 29 mm, 
AP/PMMA 10 g; 4 - duralumin 20 mm,  

AP/PMMA 5.5 g+RDX 2 g) 
 
Besides Al/Tf MAEC, the mixes of Teflon with 
Mg, Ti and Zr were also investigated. Steady 
state detonation process was obtained for MAEC 
Mg/Tf 35/65 (stoichiometric ratio 32.5/67.5). 
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When the conditions of Mg/Tf MAEC preparing 
were identical to those of Al/Tf manufacturing 
(in particular, the time of activation was 15 
min), the detonation-like process in Mg/Tf with 
the final velocity 800 - 900 m/s was observed 
(see Fig. 5, curves 1 and 2). Despite the higher 
energetic effect of reaction Mg + Teflon, the 
detonation velocity in this MAEC is lower, than 
in Al/Tf. This can be associated with the larger 
size of initial particles of Mg.  
The final velocity grows to 1000-1100 m/s as 
the time of activation increases to 21 min (Fig. 
5, curve 4). 
The measurements of the burning rate were also 
carried out. The mixtures were placed in 
duralumin tubes of 9 mm in diameter and ignited 
by heating of nichrome wire. The burning rate 
was measured by registration of beginning of 
intensive luminescence with help of optical 
fibers and photo diodes. The burning rate for 
low-dense Al/Tf and Mg/Tf samples ranges 
from 200 to 400 m/s (depending on the density 
and the time of activation). 
 

 
Fig. 6. Brightness temperature of Mg/Teflon 
burning products, 119 – λ = 720 nm, 92 - λ = 

420 nm; sample in long (10 cm) tube.   
 
The greatest brightness of flash was observed for 
Mg/Tf MAEC at their burning. Therefore, 
investigations of brightness temperature were 
carried out for these systems. Therewith, the 
temperatures of burning as well as of detonation 
were measured. Experiments were conducted 
with the help of a two-channel electron-optical 
pyrometer with effective lengths of waves λ = 
420 and λ = 720 nm. Registration was carried 
out through window plates from ПММА or LiF 

from the central part of a charge through 
diaphragm (5 mm in diameter). At ignition of 
thin layers (3 - 4 mm) of Mg/Tf through 100 μs 
the temperature achieved 3000-3200 K. In the 
case of burning of thick layers (100 mm) the 
temperature grew to 3800-3900 K, attaining the 
maximal magnitude for 60-80 μs (see Fig. 6).  
 
 

 
Fig. 7. Brightness temperature of Mg/Teflon 

detonation (35/65 MAEC - 21 min activation); 
119 – λ = 720 nm, 92 - λ = 420 nm, LiF 

window; sample in 20 mm diameter tube; 20 
cm length.  

 
 

Temperature profile registered in the case of 
detonation process has stepwise character (see 
Fig. 7). Small rise up to 2900 K with the 
subsequent drop was registered at the first step 
(5 - 8 μs). After that the slow increase up to 
4000-4200 K was observed. The step character 
of temperature profile can be explained in the 
following way. At the initial stage leading jets of 
products initiate the reaction in some parts of 
square from which light emission is registered 
(diameter of diaphragm - 5 mm). The emission 
arises with increasing of reaction aria. Following 
decrease in recorded temperature can be caused 
by reducing of window transparency because of 
cooling of products on a cold window surface. 
Then emission of products on window surface 
can be increased due to development of reaction 
in all volume, and temperature arises up to 
maximum value. 
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CONCLUSION 
 
The method of manufacturing of metal-oxidizer 
MAEC has been developed. The reactivity of 
MAEC is considerably higher than that of usual 
mixtures. The method of mechanoactivation 
may be used for producing the energetic 
materials with new properties.  
The results of investigations have demonstrated 
the possibility of initiation of steady-state 
detonation-like process in Al/Teflon and 
Mg/Teflon MAEC. Velocity of self-sustaining 
detonation-like process depends, first of all, on a 
degree of homogeneity of mixtures (or an 
effective surface of contact of reagents). 
Propagation of steady-state detonation regimes 
in systems, based on the mixtures of Al and Mg 
with Teflon, is accompanied by formation of 
solid end products. However, the high brightness 
temperatures of detonation (> 4000 K) testify 
that intermediate products may contain gaseous 
substances which role in maintenance of steady-
state process can be essential.  
A cellular structure of imprints on the witness 
plates indicates that the process propagation in 
the systems considered is accompanied by the 
formation of supersonic jets of product particles.  
The mechanism of reaction propagation has 
strongly heterogeneous character; high-speed 
microjets of reaction products initiate reaction 
from one center in the following centers in a go-
ahead way. Velocity of product microjets 
exceeds sound speed in the initial material that 
determines stationary process without strong 
dependence of diameter and intensity of the 
initiator.  
The obtained results have fundamental 
importance as the mechanism of detonation 
propagation, discussed above, should be 
common to a wide variety of energetic materials 
of oxidizer–fuel type. Despite the fact that in the 
case of usual explosive mixtures this mechanism 
manifests itself to a lesser degree because of 
formation of gaseous products, its inclusion 

would enable us to carry out modeling of 
detonation with greater success. 
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ABSTRACT 
 

Metastable Intermolecular Composites represent an exciting new class of energetic materials.  
These composites, also known as “super-thermites”, typically consist of a metal-fuel and metal-oxide 
with particle sizes in the 30-200 nm range.  They have potential for use in a wide range of applications.  
The mechanisms of combustion and reaction behavior of these materials have not yet been thoroughly 
examined.  In this paper we present the results of experiments used to characterize their behavior.  This 
investigation compares four different nano-aluminum/metal-oxide composites.  The metal-oxides used 
were molybdenum oxide (MoO3), tungsten oxide (WO3), copper oxide (CuO) and bismuth oxide (Bi2O3).  
A range of experimental techniques were used to examine the combustion behavior and propagation of 
reaction in these four MIC systems.  Specifically, we investigate the pressure output and propagation 
velocity using unconfined and confined techniques; the optimization of each composite in terms of 
pressure output and burn rate; as well as the dominant mode of reaction propagation. 

 
1 INTRODUCTION 
 
 Recent developments in the production 
of nano-scale materials have led to a new class of 
energetic materials (EM) commonly referred to 
as nano-energetics.  This class of materials 
utilizes nano-sized particles of reactants to 
produce drastic changes in the rates of reaction.  
Metastable Intermolecular Composites (MIC) 
employ nano-sized metals and metal oxides as 
substitutes for conventional thermite and 
intermetallic constituents.  The reduction of 
particle size and corresponding increased surface 
area effectively reduces the diffusion barrier 
between reactants while increasing the 
homogeneity of the mixture.  In effect, the 
oxidation of a reactive fuel and corresponding 
reduction of the metal-oxide takes place on a 
relatively short time scale when compared to 
typical thermite reactions.  The results are 
dramatic increases in reaction rates and ignition 
sensitivity while maintaining high temperatures 
of combustion. 

There are a number of factors which can 
potentially change the reaction rates of these 
systems, including particle size, reactant species, 
reaction order, and morphology.  In addition, the 
introduction of binders or gas producing agents 
into the system can dramatically affect properties 

and performance.  The ability to engineer or 
tailor these composites lends to their possible use 
in a wide range of applications.  These materials 
are currently being investigated for use as a 
replacement for lead-based percussion and 
electric primers. 
 The primary mode of reaction 
propagation in these materials has not yet been 
thoroughly explained.  Work performed at Los 
Alamos and first reported by Son et al. [1] 
suggests convection as the dominant mechanism 
in lower density configurations but also reports a 
possible transition to conduction (or normal 
deflagration) at higher densities.  The convective 
mechanism was quantitatively demonstrated by 
Asay et al. [2].  Radiation may also contribute but 
the extent of this contribution is believed to be 
negligible as demonstrated by their results.  
Specifically, they showed that using IR 
transparent barriers would effectively impede, 
but not stop, the propagation of reaction across 
those barriers.  The contribution, if any, of shock 
or acoustic effects on the propagation rate of 
these materials has not been as thoroughly 
examined. 

This report details several experimental 
techniques used on four different metal/metal-
oxide systems.  We compare the combustion and 
propagation behavior of the four composites. 
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The term ignition front refers to the front edge of 
the luminous part of the reaction where light is 
first detected and the terms velocity and burn rate 
are used to denote the rate of propagation of this 
front. 
 
2 EXPERIMENTAL 
 
 The materials used in this investigation 
along with their properties are listed in Table 1.  
Care should be exercised when handling the 
formulated composites because of their 
sensitivity to impact, spark, and friction.  The 
same nano-aluminum (80 nm, 88% active Al 
content) was used in all four systems.  As the 
table illustrates, there are differences in the 
morphology of the four oxides.  These 
differences will have some effect on the 
reactivity of each composite and limit our ability 
to conduct a direct comparison of the four 
systems, but the data still reveal insight into each 
oxide’s behavior and the behavior of nano-scale 
composites in general.  The Bi2O3 used in this 
study had a particle size of ~ 2 microns while the 
other oxides were in the nanometer range.  This 
size was chosen because of the extreme ignition 
sensitivity of a MIC system made with nano-
sized Bi2O3.  Figures 1a-1d are electronic 
micrographs of the four tested composites and 
show the differences in morphology.  Although 
not a quantitative measure, these micrographs 
also reveal differences in the homogeneity of 
each mixture.  It has been shown that mixing can 
greatly affect the reactivity of these materials [3, 
4], however, for this study the effects of different 
mixing techniques were not investigated.  For the 
purpose of this research, the composites were 
mixed in solution using ultrasonic waves.  In the 
case of MoO3 and CuO: Hexanes was used as the 

solvent and for WO3 and Bi2O3: 2-Propanol was 
used.  Following sonication, the mixtures were  
placed onto a steel pan and allowed to dry on a 
hot plate at ~ 120˚C.  A 355 μm mesh sieve was 
then used to break up any agglomerations in the 
composites.  The WO3 was hydrated and 
synthesized following a literature procedure [5].    
All other materials were used as received from 
the manufacturer. 

Several experimental techniques were 
used to characterize and contrast the behavior of 
these materials during reaction.  These 
experiments included closed bomb pressure tests, 
unconfined velocity tests (open-tray), and 
instrumented tubes in which both velocity and 
pressure are measured along the length of a semi-
confined tube.  
 
2.1 Pressure Cell Experiments 
 

Closed bomb pressure measurements 
were taken with the four MIC systems.  In this 
experiment, a sample was placed into the 
pressure cell and ignited using an Nd:YAG laser.  
The amount of energy delivered to the sample 
was approximately 0.009 joules.  For 
optimization experiments, the sample size was 
limited by the volume the sample holder (0.15 
ml).  For other experiments, the sample holder 
was removed from the cell, allowing for the 
sample mass to be varied without limiting the 
volume.  The free volume of the closed bomb 
with the sample holder was 13 ml.  Removing the 
sample holder increased the free volume to 14 
ml.  Upon ignition of the sample, pressure 
measurements were made using two piezoelectric 
gauges with response times of < 1μs (PCB 
Piezotronics, Inc. models 113A22 & 113A23).  
The resulting pressure was recorded via a signal 
conditioning amplifier onto a Tektronix digital 

Table 1.  List of materials. 
Constituent Supplier Surface area (m2/g) Nominal particle size
Aluminum Nanotechnologies, Inc. 27.7* 80 nm spherical
Bi2O3 Skylighter, Inc. 0.269† 2.5 μm rod
CuO Technanogy 31.3* ~21 nm X 100 nm rod
MoO3 Technanogy 64* ~30 nm X  200 nm sheet
WO3 LANL 27.1 [12] 100 nm X 20 nm platelet[12]

* Manufacturers † Calculated
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oscilloscope.  A more detailed description of the 
pressure cell can be found in previous work [6]. 
 
2.2 Open Tray Burn Experiments 
 

Propagation velocity was measured by 
spreading small samples of loose powder evenly 
onto a metal tray and igniting the sample at one 
end.  The metal tray is designed with two small 
holes in the bottom of the tray separated by a 
distance of 20 mm.  Aligned with these holes are 
optical fibers coupled to photodiodes.  The 
response times of the photodiodes are on the 
order of 1 ns (Thorlabs DET-210).  The time of 
arrival of light produced by the reaction is 
recorded onto a digital oscilloscope as the 
reaction front propagates past the optical fibers.  
In these experiments, samples were ignited using 
a piezoelectric igniter.  A more detailed 

experimental description is provided by Son et al. 
[1].  Similar experiments have been performed 
elsewhere [7]. They found that the use of baffles 
effectively mitigated inconsistencies previously 
recorded with this type of experiment.  In the 
experiments reported here, five in-line baffles 
were used.  
 
2.3 Instrumented Burn Tube Experiments 
 

The instrumented burn tube experiment, 
originally designed by Bockman [8], was used to 
record burn rate velocities and combustion 
pressure in a semi-confined cylindrical geometry.  
Several modifications have been made to the 
original design which have allowed for the 
experiment to be used in a number of different 
configurations.  Our experiment consisted of an 
acrylic tube of 3.2 mm inner diameter, 6.4 mm 

Figure 1a.  SEM of Al/MoO3 composite.   
25KX magnification, 100 nm scale bar. 

 
Figure 1c.  SEM of Al/WO3 composite.  
25KX magnification, 100 nm scale bar. 

 
Figure 1d.  SEM of Al/CuO composite.   
25KX magnification, 100 nm scale bar. 

Figure 1b.  SEM of Al/Bi2O3 composite.   
10KX magnification, 1 μm scale bar. 
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outer diameter, and lengths of either 88.9 mm or 
101.6 mm.  The tube was placed inside a block 
that is configured with six pressure gauges and 
six light fibers placed on opposing sides of the 
block and at 10 mm intervals along the length of 
the tube.   The blocks used were made of acrylic, 
Lexan, or stainless steel.  The acrylic and Lexan 
blocks were used to allow recording of the event 
with digital photography.  Tubes were typically 
loaded by pouring the MIC into the tube while 
being vibrated with a Cleveland brand vibrating 
block in an attempt to achieve a uniform density 
without physically packing the material.  In 
certain experiments, pressed pellets were stacked 
end to end within the tube instead of pouring the 
loose powder.  This method allowed for testing 
these materials at higher densities.  Pellets used 
in the high density shots were pressed to a 
specific density and then loaded individually into 
the tube using a remote pellet loading station 
which is shown in Fig. 2.  The assembly was 
mounted inside of a fragment-containing box 
with only the slide protruding outside the box.  
Loading was achieved by placing a pellet onto 
the slide and then pushing it through the optical 
port access hole and into the tube.  With this 
device, tubes can be loaded one pellet at a time 
up to a total charge weight of 5 grams.  However, 
the operator is never exposed to more than the 
mass of a single pellet which, for safety reasons, 
is limited to < 1 gram.  At higher densities, the 
mass of the charge would have exceeded safe 
handling restrictions. 

In the original design and in our tests 
performed at low density, a bare electric match 

head is used to ignite the material.  This method 
led to large deviations in ignition time and was 
therefore modified to incorporate the use of an 
exploding bridge wire (EBW) as the initiator.  
The EBW also served as a stop for the loading of 
pellets into the tube as it was secured into an 
adapter that was fastened to the end of the tube 
block.  Ignition with an EBW was used on all of 
the tubes fired at higher densities.  Using this 
method meant that the initiation end of the tube 
was sealed and therefore, pressure was not 
allowed to escape from that end of the tube.  This 
was not the case with the shots fired at low 
density since the electric match head was quickly 
blown out of the tube upon ignition, allowing gas 
to exit the tube and possibly affecting the initial 
transient. 

The propagation rate of the ignition front 
was determined by first identifying the time of 
arrival of the light at each optical fiber and then 
plotting a linear fit to those points and calculating 
the resulting slope.  The same method was used 
for calculating the velocity of the pressure front. 

 
3 RESULTS AND DISCUSSION 
 
3.1 Pressure Cell/ Open Tray Burn 
Experiments 
 

Each of the four oxides was mixed with 
nano-aluminum and tested in the pressure cell 
and open-burn tray.  The samples tested were of 
bulk (loose powder) density.  The ratio of fuel to 
oxidizer was varied in an attempt to isolate an 
optimum for both burn rate and peak pressure.  
Accounting for the active aluminum content, 
stoichiometry for each system was calculated 
assuming the following reactions: 

These reactions assume thermodynamic 
completion and do not account for the possibility 
of partial oxide reduction or dissociation.  We 
also did not account for the possibility of reaction 
between the aluminum and gaseous oxidizers 
such as O2, N2, or H2O.  Optimization curves for 

Fragment vessel

EBWBlock with 
tube

Pellet slide

XYZ stage

Optical port

 
Figure 2.  Rendering of remote pellet loading 

station within fragment vessel. 
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peak pressure and open burn velocity are shown 
in Figures 3a-3d.  These experiments reveal that 
with the exception of Al/CuO, the composites 
have a ratio considerably fuel rich that produces 
the highest pressure and fastest burn rate.  The 
composite containing CuO had an optimum ratio 
near stoichiometric.  Similar investigations also 
report fuel rich mixtures as being optimum [9-11] 
although there have been no conclusions drawn 
as to the possible causes.  Recent work by Perry 
et al. reported the difference in performance 
between dehydrated WO3 and WO3·H2O [12]. 

Their data suggest that the water participates in 
the reaction, and that hydrogen gas is formed in 
addition to tungsten metal.  Rewriting equation 
(3) to account for the reaction with water in the 
system produces: 

Despite taking into account the structural water 
in the oxidizer; the resulting change in 

stoichiometry is still not equivalent to the 
optimum ratio we achieved.  This is in contrast to 
the results described by Perry et al.  However, in 
that work, 44 nm aluminum was used which 
could result in faster reaction kinetics and 
therefore could drive the reaction to 
thermodynamic completion.  To determine the 
possibility of reaction with water in the other 
systems, thermogravimetric analysis was 
performed on the other oxides in this work.  This 
analysis showed no weight loss indicating that no 
surface or structural water was present. 

The data presented in Figures 3a-3d 
demonstrate, as expected, a relationship between 
pressure output and burn rate.  As observed for 
each composite, the ratio with the maximum rate 
of propagation in the open tray is also the ratio 
which produced the maximum peak pressure in 
the pressure cell experiments. 
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Figure 3a.  Al/MoO3 optimization data. 

500

400

300

200

100
1.81.61.41.21.00.8

Equivalence Ratio

 Pmax (psi)
 Burn rate (m/s)

 
Figure 3b.  Al/Bi2O3 optimization data.
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Figure 3d.  Al/CuO optimization data. 
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Figure 3c.  Al/WO3 optimization data. 
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3.2 Instrumented Burn Tube Experiments 
 
Experiments were first performed on the four 
composites at low density and for the Al/MoO3 
and Al/Bi2O3 at 47% of theoretical maximum 
density (TMD).  The other two systems could not 
be tested at 47% TMD because of inadvertent 
ignitions while attempting to press pellets at 
those densities.  The low density loading was 
achieved using the vibrating method previously 
reported in section 2.3.  As shown in Table 2, the 

densities of the four composites are dissimilar 
when using this method due to the differences in 
particle size and morphology of the various 
oxidizers.  Significant distinctions between 
Al/Bi2O3 and the other three systems were 
observed in these experiments.  In particular, 
when tested at low densities Al/Bi2O3 produced 
significantly higher pressures and lower rates of 
propagation when compared to the other three 
composites.  Figures 4a-4d each present a 
pressure history of a composite tested for at low 
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Figure 4a. Al/MoO3 pressure history. 
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Figure 4b. Al/Bi2O3 pressure history. 
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Figure 4d. Al/CuO pressure history. 
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Figure 4c. Al/WO3 pressure history. 

Table 2. 

Pressure cell Open tray Low density Burn tube     
low density

Burn tube     
low density

Burn tube     
47% TMD

Burn tube     
47% TMD

Pavg (psi)    Vavg (m/s)     % TMD Pavg (psi) Vavg (m/s) Pavg (psi)  Vavg (m/s) 
Al/MoO3 240 320 11 2700 950 6595 580
Al/Bi2O3 365 425 17 7750 646 5700 560
Al/WO3 260 365 9 3900 925 * *
Al/CuO 250 525 6 1900 802 * *
Average values are from three tests
* Not tested at 47% TMD due to inadvertant ignitions while pressing pellets 
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density.  As the figures illustrate, the pressure 
output of an Al/Bi2O3 composite is significantly 
higher than the other three.  Table 2 also lists 
values for peak pressure and propagation velocity 
averaged from multiple experiments along with 
data normalized for the percentage of fuel in each 
of these tests. 

Several methods were utilized to record 
the velocity of the reaction as it propagated from 
the point of initiation to the end of the tube.  As 
described in the experimental section, the block 
incorporated both optical fibers and pressure 
gauges each separated by a 10 mm distance and 
set on opposing sides of the block.  The pressure 
gauges were used not only for the recording of 
pressure but they also allowed us to calculate the 
velocity based on the time of the initial rise of the 
signals.  This method allowed for some unique 
observations.  In certain cases, a high speed 
digital camera was employed to provide a third 
means of recording propagation velocity. 

The shots fired at low densities for 
composites having MoO3, WO3, and CuO 
revealed that the time of arrival taken from each 
pressure gauge was slightly later in time than its 
corresponding optical trace.  However, as the 
reaction propagated along the length of the tube, 
the difference in time between the two 
measurements decreased.  An example of this 
behavior is shown in Fig. 5 where time of arrival 
for both optical and pressure measurements are 
plotted against distance along the tube.  Also 
plotted is the ∆t between the two, which is ~ 9 μs 
when light is detected at the first point of 
measurement, then approaches 5 μs as the 

reaction reaches the last measurement.  Since the 
pressure front and light front are reasonably 
steady, we calculate the distance between the two 
fronts to converge from approximately 6.8 mm to 
5.8 mm. 

This particular graph shows data from a 
test with Al/MoO3 at low density.  Similar 
behavior occurred in composites having WO3, 
and CuO as the oxidizer.  However, in the 
experiments involving Bi2O3, a different behavior 
was observed.  Instead of the pressure wave 
apparently catching up to the leading edge of the 
reaction where light is first emitted, the ∆t 
between the two increases along the length of the 
tube and reaches a near constant value.  An 
example of this is illustrated in Fig. 6.  In this test 
the distance between the two fronts increases 
from 8.5 mm to nearly 12 mm.  In contrast to the 
apparent convergence of the two fronts at low 
densities, MoO3 tested at higher densities 
produces the divergent behavior of the Al/Bi2O3 
composite.  That is, the ∆t between the two 
measurements increases instead of decreasing as 
was observed at low densities.  There are several 
possible explanations for this behavior.  One is 
that the increase in density inhibits the ability of 
heat transfer by convective flow yet increases the 
contact between particles effectively increasing 
the transfer of heat by conduction.  Given that 
tests with Al/Bi2O3 at all tested densities and 
MoO3 at high density show this divergent 
behavior, it is possible that the divergence is 
caused by the high output pressures recorded in 
these shots. A contributing factor to this may be 
choked flow within the interstice.  High density 
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Figure 5. Low density test showing 
converging pressure and ignition fronts. 
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experiments were not performed with WO3 or 
CuO. 

Along with the apparent divergence of 
ignition and pressure fronts in higher density tube 
tests, we have also observed that the overall 
propagation velocity of the Al/MoO3 composite 
decreases with increasing density.  Figure 7 
shows the trend of higher pressure, lower 
velocity behavior seen across the range of tested 
densities with this composite.  These data may 
not reflect the behavior at all possible densities.  
However, Pantoya and Granier [13] reported the 
same response in a nano Al/MoO3 composite 
when observing the combustion of pressed pellets 
across a wider range of densities.  This behavior 
is consistent with a mechanism dominated by 
convective flow at low density, transitioning to 
conductive control at higher density. 

As further evidence to this, we have also 
examined high speed digital photography which 
revealed a difference in the propagation of the 
ignition fronts between low and higher densities.  
Essentially steady velocities were observed for 
all four systems along the length of the tubes 
when fired at low density.  Photographic analysis 
reveals an uninterrupted, near planar burning at 
the leading edge of the front for the entire length 
of the reaction.  Similar evidence has been 
reported in other work [2, 8].  For tubes at higher 
densities, a non-steady propagation is observed 
using all three of our recording techniques.  This 
can be seen when observing high-speed video of 
the higher density tests.  At 47% TMD the 
propagation is noticeably different than at bulk 
densities.  Figure 8 shows four consecutive 
frames of a reaction within a tube.  The frame 

rate is 76,000 fps with an inter-frame time of 13 
μs.  The ignition front appears to almost skip one 
section of un-reacted material and continue to 
propagate beyond this section toward the end of 
the tube.  The effect of the interface between 
pellets may contribute to the non-steady 
propagation as well; however, the extent is 
unknown.  Since there must be some tolerance 
between the outer diameter of the pellets and the 
inner diameter of the tube, it may be expected 
that the free volume would result in increased 
velocity measurements.  Asay et al. [2] detailed 
faster velocities in tube tests with free volume.  
However, we did not observe any effect as a 
result of free volume. 

 
4 CONCLUSIONS 
 
 A method has been developed and 
implemented for the safe loading and testing of 
MIC materials at higher charge weights using a 
remote loading station.  While using this 
technique no inadvertent ignitions of the test 
material were encountered. 

Quantitative measurements of pressure 
and burn rate for four different metal fuel/metal 
oxide combinations have been performed.  
Experimental results demonstrate that each 
composites behavior has a strong dependence on 
the identity of the metal oxide. 

 

 

 

 
Figure 8.  Images of  ignition front in a high 

density tube shot. 
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Measurements of the time of arrival of 
the ignition front and pressure front exemplify 
the transition from convectively dominated 
propagation at low densities to conductively 
controlled propagation at higher densities.  This 
is consistent with a normal deflagration.  More 
work is needed in this area, specifically, testing 
across a wide range of densities. 
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ABSTRACT 

 
In the European Union (EU) pyrotechnic articles are subjected to comply with national regulations in 
addition to a series of EU Directives. In order to harmonize regulations in the EU, the placing on the 
market of pyrotechnic articles is going to fall under the scope of a new European Directive. Among these 
articles, one finds pyrotechnic components of automotive safety equipment such as gas generators or 
igniters. In the very fast growing market of automotive safety industry, regulations might be perceived as 
non-technical barriers to innovation in the field. Conversely, through innovation arguments, industries 
sometimes try to promote specific cases of exemptions to comply various regulations. 
In a broad approach, we examine both regulation and industrial recent repercussions in the field of 
pyrotechnic devices for automotive safety, as these points of view face each other too often. 
Considerations regarding design, transport classification, approvals, safety features, environmental issues 
and treatment of end-life waste disposal are provided along the life cycle of the products. We enlighten 
needs in term of harmonized standards and technical procedures to answer regulation requirements. Such 
needs bring new perspectives and make room to various stakeholders for possible and efficient 
developments. 
 
 
Introduction 
 More than three decades ago 
pyrotechnic articles appeared in automotive 
industry. Pyrotechnics entered first in our car by 
the steering wheel as energetic component of 
driver inflatable restraint system commonly 
known as airbag. This move started in the 
United States and then reached Europe, mainly 
through Germany and Sweden where it was 
proposed as optional equipment for luxury cars 
at first. But rapidly, airbag flourished in all car 
manufacturers and was implemented on regular 
cars as a standard marketing argument for 
selling new car models. In the mean time, the 
number of such pyrotechnical equipment 
multiplied in each vehicle as they showed their 
efficiency to save lives. After the airbag for the 
driver came additional passenger, side, and 
curtain airbags and other automotive pyrotechnic 
systems such as seat-belt pretensioners (see 
Figure 1). The tendency turns far away from the 
time when some people thought unsafe to carry 
explosive loads on board of a car in motion. 

Surprisingly, nowadays customers don't pay any 
attention to driving their car with hundreds of 
grams of energetic materials distributed around 
the passenger compartment. 
 

 
Figure 1: locations of pyrotechnics in a car 

(steering wheel, dashboard, doors, 
seat-belts…) 

 
 However, in parallel to those 
developments to safer environment for car 
passengers, it was known that those articles were 
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potentially dangerous by nature [1]. Several 
risks, mainly due to the presence of energetic 
materials based hazardous components have to 
be considered: these risks entail unexpected 
basic explosions and toxic emanations during 
normal operation of such systems. Moreover, 
dangers are present on the whole value chain of 
automotive pyrotechnics devices, comprising 
equipment manufacturing, transportation to car 
makers, operations during the car assembly and 
eventually all along equipment life and even 
during end life disposal. Safety and security 
aspects were then with good reason carefully 
regulated in different countries. 
 
Situation in the EU 
 In Europe for the moment these 
pyrotechnic articles (and many others) fall under 
different national regulations and approval 
procedures (e.g.: Decree n°90-153 in France [2], 
Explosives Law in Germany…). Even if, there 
are similarities between the tests procedures 
applied in each country, manufacturers of such 
systems have to pass different approvals to trade 
their articles in different countries. The test 
procedures usually consist to submit the items to 
different stresses (vibrations, drop, impact, 
heating…). Although the way to apply these 
solicitations is somewhat different from one 
country to another, the tests are pertinent enough 
to detect lack of consistency. 
 Soon the situation is going to be 
harmonized to achieve the free movement of 
pyrotechnic articles in the internal market of the 
EU and at the same time ensuring a high degree 
of protection of human health and safety of 
consumers. Similarly to what have been done for 
explosives for civil uses (Directive 93/15/EEC 
of 5 April 1993) a new Directive [3] is about to 
cover the placing on the market of pyrotechnic 
articles. 
 
Cases study 
 Here we discuss cases encountered when 
testing airbag inflators or other pyrotechnic 
articles for automotive safety in the frame of the 
French approval procedure. We believe that 
other countries have similar experiences and that 
detailed results have to remain in confidence. 
We intend to show the need of regulations and 
test procedures and how they conduct the 

manufacturer of equipment for motor vehicles to 
make safer devices. That has to be achieved not 
only for "final users" (i.e. car drivers) but more 
importantly for workers that handle these 
pyrotechnical items at a low level of integration 
in inert protective shielding systems. 
 When exposing airbag gas generator to 
an external fire some "non-mature" models have 
shown tendency to break and generate 
projections at significant distance. That was a 
clear remainder for those who have forgotten 
what can happen if an energetic material is 
placed inside a metallic case under certain 
conditions. The manufacturers answered those 
pitfalls by making thicker body case and by 
crimping and swaging assembly allowing 
improvement of the mechanical/thermal 
resistance and relating stress compatibility. 
 Missile behaviors were also observed as 
gas ejected through holes may create a 
significant thrust. In this case it is the whole 
inflator which is propelled, basically like a 
rocket, as usually same components produce 
same effects. Exhausts designed with radial 
distribution to insure a "neutral thrust" when 
gases are generated were rapidly adopted as an 
ideal solution. 
 When operating, airbag inflators and 
more generally pyrotechnic devices function 
primarily as gas generators, through some kind 
of combustion process. The combustion gases 
emitted are then converted in several mechanical 
actions or used directly. Toxicity of the resulting 
emanations is an issue in passenger 
compartment, especially due to confinement of a 
passenger car environment. Early gas generating 
compositions consisted in mixtures of potassium 
nitrate, sodium azide and silica, which mainly 
produce nitrogen gas in a chemical reaction (see 
Figure 2). 
 

2 NaN3   ------>  2 Na + 3 N2(g)

K2O + Na2O + SiO2  ------>  alkaline silicate

10 Na + 2 KNO3   ------>  K2O + 5 Na2O + N2(g)

 
Figure 2: Decomposition of sodium azide 

 
The toxicity of side products generated by 
decomposition of sodium azide in the reaction 
process as well as the intrinsic toxicity of 
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sodium azide itself made the technology shift to 
what is known as "hybrid gas generator". In such 
a system, an inert gas is stored under high-
pressure in a tank and the pyrotechnic 
component reduced often to a simple initiator is 
used to break a rupture disk that releases the gas. 
But the weight of these inflators due to high-
pressure vessel made of stainless steel can 
present as a significant drawback when large 
amount of gas is required. Hence, the late trend 
is to return to the use of propellant at least less 
toxic as early formulations and with 
formulations developed to reduce combustion 
related toxicity as well. 
Regarding transportation of these pyrotechnic 
equipment the automotive industry requests to 
keep constraints at a minimum, in order to cope 
with the ‘zero delay’ delivery concept prevailing 
in the automotive industry. But, by nature of 
some of their components, these devices have to 
be viewed as dangerous goods regarding 
transport regulations. Early consideration of 
these products concluded to consider them as 
explosive objects falling in the Class 1 
(Explosives) of the United Nations (UN)  
 

Figure 3: UN transport classification  
for dangerous goods 

 
classification for dangerous goods (see Figure 
3). Compromises were found later, under 
particular conditions, for a classification in Class 
9 (Miscellaneous dangerous substances and 
articles), under UN number 3268 designated as 
"air bag inflators, or air bag modules, or seat-

belt pretensioners". The development of 
containers with metallic perforated sheets or 
meshes providing containment of potential 
projection without confinement of gases released 
played an important role for the acceptation of 
this classification. These containers are essential 
to allow storage in car manufacturing assembly 
lines and are also designed to be used as 
handling devices to avoid unnecessary 
manipulations in workshop. 
 
Testing procedures 
 As the automotive equipment 
technology is moving fast, pyrotechnic items 
used for safety also evolve quickly and appear 
now in various systems (e.g.: protection to 
pedestrians or equipment for motorcycle riders). 
Moreover, similar items find applications in 
other field that may not have the same capacity 
to develop the technology. We can mention as 
example the "avalanche airbag system" for off-
track skier protection, which avoid trapping 
them under snow. The real need for harmonized 
test procedures in Europe should soon be 
covered by the implementation of a new 
Directive [3], which should indeed cover these 
articles as well as other pyrotechnics. Similarly, 
there is a parallel need for test procedures to be 
able to correctly evaluate new devices. 
 More and more, considerations to satisfy 
all test criteria for exclusion of automotive 
components containing energetic materials from 
the UN Class 1 are taken into account as soon as 
the conception phase of the item. Whenever it is 
possible, this is achieved by containment of all 
effects inside the object or at least by strong 
limitation of external effects such as exhaust of 
hot gas, loud noise, wall heating… 
 
Recycling 
 Fortunately for the occupants, the 
majority of pyrotechnic automotive safety 
systems never operate during the lifetime of the 
vehicle. Then there is another issue. Process to 
recycle cars consists to compacting and 
shredding usually, which can create troubles 
when applied to energetic materials containing 
components. In addition to the hazards of 
explosion that can damage recycling equipment, 
the dissemination of toxic propellant like sodium 
azide endangers workers and environment. 
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There are currently no cost-efficient solutions as 
re-use of second-hand airbags is not easy and 
not even recommended. Operating all 
pyrotechnic devices at the end of their life may 
not be ideal either [4]. Dismantlement of such 
devices from the cars requires special care and 
particular cautions for handling and storing 
operations before further treatment. 

Then regarding environment protection, 
the issue of treatment of pyrotechnic articles 
withdrawn from wrecked vehicles is growing, 
since this aspect was not really considered until 
recently. There are no reasonable industrial ways 
for safe disposal and, most often, devices are 
operated before dismantling. 
 
Conclusion 
 It is now well established that airbag 
systems contribute to decrease the number of 
casualties in car accidents. The technology based 
on pyrotechnic components has shown its utility 
in safety automotive systems where a short 
reaction time is required. But with the 
multiplication of such equipment in vehicles and 
of similar items in other fields, pyrotechnic 
articles are promised to new developments. 
However, as long as energetic materials will be 
part of these items, special attention and careful 
evaluation will have to be taken. In particular 
consideration of “side safety and environmental 
issues” on the whole life cycle of such products 
would gain be putting on the scene more in 
advance, at the design stage, for more easy and 
sustainable development. 
 
 

References 
[1] C. Michot, G. Marlair and L. Aufauvre 
"Evaluation of the hazards presented by 
pyrotechnic devices for public use: consumer 
fireworks and protection systems for cars", 
accepted for publication in Face Au Risque, (in 
French) 
[2] Aufauvre L., Branka R. "French Approval 
Procedures for Pyrotechnical Automotive Safety 
Equipment" presentation to International 
Pyrotechnic Automotive Safety Symposium, 
Bordeaux, November 22-23, 2005, Proc. (2005), 
p249-253 
[3] Proposal for a Directive of the European 
Parliament and of the Council on the placing on 
the market of pyrotechnic articles, text 
E2986-COM (2005)457 final, October 2005 
[4] G. Marlair, R. Turcotte, & Q.K. Kwok & R. 
Branka "Toxicity issues pertaining to burning 
pyrotechnics" paper presented at this 33rd 
International Pyrotechnics Seminar. 



269 

Perchlorate Free Pyrotechnic Composition  
and its Application in M115A2 Ground Burst Simulator and  

M116A1 Hand Grenade Simulator  
 

Gary Chen, Mark Motyka, James Wejsa 

U.S. Army RDECOM-ARDEC, Picatinny Arsenal, NJ 07806, USA 
 
 

ABSTRACT 
 

A family of perchlorate-free pyrotechnic compositions for military flash-bang training rounds and 
non-lethal munitions have been developed and proven out.  The fuel and oxidizer pre-blends of the 
compositions are separately prepared and loaded into the item, completely eliminating the need for 
dangerous manual operations.  This initiative is part of DoD efforts to mitigate the potential risk to the 
military readiness associated with the recent EPA regulation on restricted use of perchlorate.  Excessive 
use of perchlorate in military munitions has led to ground and surface water contamination.  Perchlorate 
contamination in drinking water is linked to the blocking of iodide from entering the thyroid gland, and 
thereby interfering with production of thyroid hormone.  The current fielded M115A2 Ground Burst 
Simulators and M116A1 Hand Grenade Simulators account for the majority of potassium perchlorate 
used by US Army and thus were selected as the perchlorate-free technology demonstration platform. 
 

 
INTRODUCTION 

 
The Federal Environmental Protection 

Agency (EPA) has identified the perchlorate 
anion (ClO4

-) as a ground and surface water 
contaminant due to its high solubility, 
persistence, and potential effects on human 
health.  Perchlorate exposure has the potential of 
interfering with iodide absorption by the thyroid 
gland.  A preliminary estimate of the current 
DOD ordnance inventory indicates that over 250 
different munitions types contain perchlorates.  
These ordnances utilize ammonium perchlorate 
(AP) in rocket and missile propellants and 
potassium perchlorate (KP) in pyrotechnic 
simulator, delay, incendiary, illumination, gas 
generation, and tracer compositions.  High levels 
of perchlorates were recently found in the 
ground water of the Aberdeen Proving Ground 
(APG)/FTX Ordnance Center and School.  
Perchlorates were also detected in some drinking 
water systems around the country.  The 
excessive pechlotate levels at Aberdeen were 
mainly attributed to the potassium perchlotate 
used in the flash charge of M115A2 Ground 
Burst Simulators and the M116A1 Hand 
Grenade Simulators.  In February 2005, the EPA 
followed the NRC (National Research Council) 

recommendation and established an official 
reference dose (Drinking Water Equivalent 
Level) of 24.5 ppb, a daily human exposure 
level that is not expected to cause adverse health 
effects.  As part of DoD efforts to mitigate the 
excessive use of perchlorate in munitions 
systems, the ARDEC Pyrotechnic Research and 
Technology Branch initiated a product 
improvement program in 2004 to develop and 
prove-out a perchlorate-free flash bang 
composition for use in M115A2 and M116A1 
simulators. 
 

FORMULATION DEVELOPMENT 
 
Identification of Potential Fuel/Oxidizer 
Systems  
 

Various organic and metallic fuels as 
well as nitrate-base oxidizers were identified as 
potential ingredients for perchlorate-free 
formulations.  The toxic or halogen-containing 
oxidizers (barium nitrate, Teflon, etc.) were not 
considered due to environmental issues.  The 
NASA Glenn Research Center Chemical 
Equilibrium with Applications (CEA) 
Computational Program was initially used to 
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calculate the flame temperature, gas/liquid 
fractions and fuel/oxidizer ratio of each 
formulation candidate.  The results suggest that 
aluminum / nitrate and magnesium / nitrate 
systems would provide the highest visual 
brightness based on the calculated flame 
temperatures.  Concerns with powdered 
magnesium’s history of hydrogen out-gassing in 
the presence of moisture and high unit cost led 
to the selection of the aluminum fuel system as 
the best perchlorate-free candidate to go-
forward.   
 

The selection of the type of nitrate for 
the oxidizer system was mainly based on the 
level of hygroscopicity of each material under 
various environments.   Vulnerability to 
moisture is considered detrimental to the long 
term storage stability of most pyrotechnic 
compositions.  Hygroscopicity tests were 
conducted on dried samples of potassium nitrate, 
sodium nitrate, and strontium nitrate at both 
75% and 90% relative humidity under ambient 
temperature.  The moisture absorption data, 
collected over 2000 hours, for these nitrates in 
reference to potassium perchlorate were plotted 
in Figures 1 and 2.  As shown, the potassium 
nitrate had the greatest moisture resistance under 
both conditions followed by strontium nitrate.  
In contrast, sodium nitrate absorbed a 
significantly higher percent of moisture at both 
humidity levels and thus was not considered for 
further study.   
 
Fuel Level and Type 
 

A 50-cc closed bomb was used to 
generate the combustion product’s pressure-time 
correlations for each potential formulation in 
order to predict ballistic behavior.  Initial studies 
focused on the peak pressure, rise time and 
ignitibility of aluminum / potassium nitrate 
(Al/KN) and aluminum / strontium nitrate 
(Al/SrN) compositions at various fuel/oxidizer 
ratios.  In this effort, each sample composition 
was prepared with 9 micron X-65 spherical 
aluminum powder, 9-10 micron nitrate, 5% 
sulfur and 1% boric acid.  A small amount of 
sulfur was added to facilitate ignition and 
increase quickness.  The boric acid was used as 
a neutralizer to enhance the storage stability of 

the mix.  The results show that the aluminum 
fuel level at 40% yielded the best performance 
in quickness and peak pressure for both oxidizer 
systems. 

 
Various types of aluminum powder were 

also tested in the closed bomb to investigate 
their impact on the ballistic behavior of sample 
compositions.  The evaluated candidates include 
spherical (X-65, X-80), flake (German 
Balckhead), and conventional (atomized 101Al) 
aluminum powders.  For Al/KN system the 
study focused on the medium particle size 
oxidizer with an average of 34 microns because 
the fine oxidizer yielded a very low fill density 
of below 0.6 g/cc.   For Al/SrN system, both the 
fine and medium size oxidizers are considered 
usable due to strontium nitrate’s high theoretical 
density as demonstrated in the following 
samples: 
               Non-vibrated  
      Formulation               Fill Density, g/cc 
604 - Al 25μm / KN 34μm       0.81 
605 - Al 25μm / KN 9μm          0.53  
609 - Al 8μm   / KN 9μm       0.58 
  
603 - Al 25μm / SrN 49μm      0.96 
606 - Al 25μm / SrN 10μm      0.70 
610 - Al 8μm   / SrN 10μm      0.77 

 
Among the various types of powdered 

aluminum, it was found that the formulations 
604 (Al/KN system) and 603 (Al/SrN) system 
performed the best.  Both were formulated with 
40% of 25 micron flake aluminum, 5% sulfur 
and 1% boric acid.  The standout ballistic 
performance for 603/604 formulations is 
attributed to the flake aluminum’s high surface 
area of approx. 9 m2/g, comparing to approx.0.7 
m2/g for 65X spherical aluminum.  The 
atomized aluminum, 101Al (26 microns), also 
performed poorly due to low surface area.   
 
Sulfur Level  
 

Sulfur is a secondary fuel and also an 
excellent ignition facilitator due to its low 
melting point. The amount of sulfur used in the 
formulations will also impact the ballistic 
performance, which is closely related to the 
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Figure 1:  Moisture absorption for oxidizers at 75% relative humidity 
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Figure 2:  Moisture absorption for oxidizers at 90% relative humidity 
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system’s sound intensity and photometric 
output.  Previous closed bomb testing indicates 
that Al-KN system without sulfur had ignition 
and low peak pressure problems.  As a result, the 
optimal sulfur level was investigated for the 
Al/KN and Al/SrN systems using the 34 micron 
nitrate.   Closed bomb data show that the 
formulations utilizing 5% to 10% sulfur burned 
smoothly with a quick rise time.   

 
 A separate study was setup as a 
prototype platform to determine the optimal 
sulfur level for the Al/KN system with regard to 
sound level and photometric output.  13 grams 
of mix was loaded into 20-gage shotgun 
cartridges and initiated with a percussion primer.  
Results showed that the best sound level and 
photometric output was achieved when using 
mixes with a sulfur content of 5-15%.  For this 
study the fuel level was set at 50% with 
atomized 101Al aluminum. 
 
Variation of Flash Charge Weight 
 

Study was conducted with a 50 CC 
closed bomb to determine the sample sizes of 
Al/KN and Al/SrN compositions that would 
generate an equivalent pressure to 0.5 grams of 
the current M115A2 / M116A1 flash charge 
(aluminum / potassium perchlorate) designated 
as 473B (standard).  Results showed that 0.75 to 
0.875 grams of 604 composition is required to 
achieve an equivalent level.  The 603 
composition yielded somewhat lower peak 
pressure than the 604 composition at equivalent 
sample weights.  This suggested that the 603 
requires a higher sample amount in order to 
provide a similar peak pressure as 473B.  Figure 
3 contains the closed bomb pressure-time traces 
for Al/KN and Al/SrN systems in reference to 
the standard.  
 
Anti-caking and Processing Agent 
 

Pyrotechnic dry mixes have a tendency 
of caking during loading, assembly and storage, 
especially in high humidity conditions.  The 
mixes were also prone to adhere to the walls of 
processing equipment.  To prevent this problem 
an anti-caking and processing aid, Cab-O-Sil 
(Grade M5), was selected for use in the 

composition 604.  Two levels of M5 (0.25% and 
0.5%) were used in a closed bomb study for 
comparison with the baseline 604 composition 
without any anti-caking agent.  It was found that 
M5 not only reduced the dry mixing time but 
also increased the peak pressure of the 604 
composition by 20% and 25% respectively for 
0.25% and 0.5% Cab-O-Sil. The pressure traces 
of these tests can be seen in Figure 4. 
 

MANUFACTURING PROCESS 
DEVELOPMENT 

 
Full Up Hardware Assembly 
 

All parts on the M115A2 and M116A1 
were glued together using an epoxy of EPON 
828 and Epikure 3125 in a 2:1 ratio respectively.  
For M115A2 the pre-assembled whistle tube, 
composition and quick match were epoxied into 
the top sleeve.  Next, the inner tube that holds 
the flash-bang charge was epoxied into the top 
sleeve.  This preassembly was then placed into a 
140oF oven for at least one hour to accelerate the 
epoxy curing.  The charge mix was loaded after 
the epoxy had fully cured and the end cap and 
bottom sleeve were epoxied in place.  The final 
assembly was placed back into the oven to 
complete curing.  The safety match and igniter 
came preassembled and glued to the top disk for 
the M116A1.  The ignition assembly and inner 
tube were epoxied into the top sleeve and the 
bottom disk was epoxied into the bottom sleeve.  
The ends of the M116A1 round were filled with 
epoxy to strengthen them.  The two halves of the 
M116A1 were then placed into the oven to 
shorten the curing time.  Once the epoxy had 
fully cured the charge mix was loaded into the 
top half of the round and the bottom half was 
epoxied on.  The final assembly was then placed 
back into the oven. 
 
Two Part Loading and In-Round Mixing 
 

The ability to mix the developed 
perchlorate-free formulations in round at the 
selected charge weight was studied.  A two part 
loading and mixing method was used.  The first 
part consists of the blended primary fuel 
aluminum powder and secondary fuel sulfur.  
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Figure 3:  Pressure profiles of Al/KN and Al/SrN systems at various charge weights 
 
 

 
 

Figure 4:  Pressure profiles of Al/KN system showing the effect of Cab-O-Sil 
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The second part consists of nitrate oxidizer, 
Cab-O-Sil (M5), and boric acid.  The oxidizer 
was pre-dried and screened before blending with 
Cab-O-Sil and boric acid.  The fuel pre-blend 
was loaded into the charge container first 
followed by the oxidizer pre-blend on the top.  
The round was fully assembled, sealed, and 
mixed for an hour.   
 

To assist the observation of mixing 
progress, two sizes of clear polycarbonate tubes 
were made that have the same length and inner 
diameter as the inner tubes of the M115A2 and 
M116A1.  The powders were loaded into the 
round and the ends were taped over.  The full 
rounds were placed in foam holders.  These 
holders kept the rounds at a ~30o angle while 
tumbling.  Figure 5 is an example of the clear 
tube model.  Figure 6 shows the mixing device 
with eight rounds loaded. 
 

 
Figure 5:  Clear polycarbonate tube model 

for mixing study 
 

 
Figure 6:  Tumbling machine 

Table 1 on the following page shows the 
various 604-based configurations (4 each for the 
M115A2 and M116A1) that were tested in the 
mixing study as well as the observations made. 
 

The rounds were tumbled for 15 minutes 
then the machine was stopped to check the 
condition of the mixing.  After the first 15 
minutes of mixing, the formulations with Cab-
O-Sil appeared to be visually well mixed where 
as separation could still be observed in the other 
two mixes.  The rounds were placed back in the 
machine and tumbled for another 45 minutes.  
After mixing for a full hour, seven of the eight 
rounds appeared to be visually well mixed.  
Non-mixed powder could still be seen in the 
M115 round with 70 grams of 604 without Cab-
O-Sil.  Results were photographed in Figures 7-
14. 
 

FULL -UP SYSTEM PROVE OUT 
 
Formulation Definition 
 

Two candidate formulations 603 and 
604 defined below were selected for 
M115A2/M116A1 full-up system prove-out.  
The particle sizes are at 50% point using a laser 
diffraction instrument.  The aluminum powder is 
a German Blackhead version. 
      
     wt % 
Aluminum     40.0 

Mil-A-512 Type 1, Grade B  
  

Oxidizer     53.5  
Strontium Nitrate  
Mil-S- 20322B, Grade A 
 -or- 
Potassium Nitrate  
Mil-P156B, Class 3  
 

Sulfur      5.0 
Mil-S-487, Grade C   
  

Boric Acid    1.0  
Commercial Grade   
  

Cab-O-Sil     0.5 
M5 Grade    
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Table 1:  Mixing study matrix and observations 
Number Contents Observations 
    15 minutes 60 minutes 

1 70 gm 604 Not well mixed 
Some white still 

visible 

2 50 gm 604 
Some white still 

visible 
Visually well 

mixed 

3 70 gm 604 w/ 0.25% Cab-O-Sil 
Visually well 

mixed 
Visually well 

mixed 

4 70 gm 604 w/ 0.5% Cab-O-Sil 
Visually well 

mixed 
Visually well 

mixed 

5 33 gm 604 Not well mixed 
Visually well 

mixed 

6 25 gm 604 Not well mixed 
Visually well 

mixed 

7 33 gm 604 w/ 0.25% Cab-O-Sil 
Visually well 

mixed 
Visually well 

mixed 

8 33 gm 604 w/ 0.5% Cab-O-Sil 
Visually well 

mixed 
Visually well 

mixed 
 
 

 
Figure 7:  M115A2 70g 604 

 
 

 Figure 9:  M115A2 70g 604  
w/ 0.25% Cab-O-Sil 

 

 
Figure 8:  M115A2 50g 604 

 
 

 
Figure 10:  M115A2 70g 604  

w/ 0.5% Cab-O-Sil 
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Figure 11:  M116A1 33g 604 

 
 

 
Figure 13:  M116A1 33g 604 

w/ 0.25% Cab-O-Sil 
 

 
Figure 12:  M116A1 25g 604 

 
 

 
Figure 14:  M116A1 33g 604 

w/ 0.5% Cab-O-Sil

Sound and Photometric Output Performance  
 

Mixes were pre-blended and dried prior 
to loading into the system hardware.  For each 
formulation two different charge weights were 
loaded: 60 and 70 grams for the M115A2 
Simulator and 30 and 33 grams for the M116A1 
Simulator.  The charge weights were determined 
from the closed bomb study.  The standards 
contain 40 grams 473B for the M115A2 and 20 
grams 473B for the M116A1.   The test matrix is 
summarized in Table 2. 
 

Each sample group was tested at 
ambient temperature.  Cold testing was 
conducted for 70 gram and 33 gram groups only.  
The sound and the light measurement systems 
were placed approximately 50 feet from the 
samples to satisfy geometric requirements and to 
protect the measurement systems from the 
shockwave produced by the energetic rounds.  
The peak sound intensity was measured with a 
Bruel & Kjaer 2238 Mediator sound meter 
equipped with a 0.25 inch microphone (rated to 

170 dB).  Prior to sound level measurements, the 
sound meter was calibrated with a Bruel & Kjaer 
type 4231 sound calibrator.  In these 
measurements, only the peak sound intensity 
level was measured for each round.  The 
luminous flux emitted from each round was 
measured with a photometric based light 
measurement system.  A calibrated International 
Light Silicon photo detector, with a matched 
photometric filter, was used to measure the  
 

Table 2:  Perchlorate free full-up system 
prove out test matrix 

M115A2 
604 604 603 603  Std. 
60g 70g 60g 70g 

Ambient 5 5 5 5 5 
Cold, -65F   5  5 

M116A1 
604 604 603 603  Std. 
30g 33g 30g 33g 

Ambient 5 5 5 5 5 
Cold, -65F   5  5 
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Table 3:  Summary of visible light output and sound intensity measurements 
M115A2 

Std. 604-60g 604-70g 603-60g Average of 5 
rounds Ambient Ambient Ambient Cold Ambient 

Integrated 
photopic output 

(Cd*sec) 1.20E+05 9.88E+04 1.59E+05 1.16E+05 2.87E+05 
Peak photometric 

output (Cd) 3.32E+07 8.85E+06 1.09E+07 8.74E+06 2.03E+07 
Sound intensity 

(dB) @ 50ft 155.8 149.1 150.4 149.1 147.1 
M116A1 

Std. 604-30g 604-33g 603-30g Average of 5 
rounds Ambient Ambient Ambient Cold Ambient 

Integrated 
photopic output 

(Cd*sec) 6.35E+04 5.03E+04 6.81E+04 6.61E+04 1.55E+05 
Peak photometric 

output (Cd) 3.32E+07 8.67E+06 5.92E+06 5.97E+06 1.41E+07 
Sound intensity 

(dB) @ 50ft 151.6 150.9 148.5 146.8 144.8 

visible light generated by the rounds.  The 
current produced by the silicon photo detector  
was converted to a voltage with an Ithaco model 
1211 current pre-amplifier.  Depending on the 
brightness of the rounds, the amplifier gain used 
in these measurements ranged from 10-3 A/V to 
10-5 A/V.  The voltage versus time data was 
collected with both an oscilloscope and a 
Labview™ based computer data acquisition 
system.  Post experiment analysis consisted of 
calculating the peak luminous flux, the 
integrated flux, rise time to peak flux, and the 
pulse duration.  These quantities were calculated 
for each sample with an algorithm written with 
the Labview™ programming language. 
 

Test results show that the integrated 
photometric output for the groups with 60 gram 
(M115A2) and 30 gram (M116A1) 604 mix are 
approximatly 20% below that of the standard 
group.  This suggests a higher amount of 604 
charge is required to match the standard 
performance, as confirmed by the data for the 
groups with 70 gram and 33 gram 604 charge 
weights.  It was also found that the groups with 
60 gram and 30 gram 603 had over twice 
amount of integrated visual output and 
somewhat lower sound intensity than the 

standard.  The data for 70 gram and 33 gram 603 
groups are not available.  In summary, the 604 
outperformed the 603 in sound intensity while 
underperformed in photometric output.  Test 
results are summarized in Table 3. 

 
Fragmentation 
 

Another finding from the system prove-
out was that a minimum of 60 gram (M115A2) 
and 30 gram (M116A1) of 603 or 604 mix were 
required to fragment the flash charge cardboard 
housing bodies and sleeves into a few large 
pieces.  Fragmentation was improved by 
increasing the amount of flash charge in the 
system as demonstrated in the sample groups 
with 70 gram and 33 gram 604 mix.  In general, 
the 604 performed slightly better than the 603 at 
the same charge weight with respect to the 
fragmentation.  The fragmented pieces from 
each test group were collected in plastic bags 
and photographed for comparison in Figures 15, 
16, and 17. 
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Figure 15:  Fragmented housing bodies for 603 mix in M115A2 and M116A1 

 

 
Figure 16:  Fragmented housing bodies for 604 mix in M115A2 

 

 
Figure 17:  Fragmented housing bodies for 604 mix in M116A1 
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CONCLUSION 
 

Two perchlorate-free flash compositions 
have been developed and proven out.  The 
formulation consists of a high surface area flake 
aluminum as the primary fuel, sulfur as the 
secondary fuel, and potassium nitrate or 
strontium nitrate as the oxidizer.  Low levels of 
boric acid and silicon dioxide were added to 
improve the product storage shelf life, 
processing, and mixture homogeneity.  The 
fuel/oxidizer ratios and particle sizes were 
optimized through a parametric study, using the 
NASA CEA computer program to simulate the 
thermal properties and a 50 cc closed bomb 
model to determine the ballistics of each 
formulation.  In an effort to completely 
eliminate the need for dangerous manual 
operations, a two part (fuel and oxidizer pre-
blends) in-round loading and mixing method 
was developed to manufacture the perchlorate-
free M115A2 and M116A1 Simulators.  The 
fuel pre-blend consists of flake aluminum and a 
small amount of sulfur as initiation facilitator.  
The potassium nitrate or strontium nitrate was 
mixed with Cab-O-Sil and boric acid to form a 

free-flowing oxidizer pre-blend.  The fuel and 
oxidizer pre-blends were then separately loaded 
into the item for final system assembly and 
mixing in a tumbler.  
 

A clear polycarbonate tube with a 
similar system configuration was used to 
optimize the critical powder mixing parameters, 
such as mixing time, homogeneity, fill volume, 
etc.  During the system prove-out, various 
sample groups were fabricated and tested to 
correlate the amount of flash charge with the 
sound level, photometric output, and 
fragmentation level.  It was determined that 60-
70 grams of 604 or 603 mix for M115A2 and 
30-33 grams of 604 or 603 mix for M116A1 
were required to achieve satisfactory 
fragmentation and sound level performance.  It 
was also found that the Al/SrN 603 formulation 
yielded over twice amount of the photometric 
output of the Al/KN 604 system and the existing 
perchlorate counterpart.  The 604 formulation 
was considered the best perchlorate-free 
candidate based on the overall performance, 
material cost, and storage stability. 
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ABSTRACT 
 

In the past ten years, there has been growing interest in the field of non-lethal munitions.  Several 
capabilities currently exist, but there is a lack in long range non-lethal capabilities greater than 100 
meters.  To fill the gap the M98 and M99 were developed.  The M99, the focus of this paper, is a 66 mm 
Light Vehicle Obscuration Smoke System (LVOSS) launched, blunt trauma grenade.  The desired 
outcome from this non-lethal effect is to neutralize the hostile situation before the rioters can get close to 
the Warfighter.  The 2001 type classified M99 had a performance deficiency in generating consistent 
acceptable ball velocities.  A Lean Six Sigma process was used to guide the effort in identifying high risk 
areas and ultimately finding the root causes of the performance deficiency.  The identified highest risk 
areas were the burster mix manufacturing, product quality control, and formulation.  It was found that the 
production method did not undergo a rigorous prove-out.  Adequate quality control provisions were not in 
place.  An effort was taken to produce the burster mix in a laboratory sized batch and then monitor the 
scale up to the production batches with necessary quality control provisions.  It was found the burster mix 
manufactured with strict process and quality control yielded no significant performance improvement.  
The burster mix formulation therefore became the highest risk.  In an effort to replace the burster mix, 
five alternate mixes were identified.  An Analysis of Alternatives (AoA) matrix was generated to rank the 
criteria for identifying the “best” replacement candidates.  Each candidate was subjected to laboratory and 
submunition ball speed performance testing.  A robust and reliable flash mix was finally chosen as the 
burster mix replacement.  Engineering level testing was conducted on the replacement to verify its 
replacement. 
 
 

 

INTRODUCTION 
 

Like other non-lethal items, the 
requirements for M99 blunt trauma 
“effectiveness” need to be clearly defined.  The 
ball velocity and sound output are the 
measurable quantities that validate effectiveness.  
Technical experts generated a 290 ft/sec 
threshold at three feet for velocity and 160 dB at 
five feet to meet these requirements.  This was 
based on subjective testing that assigned a 
quantitative value to a qualitative requirement of 
effective non-lethal.  The Human Effects 
Advisory Panel (HEAP) at the Penn State 
Applied Research Laboratory supported this 
requirement [1]. The M99 blunt trauma grenade 
is a non-lethal 66mm launched munition.  Each 
grenade consists of an aluminum tube filled with 
three submunitions crimped to a propulsion base 
assembly which mates with the LVOSS 66mm 
launcher [2] (Figure 1).  Each submunition 

consists of a burster tube assembly with a 5 
second delay column, and a burster charge 
surrounded by a cardboard outer payload 
assembly containing .32 caliber PVC pellets.  
Upon functioning, the submunitions are expelled 
from the grenade body and deposited 

Figure 1. LVOSS 66 mm launcher 
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downrange, producing a combination of flash, 
bang, and stinging effects on the identified 
targets. 
 

The M99 system configuration [2] 
(Figure 2.) was established during early 2000s, 
but was having difficulty meeting the ball 
velocity requirement with a statistically 
significant amount of samples.  Several efforts 
were conducted to improve performance and 
reliability.  The molybdenum delay 
composition was changed tungsten delay to 
eliminate dud grenades.  A large rifle primer was 
then utilized to seal the delay train.  In addition, 
the structural integrity of the plastic components 
was enhanced to prevent damage to the 
submunition upon impact with the ground.  The 
ball velocity however was not significantly 
improved.   

 
To identify the root causes for the 

performance deficiency, a structured Lean  
Six Sigma approach was used.  A Failure Modes 
and Effects Analysis (FMEA) was generated 
from a cause and effect analysis.  All causes 
were assigned Risk Priority Numbers (RPNs).  
As a result, the PE3 burster mix production, 
quality control, and formulation were ranked the 
top three.  They were considered potential 
causes for lower order and inconsistent burster 
tube fragmentation based on the observation of 
tube cracking pattern and occasional incomplete 
burning.  A program decision was made to first 
investigate the potential root cause with a high 
risk number identified in the FMEA which was 
the burster mix production. 

 

ROOT CAUSE ANALYSIS AND 
SOLUTION IMPLEMENTATION 

 
Burster Mix Production Effort 
 

Two new PE3 batches were produced as 
controls for ball speed comparison with the old  
inventory batches available at Pine Bluff 
Arsenal (PBA), the Loading Assembling and 
Packaging (LAP) facility.  The control batches 
consist of a small, quality monitored 750 gm 
laboratory batch and a scaled up 25 pound 
production batch.   

 
Previous data indicate the burster mix 

produced at Edgewood Chemical and Biological 
Center (ECBC) laboratory performed 
satisfactorily during submunition performance 
testing.  Therefore, the first control batch of 750 
gm was produced there.  To reduce variation 
during the scale up  the ingredients used at the 
two locations were from the same lots.  In 
addition, steps were taken to ensure that the 
ingredients used in the batches were properly 
defined.  Certificates of Analysis (COAs) were 
obtained to assure they conform to the Technical 
Data Package (TDP) specifications. The 
laboratory scale slurry mixing process was also 
monitored and documented to be used as a 
baseline for the production size control batch.  
The mix time and the amount of acetone added 
were the two key variables to control during 25 
lb production.  The scaled up quantity of acetone 
added to this batch is more then what had been 
used in the inventory batches.  As a result, the 
control batch needed to be 

Figure 2. M99 non-lethal blunt trauma grenade 
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mixed for much longer than the anticipated.  The 
difference in the type of mixing equipment and 
surface area for solvent evaporation were two 
other contributing factors to the extended mix 
time.  As a result of the introduced variables, the 
two control batches exhibited different physical 
properties, such as the granule size and 
distribution.  The average granule size of the 
large production batch turned out to be very 
small. 
 
Product Quality Control Verification 
 

 For verification of the quality on all 
product batches, several different forms of 
analysis [3] were conducted: chemical assay, 
granule size and distribution, bulk density, and 
closed bomb testing.  The chemical analysis was 
focusing on the PE3 composition consisting of a 
mixture of organic fuel (pentaerythritol and 
nitrocellulose), inorganic fuel (aluminum), and 
the oxidizer (potassium perchlorate).  The 
procedure is based on measuring potassium 
perchlorate (KClO4) and aluminum (Al) content 
in the PE3 with Inductive Coupled Argon 
Plasma equipment (ICP) and calculating the 
organic fuel content by the difference.   

 
 Results indicate that the PBA production 

mixes are homogenous from top to bottom.  The 
fuel and the oxidizer have close concentration 
across the batch which eliminates the mix 
procedure as the potential root cause.  In 
addition, the measured bulk density from top to 
bottom of all batches does not have any 
significant variation, suggesting distribution of 
granule sizes across the batch is uniform. 
 

 To determine the granule size 
distribution pattern within the batch a sieve 
analysis was conducted.  The data shows that all 
inventory production batches as well as the 750 
gm laboratory control batch have a similar 
distribution pattern (Figure 3).  However, the 
scaled up production batch has a different 
pattern, exhibiting more fine particles in the mix 
(Figure 4). The long mix time as previously 
described was identified to be the key factor for 
the reduced size. 
 
 

Submunition Performance Testing on PE3  
 

After the physical characteristics of the 
batches were analyzed, performance testing of 
the mix in the submunition was the next effort.  
For each of the seven production size batches 
manufactured at PBA, 15 submunitions were 
tested; five  each containing mix samples from 
the top, middle, and bottom of the batch.  Ten 
submission tests were conducted on the 
laboratory control batch, five each at ECBC and 
PBA. 

 
The submunitions were functioned with 

a type 2 class ‘A’ quick match.  An electric 
match was used to initiate the quick match.  This 
allows the operator to detonate the submunition 
from a safe distance.  The sound level was 
recorded 80 feet away. 
 

The dispersion pattern of the balls 
requires an innovative method to verify the 
specification requirement. The current method 
of ball speed measurement involves using two 
sheets of calibrated DuPont foam with a known 
uniform density.  The panels are calibrated by 
firing the PVC balls from an air gun into the 
foam with a known velocity and then generating 
a penetration depth vs. speed curve.  Because the 
correlation is never perfect, slight variation in 
ball speeds is tolerated.   The panels are placed 
three feet away from a stationary submunition at 
90 degree angles per the specification. These 
panels are 2 ft x 2 ft x 4 in.  The test set up is 
shown in Figure 5. 

 
 The depths of penetration of the 
imbedded balls after functioning are measured 
with either a depth gage or the tail end of 
calipers and correlated to ball velocity based on 
the calibration data.  Each panel captured only 
one test per side to eliminate any confusion.  
Each side of the panel was clearly labeled with 
batch number, sample number and sample 
location. The User of this item, the Military 
Police (MP), provided a representative to 
witness the test and provide feedback as to its 
effectiveness. 
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 Figure 3. Representative granule size distribution for all inventory production batches and  
 laboratory control batch 

Figure 4. Granule size distribution for the 25 lb control batch
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Figure  5.  Ball speed test set up 

 
Table 1 summarizes the results for ball 

speed performance testing.  It shows that all 
batches, including the controls (5097-1 and GT) 
failed to meet the threshold ball speed of 290 
ft/sec.  The average ball velocity for all samples 

was 224.5 ft/sec.  As seen in the past, the mix 
produced in the laboratory (GT) yielded the 
better results, but still less than the threshold 
requirement.  In addition, there was at least one 
low order function in each of the eight batches 
tested.  A low Order function indicates that the 
burster mix was not fully ignited or consumed, 
leading to undesirable payload dispersion.  
Therefore, there is no indication the PE3 mix is 
robust enough to perform reliably with a 
statistically significant sample size.   
 

Although the user may consider a 
reduced ball speed performance, the current poor 
reliability of the item demonstrated by the high 

rate of low order function would not be 
accepted.  The user requested a reliability of 
95% for grenade functioning.   This translates to 
98.3% reliability for the submunition with an 
80% confidence. 
 
Closed Bomb Testing 
 

A 50-cc closed bomb testing was also 
conducted to determine if various characteristics 
(peak pressure, rise time, etc.) of each mix batch 
are related to performance.  From each of the 
eight batches tested, samples were taken from 
the top, middle, and bottom.  Five runs were 
conducted for each location, each 0.5 gm 
sample.  The sample was placed in a 5 ml 
crucible sitting at the bottom of the vessel and 
initiated by a Lunatech electric match.  The peak 
pressure, rise time, function time, and slope are 
then calculated using the Labview data 
acquisition software.  Peak pressure (psi) is the 
maximum pressure of the pressure-time trace.  
Rise time (ms) is the elapsed time between 10% 
and 90% of the peak pressure.  And the slope 
(psi/ms) is the portion of pressure-time trace 
between 10% and 90% of the peak pressure. 
 

Table 2 summarizes the closed bomb 
test data for 5 inventory batches and 2 control 
batches.  Three additional batches at the bottom 
of table were tested as references.  The GOEX 
BP is standard black powder, the 473B is a flash 
powder currently used in simulators, and the 
MRBPS is moisture resistant black powder 
substitute developed and qualified as a 1.3G 
pyrotechnic material for BP replacement in 
several items.  Results show that the peak 
pressures for all PE3 batches are in the 
proximity of MRBPS while those for BP and 
473B are somewhat lower.  However, all PE3 
batches have significant slower rise times in 
comparison to the three reference mixes that are 
at least three to four times faster.  This suggests 
that the slow rise time was the likely cause for 
the undesirable tube crack propagation prior to 
burst, leading to uneven fragmentation and 
inconsistent ball speeds.  The closed bomb 
testing also discovered the large standard 
deviation within each PE3 sample group, 
indicating its performance is highly 
unpredictable. 

Table1. Submunition ball speed test data summary 

*  PE3 control batch produced at ECBC 

Foam Panel 

Submunition 
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Burster Mix Formulation Effort 
 

The PE3 mix produced with strict 
quality control provisions and monitored process 
did not yield significant performance 
improvement. The risk associated with the 
production of the mix was reduced based on the 
results for this effort.  The potential root cause 
was then focusing on the burster mix 
formulation.  The initial effort is to develop a list 
of potential replacement burster mixes.  The 
potential candidate list consists of the following 
five different pyrotechnic materials:  

 
1. KAP: A more energetic PE3 family mix 
2. MRBPS 83B3, Cl5: A moisture resistant 

black powder substitute 
3.  473B: Perchlorate-base flash powder 

currently used in M115 and M116 
simulators 

4.   Hodgdon 777: An off-the-self shotgun 
powder 

5.  Non-perchlorate flash bang: An 
aluminum/nitrate base flash powder 

 
 With a list of potential candidates 
generated, a  six sigma tool, Analysis of 
Alternatives (AoA) matrix, was used to 
determine the best replacement mix. 

 
All possible criteria related to the burster mix 
performance were included in the matrix.  These 
criteria were then weighted, or ranked, based on 
importance for selection.  Table 3 shows the 
preliminary matrix.  Some of the rankings were 
subject to change when additional information 
was gathered.  After all of the data was filled in, 
the “best” candidate for replacement should be 
the one with the highest total. 
 

Using the knowledge gained from the 
previous effort, consistency, performance in the 
submunitions and producibility, were assigned 
high rankings.  Decision was made later not to 
use the closed bomb data to eliminate weak 
candidates prior to the submunition test because 
the rise time, peak pressure, and function time 
are not the key criteria in determining the best 
replacement.  As a result, these ranking values in 
the down select matrix were reduced as shown 
in the completed matrix, Table 4. 

 
Since the performance testing of the 

submunitions is the critical factor for 
determining the best replacement, it was decided 
all 5 potential candidates were to be tested and 
its ranking value in the matrix was significantly 
increased. 

 

Table 2.  Closed bomb test data summary
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Submunition Performance Testing on PE3 
Replacements 
 
 A small quantity of all replacements was 
tested in the submunitions to give a preliminary 
indication of how they will perform.  The 
submunition testing setup and procedure are 
identical to the testing conducted for the PE3 
burster mix production effort.  For each 
candidate, 15 submission tests were conducted, 
10 each loaded with 4.5 gm mix and 5 each with 
3.5 gm, for a total of 75 samples.  Two different 
weights were tested for each replacement to 
evaluate how a change in weight correlates to 
end item performance. 
 

Figure 6 illustrates the submission ball 
speed performance for the 10 sample groups.  As 
shown, 3 of the 10 groups were shown to have 
average ball velocities greater then the threshold, 

giving a preliminary indication that 473B and 
KAP may be capable of meeting the 
performance requirements without modifying 
other attributes of the system.  Further testing 
would be needed to verify this statement since 
the sample size for this round of performance 
testing was small.  It can also be noted that the 
473b flash powder (4.5 g sample group) had an 
average ball velocity that was very close to the 
objective.  This mix also had a very good 
correlation between quantity of mix and ball 
velocity. 

 
The results from the closed bomb 

indicate that there is not a significant correlation 
between ballistic data in the closed bomb and 
ball speed performance in the system.  Only the 
consistency of each mix will be taken into 
consideration for selecting the replacement. 

Table 3. Preliminary Analysis of Alternatives (AoA) matrix
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Completed Downselect AoA Matrix 
 
 Table 4 is the completed AoA matrix.  
For each replacement, the value filled in for each 
criterion was then multiplied by the ranking and 
added together.  The candidate with the highest 
grand total was the 473B flash powder. 
 

473B is currently used in the M115 and 
M116 pyrotechnic grenade simulators.  It is a 
simple mixture of only two components, 
perchlorate and flaked aluminum.  This mix has 
many desirable traits such as ease of production 
and performance in the submunition yielding 
ball speeds closest to the objective.  It also 
provides a lot brighter flash than the rest of the 
candidates, increasing the non-lethal distraction 
element.   Another very desirable trait is that the 
mix is very robust, reliable, and cost effective as 
demonstrated in the M115/M116 simulators.  As 
a result, 473B was selected as the final candidate 
for engineering performance testing. 
 
Mixing and Loading 
 

The mixing and loading of 473B into the 
burster tube were conducted by a subcontractor 
due to the M99 LAP facility is not presently 
equipped for these operations.  The two 473B 
components were weighed, loaded into the  

 
burster tube, and sealed with a plastic cap.  The 
components were then be tumbled and mixed in 
the tube.  Once this operation was complete, the 
loaded tubes were then packaged and shipped to 
the LAP facility to complete the assembly. 

 
ENGINEERING   PERFORMANCE TEST  

ON  FINAL PE3 REPLACEMENT 
 

 Because only a small amount of 
performance tests were conducted to select the 
replacement candidate, more testing was needed 
to qualify the replacement.  An engineering level 
test plan was generated for this qualification.  
This test plan utilized 400 burster tubes to be 
shipped from the subcontractor.  The first phase 
of testing consists of 166 M99 submunition 
function tests for ball velocity and sound output, 
76 on the 60 minute mix time group, and 45 
each on the 30 minute and 40 minute mix times.  
A correlation between performance of the 
submunition and mix time is one of the desired 
results. The goal is to increase rate of production 
from the subcontractor. 
 
 The second phase of the engineering test 
was to launch 60 grenades downrange under 
different conditions for reliability verification.  
To verify the robustness of the item, different

Figure 6.  Submission ball speed performance testing results for PE3 replacements 

350 fps

290 fps
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temperature, vibration, and water immersion 
conditions were tested.  These conditions are 
also specified in the specification First Article 
Testing (FAT).  Passing this test would give 
confidence that the grenade would pass FAT in 
the future. 
 
 The testing was successful.  All 
submunitions containing the 473B flash powder 
functioned, validating the 95% reliability 
requested by the user. The average ball speed for 
the first phase of testing was 314 ft/s.  This 
meets the threshold ball velocity of 290 ft/s.  In 
addition, performance was not affected by the 
reduced mix time (30 minutes).  All M98 
grenades met the sound level requirement of 160 
db at five feet.  The average sound level was 167 
db at this distance.  Finally, all submunitions 
that were fired downrange during grenade 
testing functioned as intended.  This further 
validates the reliability requirement.  Because 
the intent of the harsh conditioning is to assess 
the functionality of the item during “worst case 
scenario” conditions, the system was shown to 
be very robust. 

 
 

CONCLUSIONS 
 
 By using a systematic process, the root 
cause for the performance deficiency was 
identified as the burster mix formulation.  A 
corrective action was then taken to replace the 
PE3 to the more robust and reliable 473B flash 
powder based on the AoA matrix ranking.  The 
success was validated by varying test parameters 
and testing a statistically significant sample size. 
 

The 473B flash mix will undergo full 
Production Verification Testing (PVT) 
consisting of approximately 300 grenades.  
Upon success of the PVT, the grenades can 
move to production to get these highly 
demanded riot control munitions into the hands 
of the war fighter. 
 

FUTURE EFFORTS 
 

 As previously mentioned in this paper, 
the translation from a qualitative requirement for 
effective non-lethal to a quantitative requirement 
needed for testing and evaluating is based on 

Table 4. Completed downselect AoA matrix 
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subjective analysis.  Once the items are released 
to the field, further evaluation of the 
effectiveness of the item will be taken.   
 

Due to the variability that was generated 
in the testing method, a more reliable and robust 
method for testing is desirable.  This may 
involve improving or changing the material that 
captures the dispelled PVC balls, or using a 
visual method for determining velocity. 

 
 Finally, there is a need to eliminate 
perchlorate from the burster mix concerning the 
newly implemented EPA regulation (24.5 ppb).  
The US Army ARDEC laboratories have 
developed several forms of perchlorate-free 
formulations for various munitions system 
applications.  If a suitable candidate is found 
with similar performance properties as the 473B 
flash powder, and ultimately yields acceptable 
performance and reliability, a Product 
Improvement Program (PIP) would be 
implemented. 
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SELECTED OBSERVATIONS ON THE COMBUSTION OF CHARCOAL 
BRIQUETS UTILIZED FOR THE OUTDOOR PREPARATION OF FOOD 

VIII. EVALUATION OF ALUMINIZED-STEEL BRIQUET HOLDERS 
IN THE ALTERNATIVE COOKING METHOD 

 
James L. Austing 

Hazel Crest, Illinois 60429 USA 

ABSTRACT 

This work represents a continuation of our investigation of charcoal briquet combustion, the first 
seven parts of which were reported upon at the last three International Pyrotechnics Seminars. A Weber-
brand covered cooking has served as the grill that we have utilized in our work. This manuscript concerns 
itself with the Alternative Cooking Method, wherein the briquets occupy space on either side of a drip pan 
placed in the center of the charcoal grate. Recently, the Author became aware 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 are presented to show that the use of 
the Holders allowed a 29-40 percent reduction in the number of briquets 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, for assurance that all inherently-present bacteria had been rendered harmless.  

Several kettle internal temperature-time histories were recorded as functions of the number of 
briquets and of the use or non-use of the Holders. The data suggested that the magnitude of the 
temperature strictly depended on the number of briquets, and was not influenced at all by the use of the 
Holders. We therefore concluded that the effectiveness of the Holders was instead attributed to improved 
circulation of heat around the food, in a manner similar to what occurs in a convection oven. This 
conclusion was not derived from the results of any of our own tests, but rather was drawn from 
descriptive statements on the packaging material for the Holders. We therefore plan to utilize these 
Holders in all of our future cooking when the Alternative Method would be the preferred way to prepare 
our meats.  

INTRODUCTION 

At the Twenty-Ninth International Pyrotechnics Seminar, the Austing's published a three-part 

report on the combustion of charcoal briquets utilized for the outdoor preparation of food. A Weber-brand 

covered cooking kettle served as an assumed semi-batch reactor in which the chemica1 reaction was a 

batch of charcoal briquets combusting in a stream of fresh air entering through inlet ports in the bottom of 

the kettle. In the initial effort, three brands of commercially-available briquets were evaluated.  

In Part I, Austing and Austing (2002) reviewed the history and development of these briquets, described 
the experimental procedures that they utilized, and reported preliminary data on the ignition times and ash 
contents of the briquets and on the kettle internal temperature. They established that the weight fraction of 
ash in the briquets was several factors to an order of magnitude greater than that of charcoal utilized, for 
example, in the preparation of Black Powder (Sasse', 1984). In Part II, Austing (2002a) derived 



750 

expressions that modelled the reaction kinetics of the briquet combustion in terms of experimentally-
measured conversions; the intent was to utilize the "Integral Method of Analysis" (Levenspie1, 1972a). In 
Part III, Austing (2002b) applied the experimental data to these relationships, with the objective of 
determining the order of the reaction or the rate controlling mechanism.  

The primary objective in the above work was the preparation of food for subsequent dining 
pleasure; the collection of scientific data was secondary. As a result, this sequence of priorities had a 
decided influence on the reaction kinetics of the charcoal combustion, because of the necessity to 
periodically remove the lid of the kettle in order to baste the food, turn it over, or remove it at the 
conclusion of the cooking time.  

Consequently, at the Thirty-First International Pyrotechnics Seminar, Austing shifted the 

emphasis to a group of experiments in which no food was prepared. At this point, two of the brands 

evaluated above became unavailable, and so the balance of the investigation centered on the use of 

"Kingsford" briquets. In Part IV, Austing (2004a) described the revised experimental methodology to 

record the weight loss of the briquets and the kettle internal temperature as functions of time, and derived 

a material balance to compute the weight fraction of charcoal consumed. In Part V, Austing (2004b) 

collected experimental data and performed the necessary analyses to compute the First Order kinetic 

conversion function, the Arrhenius frequency factor, and the activation energy Ea/R for the charcoal 

combustion. The average of the activation energy over ten experiments was 2433 K, which was in 

essential agreement with a value obtained from the literature for an unspecified type of charcoal (Delfosse 

et al., 1984). Part VI of the investigation provided data to clarify the effect of removal of the lid on the 

kettle internal temperature (Austing, 2004c).  

In the combustion of the charcoal briquets, the Austing's observed that the grey ash layer covered 

the surface of the briquets after they had become fully ignited, and at the termination of combustion there 
was a significant amount of ash residue remaining. They also observed that the glowing surface of the 
core gradually moved inward and the ash clinged to the briquets in such a way that the original size 
remained rather constant. If not disturbed, the shape of the ash residue resembled that of the original 
briquet. Thus, in Part VII, Austing (2005) investigated the applicability of a "Shrinking Core Model" 
(Levenspiel, 1972b), and considered two possibilities, viz., (1) that diffusion of oxygen through the ash 
layer was the controlling resistance, and (2) that chemical reaction at the surface of the core was the 
controlling resistance.  

For the first case, graphs of the Diffusional Conversional Function versus 
time for each experiment revealed that the slope (related to the Diffusion 
Coefficient) was gradually increasing. But since the internal temperature 
in the kettle was decreasing with time, these slopes should have 
decreased, because in general Diffusivities decrease with temperature. 
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Thus, this contradiction resulted in the conclusion that diffusion of 
oxygen through the ash layer was not the controlling resistance.  

For the surface chemical reaction case, the slope of the Surface 
Conversion Function versus time is proportional to the First Order rate 
constant ks. Here, plots of this conversion function for the same 
experiments as above yielded very smooth linear regression correlations. 
The average value of the First Order rate constant was 0.1387 m/min. 
These results supported the conclusion that a First Order reaction at the 
surface of the core was the controlling resistance in the charcoal briquet 
combustion.  

This report, which represents Part VIII of the investigation, concerns itself with the so-called 

Alternative Cooking Method, wherein the briquets occupy space on either side of a drip pan placed on the 
charcoal grate in the center of the covered-kettle grill. Recently, the Author became aware 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. The Author subsequently determined that 
this allows a significant reduction in the number of briquets required to complete the cooking of selected 
types of meat, in terms of the time necessary to achieve the desired temperature of the cut. Thus, the 
objectives of the work in this manuscript are two-fold, viz., (1) to present the data that illustrate the 
effectiveness of the Holders, and (2) to measure and compare kettle internal temperature-time histories for 
selected numbers of both confined and unconfined briquets, with the goal of finding the reason for their 
effectiveness.  

THE ALUMINIZED-STEEL BRIQUET HOLDERS 

Description of the Holders  

The grill that we have utilized in a significant portion of our investigation is the Weber Covered 
Cooking Kettle, Series No. 6100*. Consequently, the Holders were specifically designed for that Kettle, 
and are also manufactured by Weber-Stephen. Figure 26 provides a photograph of the Holders filed with 
charcoal briquets.  

The horizontal cross-section of the Holders resembles a circular segment. The walls of the 

Holders are an aluminized-steel alloy having a thickness of 0.86 mm. The overall dimensions of each 

holder are as follows: 

                                                 
* Weber-Stephen Products Company, Palatine, Illinois 60067 USA 
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Length: 34.5 cm

Maximum Width: 12 cm 

Height: 8.5 cm 

which translates into an internal volume of about 2.4 L. The maximum capacity of each Holder is 35 

briquets of the size represented by the "Kingsford" brand. The inner wall next to the drip pan and the 

bottom plate have openings, the combined area of which is about 110 cm2.  

Figure 27 shows photographs of the two means of placement of the charcoal briquets in the 

Alternative Method. The upper picture shows the use of the Holders, while the lower picture depicts the 

more traditional method of simply stacking the briquets in unconfined piles. The advantage of utilizing 

the Holders is that the openings allow more effective circulation of internal air and heat in the covered 

kettle, in a manner similar to that in a convection oven. The packaging for the Holders includes a 

statement to this effect.  

 
Figure 26. Photograph of the Aluminized-Steel Charcoal Briquet Holders filled with Briquets, prior to 

Emplacement in the Covered Cooking Kettle.  
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Figure 27. Photographs of the Two Methods of Emplacing the Charcoal Briquets in 
the Covered-Kettle Grill for Alternative Cooking Method. 
Upper Photograph: Briquets Confined in the Holders. 
Lower Photograph: Briquets Confined in Loose Unconfined Piles. 
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a. Country Ribs (Pork). 

 
b. Polish Sausage. 

Figure 28. Photographs of the Various Cuts of Meat Utilized in the Present Investigation. 
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c. Boneless Pork Loin. 

 

 
d. Boneless Ham. 

Figure 28. Photographs of the Various Cuts of Meat Utilized in the Present Investigation (continued). 
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Demonstration of the Effectiveness of the Holders  

As stated in the Introduction, the use of the Charcoal Briquet Holders allowed a significant 

reduction of the number of briquets required to complete the cooking process. The objective in this 
Subsection is to present the data that illustrate this effectiveness.  

To effect the comparisons, we selected four basically different cuts of meat, viz., Country Ribs 

(Pork), Polish Sausage, a Boneless Pork Loin, and a Boneless Ham. Figures 28a through 28d respectively 

show photographs of these meats resting on the cooking grate, just before we placed the lid on the kettle 

to start the cooking process.  

The most important measurements in preparing meats are the temperature near the center of the 

cut, and the time required to achieve that temperature. These have to attain specified values in order to 

assure that all inherently-present bacteria have been rendered harmless. To measure the temperature, we 

utilized the "ThermoFork"*, which is a battery-operated sensor having Light-Emitting-Diode (LED) read-

outs for seven temperature ranges, as follows:  

 

Very Rare: 45-49°C 

Rare: 49-54°C 
Medium-Rare: 54-59°C 
Medium: 59-64°C 
Medium-Well: 65-71°C 

Well: 71-76°C 
Poultry: 77-85°C 

In use, the Fork is inserted so that the sensor tip is as close to the center of the meat as possible.  

Table 38 illustrates the reduction in the number of briquets when utilizing the Charcoal Briquet 

Holders, as tabulated in the final column. The upper half of the data specifies the conditions wherein the 

briquets were unconfined, and the lower half specifies the conditions for the confined briquets -- for the 

same cuts of meat. In both sets of data, the cuts are tabulated in the same order. Notice that the cooking 

times (fourth column) and the internal temperatures (fifth column) are respectively comparable. Thus, the 

data show that the use of the Holders allows a 29-40 percent reduction in the number of required briquets. 

To depict the situation graphically, we have performed a least-squares linear regression analysis 
of the data, in Figure 29. Here, the abscissa is the Number of Unconfined Briquets, and the ordinate is the 
Number of Confined Briquets. The value of the correlation coefficient r shows that the straight-line 
equation is a valid representation of the data.  
                                                 
* TruCook LLC, Lincolnwood, Illinois 60645 USA 
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Table 38. Utilization of "Kingsford" Charcoal Briquets in Two Different Modes of Confinement 

 
Food Prepared Test 

No. Type Weight (kg) 
Cooking 

Time (min) 
Temp. in Food 

Center (°C) 
nb, Number 
of Briquets 

Unconfined Mode: 
AM-17 Country Ribs -- 55 74 70 
AM-11 Polish Sausage -- 30 81 80 
AM-18 Pork Loin 1.82 105 74 100 
AM-19 Boneless Ham 3.46 148 62 100 

Confined in Briquet Holders: 
AM-26 Country Ribs -- 60 74 50 
AM-29 Polish Sausage -- 20 74-81 50 
AM-28 Pork Loin 1.84 110 74 60 
AM-54 Boneless Ham 3.38 150 57 70 

 

 
Figure 29. Correlation showing the Smaller Quantity of Confined Briquets through Use of the 

Holders versus the Larger Quantity of Briquets Needed when They are Not Confined.  

(r = the correlation coefficient. The point 0,0 was utilized in the linear regression analysis.)  
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MEASUREMENT OF TEMPERATURE-TIME HISTORIES 

Experimental Details  

We have previously noted that we have utilized a Weber "Covered Cooking Kettle" for the entire 

investigation of charcoal briquet combustion. The decided advantage of this method is that the lid was in 

place during the entire process for obtaining reaction kinetics data (Parts IV and V) and for a major 

portion of the time when food was being prepared (Parts I, II, and III)*. In this case, the major portion of 

the heat remains in the kettle and circulates around the food, and the data in the previous Section showed 

that the use of the Charcoal Briquet Holders allowed a significant reduction in the number of required 

briquets. Thus, the objective of the work in this Section is to record and compare the kettle internal 

temperature-time histories for selected numbers of both confined and unconfined briquets, with the goal 

of finding a reason for the effectiveness of the Holders. 

The program thus consisted of three tests, as follows:  

Test No. Test Conditions 

AM-61 50 Briquets, confined  

AM-62 70 Briquets, unconfined

AM-63 50 Briquets, unconfined 

All three tests involved the use of "Kingsford" brand briquets.  

To record the kettle internal temperature, we again utilized the same instrument as in the previous 

parts of the investigation, viz., the Platinum Pt101IR Immersion Probe in conjunction with the Solomat 

MPM500e Modular Instrument**. We again inserted the probe into the Outlet Vent in the lid of the kettle, 

in the manner depicted in Figure 1 of Part I and Figure 16 of Part IV.  

 
Test Results and Discussion  

The temperature-time histories for the three tests are plotted in Figure 30. The results are in line 

with what we observed regarding the data in Figure 6 of Part I, viz., that with a larger amount of charcoal 

the initial temperature is higher and maintains a higher value for the entire period. Thus, in Figure 30 the 

use of 70 briquets resulted in higher temperatures than those 

                                                 
* The exception here, of course, occurs when the food is first placed in the kettle and when it has to be turned over or 
basted. 
** Solomat Instrument Division, Stamford, Connecticut 06090 USA. 
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Figure 30. Three Kettle Internal Temperature-Time Histories for “Kingsford” Charcoal Briquets, 
using Selected Amounts of Briquets either Confined in the Holders or in Unconfined Piles. 
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obtained for the other two tests wherein we utilized only 50 briquets. Also, the histories for these latter 

tests were virtually identical, even though in one case the briquets were confined.  

So the logical question becomes: Why did we conduct these three tests? The answer lies in the 

desire to explain why confinement of the charcoal in the Briquet Holders allows a reduction in the 
number of briquets to accomplish a given cooking task, as illustrated previously in Table 38 and Figure 
29. These data, for example, had showed that the preparation of the Country Ribs required only 50 
confined briquets, as opposed to 70 briquets when no confinement was utilized. Thus we expected that the 
temperature history for 50 confined briquets would have been higher than realized in Figure 30, and 
possibly would have been in agreement with the data for 70 unconfined briquets. Such was not the case, 
however, and so the kettle internal temperature histories do not clarify the reason for the effectiveness of 
the Briquet Holders.  

Thus, as stated on the packaging material, the Holders provide circulation of air and heat around 

the food, and this simulates what occurs in a convection oven. It is this factor, and not the temperature 

histories, that allows the outdoor chef to utilize fewer briquets.  

 

SUMMARY AND CONCLUSIONS 

This manuscript is Part VIII of our continuing investigation of the combustion of commercially-

available charcoal briquets utilized for the outdoor preparation of food. This portion of our work 

concerned itself with the so-called Alternative Method of cooking, wherein the briquets occupied space 

on either side of a drip pan placed on the charcoal grate and centered in the covered-kettle grill. The 

primary focus here was an evaluation of Aluminized-Steel Briquet Holders, which confined the briquets 

in a more-orderly manner in comparison to the traditional method of making loose unconfined piles. The 

inner wall and bottom plate of each Holder have openings which allow effective circulation of heat in the 

kettle, in a manner similar to what occurs in a convection oven. The end result was that a significantly 

fewer number of briquets were required to complete the preparation of selected types of meat, in terms of 

the time required to achieve the desired temperature in the center of the cut.  

The main objectives of the work in this report were (1) to collect data that illustrate the 
effectiveness of the Briquet Holders, and (2) to conduct tests in an attempt to explain the reasons for the 
effectiveness. This latter objective resulted in the running of three tests.  

With respect to the first objective, we presented data on the preparation of four specific and very 
different cuts of meat, viz., Country Ribs, Polish Sausage, a Boneless Pork Loin, and a Boneless Ham. 
We cooked each type of meat using both briquets in an unconfined mode and briquets confined in the 
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Holders. The data revealed that use of the Holders allowed a 29-40 percent reduction in the number of 
briquets, for each type of meat to achieve the required temperature in a given cooking time.  

To address the second objective, we recorded the kettle internal temperature-time histories as a 
function of the number of briquets and of the use or non-use of the Holders. The data suggested that the 
magnitude of the temperatures (1) is a function only of the number of briquets, and (2) is not influenced 
by the use of the Holders. Specifically, the temperatures were essentially identical for the combustion of 
50 briquets both in the unconfined mode and when confined in the Holders. When 70 briquets were 
combusted, the internal temperatures in the kettle were proportionately higher.  

In conclusion, we have to say that the Charcoal Briquet Holders have no influence on the kettle 

internal temperatures. Rather, the effectiveness of the Holders is attributed to an apparent improved 

circulation of heat around the food. This conclusion is not based on any tests that we conducted, but 

instead is derived from the descriptive material provided on the packaging for the Holders. Nevertheless, 

we are extremely pleased with the results that we obtained, and we will continue to utilize these Holders 

in all of our cooking by means of the Alternative Method.  
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ABSTRACT 
 
An MTTP formulation and process have been developed to demonstrate the feasibility of producing an 
aircraft decoy composition via a solvent-free twin-screw extrusion process, significantly improving the 
environmental and safety hazards associated with the standard batch processes currently used for 
production.  In addition to magnesium, PTFE and a TP, the formulation contains other additives to 
enhance performance and improve processing.  A combustion residue analysis was conducted on MTTP 
via EPA Methods 8280 and 8080 to determine if dioxins or furans were produced; none were observed 
down to a detection limit of 0.1 ppm.  The composition was produced during multiple runs on a 19-mm 
twin-screw extruder.  Burn time and radiant energy were measured on ½” OD pellets from a number of 
extruder runs.  While the burn times were longer for MTTP than a magnesium, Teflon©, Viton© (MTV) 
composition, the radiant energy output (J/sr-g) was comparable. NSWC Crane completed sensitivity and 
differential thermal analysis (DTA) testing and found MTTP to be similar to MTV in its properties.  
ARDEC completed static and wind tunnel testing of 32 MTTP flares and showed the IR output slightly 
outperformed magnesium, Teflon©, HyTemp© (MTH) flares under static and dynamic test environments.  
The burn time was comparable, and the MTTP visible light output was slightly less than that of the MTH 
flare.  ARDEC found the performance of MTTP satisfactory in the full-size flare configuration. 
 

 
Project Background 

Aircraft decoy flares whose infrared 
(IR) emissions derive largely from reactions 
between *magnesium, Teflon®, and Viton® or 
Hytemp® binder  (MTV or MTH) continue to 
be important countermeasures to protect military 
helicopters and fixed-wing aircraft against heat-
seeking missiles.  Environmental and safety 
concerns are major drawbacks to the current 
solvent-based processing technology for 
manufacturing these compositions.  This is due 
primarily to use of large quantities of acetone 
and hexane, a Hazardous Air Pollutant (HAP), in 
                                                      

* Approved for public release (U.S. Army 
RDECOM-ARDEC, 5/5/06) 

the manufacturing process.  Significant amounts 
of these flammable solvents vaporize into the 
atmosphere, where they pose environmental, 
personnel health, and safety hazards. 

The production of MTV/MTH flares has 
resulted in numerous events involving personnel 
injury and death. Incidents arising from 
accidental ignition of solvent vapors continue to 
be the bane of manufacturers of MTV decoy 
flares.  Current manufacturing processes, 
although improved over historical methods, are 
batch processes that require transfers of large 
quantities of highly flammable solvents from 
one container to another.  Risks of accidental 
ignitions are high, but eliminating these risks has 
been shown to be both difficult and expensive.  
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Example
Normalized 
Burn Time 

(sec/in)

Radiant 
Intensity 

(W/sr)

Radiant 
Energy 
(J/sr-g)

MTV 1.0 1.00 1.00
PVC/DOA 4.2 0.41 1.66
PVC/DMP 4.5 0.35 1.58
PS/DOA 2.6 0.66 1.79
PS/DMP 2.9 0.57 1.63

Objective 
The objective of this effort was to 

develop an environmentally acceptable decoy 
flare formulation and process to produce aircraft 
decoy flares without the use of Hazardous Air 
Pollutants (HAP) or Volatile Organic 
Compounds (VOC). A continuous twin screw 
extruder (TSE) was to be used compound 
magnesium, Teflon®, and a thermoplastic 
binder system into formulations (MTTP) for 
decoy flares that meet current MTV or MTH 
countermeasure product specifications. The 
process, when fully developed, will significantly 
reduce the air pollution, personnel health hazard, 
loss of life through solvent fires, and hazardous 
waste production associated with MTV or MTH 
production. 
 
 
Formulation Selection 

A number of thermoplastic (TP) systems 
were identified as possible candidates for twin 
screw extrusion of MTTP in what was deemed 
to be a safe operating range of 80-120 °C.  The 
ingredients in these thermoplastic systems are 
common industrial polymers and plasticizers 
that are reasonably inert and nontoxic.  The 
thermoplastics given the greatest amount of 
consideration were polystyrene (PS), polyvinyl 
chloride (PVC) and a copolymer of vinyl acetate 
and vinyl chloride, PVC-co-PVAc.  Plasticizers 
given significant consideration were 
dioctyladipate (DOA), dimethylphthalate 
(DMP).  Radiometric measurements were taken 
on samples derived from small hand mixes 
relative to a sample of MTV with short-end burn 
time performance. Four gram, 0.5” diameter 
pellets with inhibited sides ignited by a first fire 
were utilized as the test vehicle.  Various 
performance comparisons were made to down 
select formulation families for process 
development as discussed below. 
 
Plasticizers 

The materials dioctyladipate, (DOA, 
bis(2-ethylhexyl)adipate), and dimethylphthalate 
(DMP), were evaluated seriously as plasticizers 
for the thermoplastic polymer.  They lower the 
processing temperature at which MTTP can be 
processed.  DOA is rather benign.  DMP is 
benign with the exception that it is a potential 

fetotoxin and may affect fetal development.  It is 
also subject to SARA Section 313 reporting 
requirements.  Small samples of MTTP were 
prepared by small hand mixes in a solvent slurry 
followed by solvent evaporation/granulation and 
pelletization in order to compare performance of 
formulations containing these two plasticizers.  
The surface area of the magnesium and 
Teflon®, i.e., polytetrafluoroethylene (PTFE) 
were held constant.  The type of plasticizer had 
little effect on the burn time of the MTTP 
formulation (Table 1).  Unfortunately, DOA is 
not completely miscible in the thermoplastics at 
the 1:1 thermoplastic/plasticizer ratio utilized in 
the selected MTTP formulations.  When pellets 
of MTTP containing this plasticizer are pressed, 
residual DOA not absorbed by the respective 
thermoplastic is pressed out of the pellets.  Thus, 
DMP was downselected as the plasticizer of 
choice.  Other phthalates could be considered as 
replacements for DMP.  However, they will 
most likely be identified as having comparable 
health risks once they have been scrutinized as 
closely as DMP.  Care will be necessary while 
handling and disposing of this plasticizer. 
 

Table 1.  Comparison of the Effect on the 
Plasticizers, DMP and DOA on the Performance 

of MTTP Formulations (values normalized to 
those of MTV) 

 
Surface Area/Morphology 

An experimental matrix was conducted 
to investigate the effects of PTFE and 
magnesium surface area/morphology on 
performance (Table 2).  It is obvious that 
formulations with chipped magnesium have 
shorter burn times than those with spherical 
magnesium. Higher surface area PTFE promotes 
little or no difference in burn time of MTTP 
when it is mixed with spherical magnesium, but 
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Example

Percent 
Burn Rate 
Enhancer

Normalized 
Burn Time 

(sec/in)

Radiant 
Intensity 

(W/sr)

Radiant 
Energy 
(J/sr-g)

MTV 0 1.0 1.00 1.00
Best 

PS/DMP 0 1.5 1.01 1.5

PVC/DOA 0 4.5 0.35 1.58

PVC/DOA
1x H-SA 
Fe2O3 2.3 0.69 1.56

PVC/DOA
3x H-SA 
Fe2O3 1.3 0.97 1.25

PVC/DOA
3x M-SA 

Fe2O3 2.4 0.68 1.59

 
 

 

Table 2.  Results of an Experimental Matrix Varying Surface Area of both PTFE and Magnesium in MTTP 
Formulations (values normalized to those of MTV). 

 
  
there is a marked decrease in burn time for 
formulations containing higher surface area 
PTFE mixed in the presence of chipped 
magnesium.  Perhaps the sharp edges of the 
magnesium particles promote deaggregation of 
PTFE particles that, in turn, shortens burn times.  
It is important to reiterate that these formulations 
were mixed by hand on a small scale in the 
presence of solvent.  The high shear, solventless 
environment of the twin-screw extruder may 
promote deaggregation of the PTFE without the 
assistance of chipped magnesium. 
 
Burn Rate Catalysts/Thermoplastic Selection   

It was noted that two U.S. patents, # 
4,981,534 and # 5,566,543, cite the use of 
plasticized PVC as a thermoplastic binder 
system in extrudable pyrotechnics to be used as 
the heat source in hybrid gas generants.  The 
patents teach the use of ferric oxide as a burn 
rate catalyst therein.  Iron oxide was added to 
the PVC and PS-based formulations (Table 3).  
As the percentage of iron oxide increased, the 
MTTP burn times decreased for formulations 
containing PVC.  Also, as the surface area of the 
iron oxide increased, a decrease in burn time 
was observed.  No significant effect on burn 
time was observed when iron oxide was added 
to PS-based MTTP formulations. 
 

While working with the TP systems, it 
became evident that PVAc-co-PVC (copolymer) 
had more desirable properties relative to thermal 
stability at elevated temperature and lower 
softening temperatures that made it more 
desirable as a thermoplastic in MTTP than PVC.  

Table 4 summarizes data showing that iron 
oxide also works efficiently as a burn rate 
catalyst in MTTP formulations containing the 
copolymer in the TP system.  Again, as the 
percentage of iron oxide in the formulation 
increases, burn times decrease.  Copper(II) 
based oxidizers in the form of finely divided 
powders were also investigated as MTTP burn 
rate catalysts.  They exhibited catalytic behavior, 
but were not as effective as iron oxide catalysts.  
Graphite was eventually added to the 
formulation as a process aid.  It also appears to 
decrease burn time.  Two MTTP formulation 
families were down selected for process 
development, TP = PS/DMP and TP =  PVC-co-
PVAc/DMP/Iron Oxide. 

 
Table 3.  The Effect of Iron Oxide as a Burn Rate 

Catalyst for MTTP Formulations Containing 
PVC/DOA as the TP (data normalized to MTV) 

Formulation

PTFE 
surface 

area
Mg Particle 

Type
Burn Time 

(sec/in)

Radiant 
Intensity 
(W/sr)

Normalized 
Radiant Energy 

(J/sr-g)
MTV (TSE) 1.0 1.00 1.00
PS/DMP high spherical 2.6 0.66 1.67
PS/DMP ultra-high spherical 2.7 0.64 1.72
PS/DMP high chipped 1.9 0.82 1.57
PS/DMP ultra-high chipped 1.5 1.01 1.50
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Twin Screw Extruder Process Evaluation 

A 19mm twin screw extruder (TSE) was 
selected for MTTP process evaluation in order to 
minimize operator exposure to large amounts of 
an MTV-related composition before its hazard 
sensitivity properties were thoroughly 
characterized.  Ultimately, a product collection 
system may be devised for a larger extruder, 
which will minimize operator handling, but 
design and construction of such a system was 
beyond the scope of this program. 

 
Table 4.  The Effect of Iron Oxide as a Burn Rate 

Catalyst for MTTP Formulations Containing 
PVC/PVAc Copolymer (data normalized to MTV) 

 
Safety Protocol for Twin Screw Extrusion 

Whenever new formulations are 
considered as candidates for continuous 
processing via twin-screw extrusion, specific 
protocols must be followed to ensure safety.  
Figure 1 shows the protocol followed for this 
program. 
  

Safety Evaluation 
of Energetic 

Material

Rheological 
Characterization

Computer 
Modeling

19 mmTSE 
Processing Inert 

19 mmTSE 
Processing Live 

19 mmTSE 
Processing Safety 
Review/Approval

 
Figure 1.  Extrusion Protocol 

 
A thorough safety evaluation of the 

formulation must be completed in order to 
understand the hazards and sensitivities of the 

materials involved.  Rheological 
characterization, inert processing and computer 
modeling, provide valuable processing 
information.  When all of the necessary 
requirements of the extrusion protocol have been 
accomplished, the process is reviewed to ensure 
safety before operating with energetic materials.  
In order to generate data to support the safety 
review several tasks are required.  The major 
tasks are as follows: 

• Standard safety testing for potential 
formulations and intermediates 

• Feed system evaluations to characterize 
potential feed streams 

• Rheological characterization of 
potential formulations and 
intermediates 

• Inert evaluation 
 
Standard Safety Testing  

The standard safety tests are designed to 
identify sensitivities associated with impact, 
friction, electro-static discharge (ESD), 
temperature, and detonation susceptibility of the 
potential formulations to be processed.  
Ingredients, intermediates during processing and 
final formulations were evaluated for hazard 
sensitivity.  No significant hazard sensitivity 
concerns were identified other than ESD 
sensitivity of higher surface area magnesium and 
slight ESD sensitivity of the preblend. 

There was concern that formulations 
containing PVC would produce dioxins or 
furans upon combustion.   It was concluded 
through GC/ECD analysis that no dioxins or 
furans could be detected in ash resulting from 
MTTP (TP = PVC/PVA copolymer/DMP) to an 
approximate detection limit of 0.1 ug per gram 
of sample (0.1 ppm). 
 
Feed Stream Development 

The 19mm TSE has one solid loss in 
weight (LIW) feeder, one solid volumetric 
feeder and one liquid feeder.  Both potential 
formulations contain more ingredients than the 
19mm extrusion facility could accommodate as 
individual feed streams, therefore, they needed 
to be combined in some fashion. After 
preliminary evaluations, it was determined that 
all ingredients other than Teflon® (and graphite 

Example
Percent 

Burn Rate 
Enhancer

Normalized 
Burn Time 

(sec/in)

Radiant 
Intensity 

(W/sr)

Radiant 
Energy 
(J/sr-g)

MTV 0 1.0 1.00 1.00

Best 
PS/DMP 0 1.5 1.01 1.5

PVC/PVAc 
w/ DMP 0 2.7 0.55 1.42

PVC/PVAc 
w/ DMP

1x H-SA 
Fe2O3 1.3 0.95 1.18

PVC/PVAc 
w/ DMP

1x H-SA 
Fe2O3      

1y graphite
1.3 0.90 1.12

PVC/PVAc 
w/ DMP

2x H-SA 
Fe2O3 1.3 1.03 1.04
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blended therewith as a flow agent) would be 
mixed solvent-free in a vertical batch mixer.  
The mixer combines raw material ingredients to 
reduce the number of feed streams required and 
also eliminates the need to feed small quantities 
from the LIW solid feeder.  The binder, 
plasticizer, and magnesium were logical choices 
for creating a feedstock, protecting the Teflon® 
from exposure to unnecessary work required to 
heat and melt the binder. 

Several variations of pre-mixed 
materials were evaluated as potential feedstock 
using qualitative, capillary, feeder, and TSE 
assessments of the pre-mixed materials.  
Polystyrene blends appeared to be the most 
promising, therefore, many combinations 
containing different plasticizer to thermoplastic 
ratios, as well as magnesium particle size 
distributions and morphologies were evaluated 
prior to examining PVC-co-PVAc systems.  In 
the end, polystyrene systems were not found to 
be suitable:  those premix variants that were 

sufficiently granular to feed into the extruder 
caused an over-torque whereas the remaining 
systems were too sticky at ambient temperature 
to maintain a granular form. 

 
Processing with PVC/PVAc Thermoplastics 

After a variety of premixes containing 
PS/DMP failed to produce an extrudable 
material, work efforts shifted to MTTP 
formulations containing a PVC/PVAc 
thermoplastic system. Lessons learned from the 
PS/DMP development facilitated identification 
of premix that could be fed consistently into the 
25 mm extruder and not cause an over torque 
condition while extruding.  The basic process for 
producing this MTTP in the 19-mm TSE is a 
three-step process (Figure 2).  While this process 
is ideal for use with the 19-mm TSE, a more 
robust machine may be able to process the 
material without the use of a pre-blend, therefore 
reducing the processing steps from three to one. 

 
Figure 2.  MTTP Process Flow 

 
Prior to extrusion, the two feed streams 

need to be prepared.  The pre-blend is prepared 
in a 1-gallon mixer without the use of a solvent.  
This preparation consolidates the thermoplastic, 

plasticizer, magnesium and iron oxide.  The 
benefit of this consolidation beyond that it 
allows the material to be processable, is that it 
reduces the ESD hazards associated with 

1-gallon mixer
Preparation of
The pre-blend

PVC/PVA 
Copolymer Iron Oxide

DMP
Plasticizer

Magnesium

Pre-blend 
Produced

Fitz Mill
Prepares the pre-blend 

for feeding LIW 
Feeder

Pre-BlendVolumetric
Feeder

Teflon® & 
Graphite

Collection
Turn-table

Granular Extruded
Product

Ready to be pressed
Into pellets

19-mm Extruder 
The pre-blend material

is mixed with the Teflon®
to produce the final 

formulation

1-gallon mixer
Preparation of
The pre-blend

PVC/PVA 
Copolymer Iron Oxide

DMP
Plasticizer

Magnesium

Pre-blend 
Produced

Fitz Mill
Prepares the pre-blend 

for feeding LIW 
Feeder

Pre-BlendVolumetric
Feeder

Teflon® & 
Graphite

Collection
Turn-table

Granular Extruded
Product

Ready to be pressed
Into pellets

19-mm Extruder 
The pre-blend material

is mixed with the Teflon®
to produce the final 

formulation

Joe Schelling
Text Box
301



extrusion by coating the magnesium prior to its 
being fed into the TSE.  Once the pre-blend has 
been produced in the 1-gallon mixer, it is 
necessary to take this material to the Fitz-mill 
for sizing.  The material removed from the 1-
gallon mixer is not of a consistency that makes 
for easy feeding from the 20-mm LIW.  This 
Fitz-milling results in a consistent feedstock that 
is ideal for feeding from the 20-mm LIW into 
the 19-mm TSE.    Graphite and Teflon® are 
also consolidated prior to the extrusion 
operation.  This occurs in a small V-shell 
blender.  Teflon®/graphite feeds very easily 
from the volumetric feeder and as consistently as 
can be expected with this piece of equipment. 

MTTP pre-blend is fed from the 20-mm 
LIW feeder to a baffled funnel upstream of the 
Teflon®/graphite addition (Figure 2).  The 
baffled funnel limits propagation of a potential 
fire from the extruder to the feed hopper. A 
basic solid ingredient feed-port is used to 
introduce the pre-blend to the extruder.  
Conversely, the Teflon®/graphite is fed into the 
TSE using a straight or standard funnel.  The 
standard funnel is acceptable for the 
Teflon®/graphite addition because even if a fire 
should happen to propagate up to the volumetric 
feeder there is not a threat of the 
Teflon®/graphite alone transitioning to 
detonation.  As is stated above, the feed-port for 
the Teflon®/graphite addition is interesting.  A 
tapered feed port plug that closes off half of the 
feed port is used.  This feed-port plug allows the 
Teflon®/graphite to flow easily into the TSE 
while preventing the back-flow of pre-blend into 
the feed-port.  The latter was found to be the 
most challenging issue during processing of the 
MTTP.   

The screw design used in the 19-mm is 
presented in Figure 3.  This configuration 
contains two mixing sections.  The first mixing 
section follows pre-blend addition and softens 
this material before Teflon®/graphite addition.  
These are neutral mixing elements.  The second 
mixing section consolidates pre-blend with 
Teflon® and graphite, these are also neutral 
mixing elements.  The conveying elements 
between the two mixing sections were custom-
made to feed pre-blend material more efficiently 
into the second mixing section and minimize 
back flow.  This screw configuration limits the 

length of time that live material is in the 
extruder. 

Figure 3.   MTTP Screw Design for the 19-mm 
TSE 

The extrudate collection was a more 
complex enterprise (Figure 4).  Due to the 
recommendation to limit accumulation to 2-lbs 
of material or less a collection system needed to 
be devised that would allow for the isolation of 
2-lbs of material while allowing for an 
uninterrupted extrusion.  Material exited the 
extruder onto a slide that led to a turntable 
containing eight individual trays.  At start-up 
and shut down, the material is directed into a 
container that is classified as waste.  The waste 
container will not contain large amounts of full 
formulation MTTP.  The turntable containers 
have velostat liners to receive and store 
extrudate and these liners are grounded.  After 
approximately 2-lbs of material is added to a 
collection container, the turntable is turned to 
begin extrudate collection in a different 
container.  The sizes of the containers are such 
that it allows for the collection of upward of 25-
lbs of material.  Due to the large amount of 
material that can be collected, there is adequate 
isolation of 2-lbs collected in the individual 
trays. 
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Figure 4.  Photo of 19-mm TSE Setup for MTTP 

Extrusion, Including Collection Turntable  
 

Once adequate material has been 
extruded to fill the collection trays, the extruder 
is purged and operators enter the building to 
package and remove material.  For this operation 
personnel enter the building in full pyro-suits.  
One collection tray of material is handled at a 
time.  As material is removed from the 
collection trays, it will be weighed and packaged 
for shipment.  At this time samples for burn-rate 
testing are taken.  Once material is packaged for 
transport it can be considered safe to handle and 
the 2-lb limit for safety is no longer mandatory, 
however, care should be taken when handling 
the boxes.  
 
Process Evaluations Conducted before Approval 
for Live Extrusion 

Before actual live extrusion runs were 
allowed, process parameters were refined using 
capillary rheometry and inert extrusion runs.  
This material extruded through a capillary 
easily, therefore, multiple runs were made at 
different temperatures to verify the relationship 
between viscosity and temperature, and to 
determine the optimum extrusion temperature 
for the TSE.  Figure 5 compares viscosities at 
two distinct temperatures, 220 °F and 240 °F.  
The apparent viscosity of the material changed 
significantly from one temperature to the other.  

These data infer that at 220 °F, the material is 
not totally melted.  A higher temperature was 
tried to see if increasing the temperature further 
would decrease the viscosity even more, 
however, higher temperatures did not lower the 
viscosity any further.  The data are shown in 
Figure 6.  Based on initial capillary data for the 
PVC-co-PVAc pre-blended feedstock, the 
optimal processing temperature for TSE is 240 
°F.   
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Figure 5.  Viscosity Plot for Pre-Blend Material 

Mix 1863-70 
 

Rheological properties of live MTTP 
were also compared to its inert simulant in 
which Teflon® is replaced by potassium 
bicarbonate.  The inert simulant had a slightly 
higher viscosity than 1863-71 material, which is 
advantageous, as it meant if the inert could be 
successfully processed in the 19mm TSE 
without experiencing high torque levels, the 
‘live’ material would process at lower torque 
levels. 

 

1.E+04

1.E+05

10 100 1000

Shear Rate (1/sec)

Vi
sc

co
si

ty
 (P

oi
se

)

240°F 2mm die

250°F 2 mm die

 
Figure 6.  Additional Viscosity Data for Pre-Blend 

Material Mix 1863-70 
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Figure 7.  Apparent Viscosities of 1863-70 based 

Formulation 
 

A variety of inert runs were conducted.  
Runs on pre-blend only verified the acceptability 
of the 240 °C operating temperature for the 
mixing sections of the extruder.  Runs with the 
premix and a potassium bicarbonate/graphite 

stimulant for Teflon® identified the challenge 
with back-flow into the feed port.  
Improvements were made to minimize this back-
flow not only included the custom-made, high-
volume conveying elements and tapered, slanted 
feed plug but also low feed rates and high screw 
rotation rates. As is seen in Figure 8, a mirror 
and lighting system was set up with the remote 
camera monitoring system to allow for the 
supervision of this port.  From the safety of the 
control bunker it is possible for operators to 
observe the progression of material in the TSE 
and determine the extent of back flow.  Even 
when Teflon®/graphite blend is being added it is 
still possible to monitor this port. 
 

Allows for lighting
of the mirror and
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Mirror positioned
for monitoring of
the 2nd feed-port

Length of the closed extruder 
barrel showing the positing of
the monitoring mirror

Allows for lighting
of the mirror and
monitoring of the port

Mirror positioned
for monitoring of
the 2nd feed-port

Length of the closed extruder 
barrel showing the positing of
the monitoring mirror  

Figure 8.  Set-up of Second Feed-Port Monitoring System 
 

More evaluation of feeding 
Teflon®/graphite blend into the extruder needed 
to be completed prior to proceeding to extrusion 
of live material.  In order to complete this inert 
extrusion an inert polymer, OPTEMA TC-220, 
was substituted for pre-blend.  OPTEMA TC-
220, or simply TC-220, is an ethylene methyl 
acrylate copolymer produced by Exxon Mobil 
Chemical Company.  While this material does 
melt and soften at a much lower temperature 
than does the pre-blend, it was adequate for 
showing if Teflon®/graphite blend could be 
incorporated past the slanted feed-port plug with 
a steady stream of material passing underneath.  

TC-220 did not climb the second feed-port and 
the Teflon®/graphite blend had no difficulty 
feeding past the slanted feed-plug.  No over-
torque conditions were seen during the extrusion 
run.  This inert extrusion provided the necessary 
confidence for proceeding with a live run. 

Following the inert extrusions it was 
time to take the process live.  Four levels of 
safety review were required at ATK Thiokol 
prior to beginning the live extrusion.  These 
reviews involved all levels of management up to 
and including the Vice President of ATK over 
Thiokol. 
 

Inert MTTP Simulant 
 MTTP 

Premix 
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Live Extrusions of MTTP 
Several live extrusion runs were 

performed.  Initial extrusions were not as 
efficient as would have been desired.  The 
second feed-port was found to close off much 
more quickly than had been anticipated.  Very 
rudimentary cleaning of this feed-port did not 
extend the life of the extrusion run to any great 
extent.  While several pounds of successful 
extrusion were obtained, lengthy extrusion runs 
were not possible.  It was determined that a 
thorough cleaning of the feed-ports and extruder 
barrel would be more likely to increase the 
extrusion time.   

Due to the limited run times described 
above, the material for shipment to ARDEC and 
Crane was produced in a series of short TSE 
runs.  The burn times and radiant intensities 
were measured for each run.  There is variability 
between the runs, likely caused by difficulty in 
maintaining a consistent feedstream.  The lots 
from the TSE runs were sorted for shipment 
such that the different lots could be blended by 
Crane (Navy) and ARDEC to produce MTTP 
blends that were similar in performance.  Crane 
assessed hazard sensitivity of MTTP whereas 
ARDEC conducted a performance evaluation. 
  
NSWC Crane Hazard Evaluation of MTTP 

Hazards sensitivity and Differential 
Thermal Analyses (DTA) tests were completed 
on the MTTP composition send to NSWC Crane 
and on the baseline IR flare composition 757JC 
for comparison.  The sensitivity test results 
obtained at NSWC Crane are shown in Tables 9-
12.  The MTTP composition was slightly less 
sensitive than the baseline IR Comp 757JC to 

impact, friction and electrostatic testing.  The 
overall rating assigned by NSWC Crane was 
Very Low to Moderate for MTTP, the same as 
the baseline. 

The DTA test results determined that the 
MTTP formulation has a small exotherm at ~255 
C (490ºF), while the baseline 757JC formulation 
has a very small exotherm at ~350 C (662ºF); all 
other exotherms occur at >500 C (~930ºF).  The 
material would be considered acceptable for 
further testing at Crane. 
 

Table 9.  NSWC Crane Impact Sensitivity Tests 
Impact Sensitivity 50% Reaction 
Sample Height (cm) Energy (J) 
RDX 4RC18-160 35.944 7.05 
IR Comp 757JC 161.935 31.74 
MTTP Comp 178.401 34.97 

 
Table 10.  NSWC Crane Friction Sensitivity Tests 

Friction 
Sensitivity 

Energy (ft-lbs) Response 

Sample Average Lowest # Fired 
RDX 4RC18-160 1352.56 876.84 1 out of 

10 
IR Comp 757JC 1284.37 320.00 8 out of 

10 
MTTP Comp 2302.66 266.96 3 out of 

10 
 
 

Table 11.  NSWC Crane Electrostatic Sensitivity 
Electrostatic 
Sensitivity 

Max No-Fire 
Energy (J) 

Sample  
RDX 4RC18-160 0.1800 
IR Comp 757JC 1.5125 

MTTP Comp 1.8000 
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Table 12.  NSWC Crane Sensitivity Rating 
Sensitivity Rating Impact Sensitivity Friction Sensitivity Electrostatic 

Sensitivity 
Sample  Average Rating Rating of Lowest 

Response 
 

RDX 4RC18-160 Moderate Very Low Low High 
IR Comp 757JC Very Low Very Low Moderate Moderate 
MTTP Comp Very Low Very Low Moderate Moderate 
 
 
U.S. ARMY RDECOM ARDEC, Picatinny: 
Performance Evaluation of MTTP 

The lots of MTTP received from ATK-
Thiokol were blended on a roller for a period 
two hours to create a roughly ten-pound master 
lot. 
 
Determination of MTTP Flare Loading Pressure 

Crush testing was performed first on this 
mix to establish the loading requirement for a 
full size flare. Ten cylindrical crush test pellets 
were made, each pellet having a height and 
diameter of 0.5 inches.  Five of these pellets 
were consolidated at 12000 psi (the nominal 
MTH flare consolidation pressure) while the last 
five were consolidated at 15000 psi.  This was 
done to investigate if there was any difference in 
the strength of the pellets.  The weight of each 
pellet was 3 grams.  Five pellets were also made 
from a standard Magnesium-Teflon-Hytemp 
(MTH) mix prepared at Picatinny Arsenal. The 
MTH pellets were consolidated at 12000psi and 
tested to establish a baseline.   

The actual testing was performed on an 
Instron Universal Testing Machine. A pellet was 
placed on the bottom plate while the top plate 
with a load cell was positioned manually to be 
just above the pellet.  On the computer used to 
operate the Instron, the start button was 
activated and the top plate moved in a slow 
downward motion at a rate of 0.125 inch per 
second.  When the load cell exerted a force on 
the pellet it cracked on the sides and flattened.  
The force and displacement data were recorded 
on the computer, and a graph was also 
generated.  Figure 9 below shows a graph of 
pellet number 1 from the 12000 psi 
consolidation group of MTTP pellets. 
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Figure 9. Representative MTTP Crush Test 

Graph 
 

Data collected for each pellet tested was 
the consolidation pressure in psi, weight and 
height in grams, outer diameter of pellet in 
inches, and the crush force in pounds force.  The 
density of each pellet was calculated using the 
weight, height, and outer diameter 
measurements.  The data were summarized in 
Table 13 below.  The crush force recorded was 
the peak height shown in Figure 9 above.  

 
Table 13. MTTP Pellet Crush Strength Summary 

 
Preparation of Full-Up MTTP Flares for Static 
and Dynamic Burn Tests 

Preliminary tests were conducted on 
three grains to dial in the proper weight of 
MTTP to fill a standard MTH die.  These grains 
were built up for ignition testing and burned 
successfully.  After successful testing the three 
pellets, 34 full size pellets were fabricated and 
prepared for performance testing, as were 
standard MTH flares.   

MTTP pellets 1 through 26 were 
separated in 3 groups for conditioning: ambient, 

Mix Pressure (psi) Density (g/cm3) Crush Force (lbf)
MTH STD 12000 1.79 ± 0.01 225 ± 2

MTTP 12000 1.69 ± 0.01 51 ± 3
MTTP 15000 1.68 ± 0.02 51 ± 5
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-65°F and 135°F. The hot and cold pellets were 
subjected to 4 hours of conditioning prior to 
testing in the flare tunnel.  Static testing was 
done starting with number 1 at ambient 
temperature and alternating the testing 
temperature every three pellets.  Data were not 
available for pellet 27. Pellets 28 through 32 
were tested in the wind stream facility at 
ambient temperature, while pellets 33 and 34 
were used for warmers in flare tunnel testing.  In 
addition, the standard MTH flares were tested to 
establish the nominal values for performance 
comparison, five each for static and dynamic test 
configurations. 
 
Burn Test Data Summary 

The static burn tests were performed in 
the Pyrotechnic Flare Tunnel (B1515) at 

Picatinny Arsena at a distance of 50 ft from the 
detectors. The dynamic tests were performed at 
the Pyrotechnic Wind Stream Facility (B247) at 
Picatinny Arsenal also at a distance of 50 ft from 
the detectors. The static and dynamic burn test 
results were recorded in a form of IR 
(watts/steradian) versus time (sec) charts. The 
visible light intensity (candles) versus time data 
were only recorded for the static tests. The 
integrated IR ((watts/steradian)*sec) and visible 
light (candle*sec) outputs and burn times were 
then computed from programmed Labview 
software. The resulting data are normalized 
(percent/100) relative to that of a standard MTH 
flare, as shown in the Table 14.  

 
Table 14. Burn Test Data Summary 

Test 
Temp. Test Type Normalized Integrated IR 

Output 
Normalized Integrated 

Visible Output Burn Time (sec) 

hot Static 1.16 ± 0.02 0.97 ± 0.05 1.03 ± 0.03 

amb 
Static 

1.11 ± 0.03 0.90 ± 0.07 
 

1.01 ± 0.04 
cold Static 1.12 ± 0.06 0.91 ± 0.10 1.02 ± 0.08 
Amb Dynamic 1.054 ± 0.005 NA 0.97  ± 0.04 

 
 
Summary and Conclusions  

An MTTP formulation was developed 
and processed on a 19-mm TSE.  The 
formulation that processed the best was the 
PVC-co-PVAc binder system, and it was 
selected as the formulation of choice.  While 
difficulties were encountered in the extrusion of 
material, at least in part due to the limitations of 
the 19-mm TSE, live runs did produce material 
for shipment to ARDEC and NSWC Crane. 
Combustion residue analysis of the MTTP 
composition did not show the presence of 
dioxins or furans. 

NSWC Crane evaluation of the material 
showed the hazards sensitivity and the thermal 
behavior of the composition were similar to, or 
slightly better than the 757JC baseline IR 
composition. 

ARDEC evaluated the composition for 
loading into full-scale articles.  The full size 
MTTP flare consolidation pressure and charge 

weight were studied to establish the optimal 
requirements for pellet loading and assembly: 
12,000 psi (or 35 dead load) and 110 grams. 

The material strength test results 
indicate that the MTTP flare is significantly 
lower in crush strength (force) than the standard 
MTH flare.  The use of thermoplastic co-
polymer with a plasticizer is the most likely 
contribution factor. It is recommended a 
transportation vibration test be conducted on the 
full size MTTP pellets in future efforts such as a 
Pollution Prevention (P2) program, 
Environmental Security Technology 
Certification Program (ESTCP), etc. 

Thirty-two (32) full size MTTP flares 
were fabricated with the established loading 
requirements and the standard MTH flare 
intermediate charge and first fire. Twenty-six 
(26) were tested for static performance at hot, 
cold and ambient temperatures and five (5) were 
tested for dynamic performance at ambient 
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temperature. The IR radiometric and visible light 
intensity versus time traces were collected and 
further computed to generate integrated output 
and burn time data. Results show that the 
average MTTP IR output slightly outperformed 
the standard MTH flare under static and 
dynamic test environments with a respective 

margin of 13% and 5% while the average burn 
times are nominal. The average MTTP visible 
light output is 93% of MTH flare.  In summary, 
satisfactory performance was obtained for 
MTTP flare in both test configurations. 
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Ignition of PETN Powder by Pulse Laser Ablation of Ground Glass of 
Different Surface Roughness 
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ABSTRACT 
 
We have studied pulse laser ablation of ground glass surface.  Ablation process in air and in vacuum has 
been observed by high speed camera.  Burst of small fragments of glass has been observed, when ground 
glass surface is laser ablated through glass plate from rear side.  Production of macro particles by laser 
ablation is an inherent characteristic of ground glass.  Effects of surface roughness on the particle gen-
eration were studied by using ground glass with different surface roughness.  Produced glass particles 
were captured in vacuum by a PMMA plate.  It is found that most probable particles size is almost no 
dependence on the initial surface roughness.  We have made a series of experiments to apply the phe-
nomena to ignite PETN powder explosive.  Ignition sensitivity of PETN powder against laser fluence 
and surface roughness was investigated. 
 
1. INTRODUCTION 

Enhancement of laser pulse absorption 
has been studied by our group, when the surface 
of the target material is intentionally rough-
ened.1,2  Threshold fluence of laser ablation for 
plasma production decreases by this treatment.  
The phenomena were evidenced by pulse laser 
shadowgraphy.1,2  Ben-Yakar et al3,4 has re-
ported morphology change of glass surface by 
femotosecond laser ablation.  Damaged circu-
lar ring channel area broadens by successive 
irradiation of femotosecond laser pulse.  We 
have applied This absorption enhancement 
phenomenon to basically two purposes1,2,5-7: (i) 
microsurgery tool as an alternative of laser mess 
by producing repetitive short pressure pulses in 

bio-tissue, (ii) initiation of high explosive like 
PETN powder. 

In the present study, we will present 
material dependence of the enhancement prop-
erties of intentional roughening of the surface.  
Dependence of surface roughness on the resul-
tant phenomena was investigated.  In vacuum, 
we tried to trap glass fragments produced by 
laser ablation.  Finally, initiation of PETN 
powder by applying laser ablation of ground 
glass surface was studied. 
 
2. HIGH-SPEED FRAMING SHADOW-
GRAPHY OBSERVATION 

We have conducted a series of experi-
ments to investigate the physics of this peculiar 
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Fig. 1 High-speed camera record of laser ablation of 

ground glass plate in air with #240 surface rough-

ness.  Laser beam comes from right. 

 

Fig. 2 High-speed camera record of laser ablation of 

ground glass plate in air with different surface rough-

ness, #249, #400, #800 and #1500 at the same delay 

time.  Laser beam comes from right. 

phenomena.  For this purpose, laser pulse of high 
fluence has been deposited on the ground surface 
in order to produce intense ablation phenomena.  
We have used two Nd:YAG lasers of fundamental 
frequency and of 4 ns or 10 ns duration.  Laser 
energy of 100-400 mJ per pulse was used.  Laser 
beam is always focused onto the ground surface 
through the specimen, since ablation phenomena 
was found to be dependent on the beam irradiation 
direction. 
 

Table 1 Spec of diffusion plates used 
         
     diffusion  ra  λa 
   plate   μm  μm  
         
   #240   1.87  29.9 
   #400   1.14  22.6 
   #800   0.438 12.3 
  #1500   0.308 11.6 
         

Since pulse laser ablation of ground glass 
produces a cloud of glass fragments, motion of 
these small particles will be affected by the air 
shock wave preceding particle motion.  We 
therefore observed the phenomena both in air and 
in vacuum.  Purposes of experiments in vacuum 
were planned in order to eliminate the effects of 
air shock wave and to observe glass fragments 
directly.  It is expected that velocity of glass par-
ticles in vacuum is supposed to be somewhat 
higher than that in air.  Phenomena was observed 
by high speed camera.  High speed camera of 
Cordin 220 was used, which can record six frames 
by image-intensified CCD cameras with 10 ns 
exposure time and arbitrary delay time.  Since 
laser beam was focused through the glass plate to 
its ground surface, laser fluence must be less than 

20 J/cm2, which is found to be ablation threshold 

of smooth glass surface and/or breakdown thresh-
old inside the glass plate.  Experiments in vac-
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uum were performed in a small vacuum chamber 
connected to turbo molecular pump.  We have 
used a small flash lamp for the light source of the 
observation, and quasi-parallel illumination for 
the phenomena was accomplished due to the high 
sensitivity of the high-speed camera system. 

We have used diffusion plates with dif-
ferent surface roughness.  Diffusion plate is a 
kind of optics to be used for diffusing light beam.  
We purchased commercially available diffusion 
plates from SIGMA KOKI Inc., which are labeled 
#240, #400, #800, and #1500 roughness levels.  
Average surface roughness measured is given in 
Table 1.  In the table, ra and λa denote geometri-
cal roughness and average wavelength, respec-
tively.  Label of smaller number indicates 
rougher surface plate.  Microscopic and/or SEM 
inspection of the surface, however, shows that 
even rough surface has broad undulations as well 
as sharp structures.  Therefore, all plates are 
composed at least of shorter wavelength struc-
tures. 

Figure 1 shows the high speed photo-
graphs with successive delay time for ablation of 
ground glass in air.  In this experiments, ground 
glass plate of  #240 surface roughness was used.  
Shock wave propagation and glass fragments mo-
tion was recorded with time clearly.  Glass plate 
is seen as a black layer in the pictures in Fig. 1.  
As seen from all pictures in Fig. 1, burst of glass 
fragments in air can be observed emanated from 
the laser focused area.  Glass particle motion is 
found to be almost normal to the surface, but the 
particle spray has slightly diverged.  A circular 
shock wave front precedes the burst of fragments. 

Figure 2 shows the comparison of high 
speed camera record of the glass ablation of dif-
ferent surface roughness.  Delay time after laser 
irradiation for all the photographs is set to the 
same value.  Comparing these pictures, one can 
see that darker burst is generated for rougher glass 
surface.  Darkness of the particle cloud can be 
interpreted as larger particles or as a large number 
of particles.  Anyway, stronger light attenuation 
for dark region corresponds to the fact that the 
larger mass is ejected from the surface. 

Shock propagation and particle velocity 
were examined for these experiments to know the 
surface roughness dependence.  It is found that 
x-t diagram for shock front is insensitive to the 
surface roughness.  Momentum and/or kinetic 
energy of particle cloud seem increasing with in-
creasing surface roughness. 
 
3. SEM OBSERVATION OF THE GROUND 
GLASS SURFACE 

Figure 3 shows pairs of SEM photographs 
for ground glass plates with different surface 
roughness.  Comparison of the ablated and origi-
nal surface shows the clear change in roughness 
by ablation.  Change of the surface structure is 
found to be common regardless of the original 
roughness.  Cleavage or smoother structure may 
be seen in every SEM image of the ablated sur-
face.  It is plausible that with increasing surface 
roughness, mass as well as amount of ablated 
fragments will increase. 
 
4. EJECTED PARTICLE SIZE DISTRIBU-
TION BY LASER ABLATION 
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Fig. 3 Pairs of SEM photos of laser focused area of 

ground glass surface before (left) and after (right) 

ablation. 

 
Fig. 4 Ejected particle size distribution for each dif-

fusion plate with different surface roughness. 

SEM images suggest that glass fragments 
whose size are larger than geometrical roughness 
or mean wavelength of the original ground glass 
surface could be produced by laser ablation.  
Ejected particles may have unique size distribu-
tion.  Parameters in this process are laser pa-
rameters such as laser fluence and initial surface 
roughness, etc. 

In order to obtain size distribution result-
ing from this process, we have performed a series 
of experiments by directly capturing particles.  
These experiments were performed in vacuum to 
avoid shock wave effects.  Glass fragments are 
found stuck on the surface of PMMA plate.  
Photographs of PMMA plate after show were 
analyzed by image analysis program to count and 
identify the size of each particle.  We have tried 
to estimate the particle diameter based on several 

methods to calculate the diameter of a particle, for 
example, by (i) the cross section of the particle 
photo, (ii) the length of the particle periphery, etc.  
Results obtained by different method, however, 
gives almost similar size distribution.  Size dis-
tributions obtained from PMMA plate capture and 
from bottom plate are found to be slightly differ-
ent, in that more large particles are collected at the 
bottom plate. 

Figure 4 shows the particle size distribu-
tion of diffusion plate experiments of ¥#240, 
¥#400, ¥#800 and ¥#1500 surface roughness.  
Distributions are obtained by averaging data of 
several experiments with the same conditions.  
Although no qualitative differences in the form of 
the distribution function by each image analysis 
method were found, particle size distribution 
shown in Fig. 4 is the average of size distributions 
estimated by several methods.  One may note 
immediately from Fig. 4 that size distribution is 
almost the same for each diffusion plate with dif-
ferent surface roughness.  A peak of the number 
of fragments is seen at around 7-8 μm.  For 
rougher plates of #240 and #400, another peak is 
seen around 25 μm.  The most striking difference 
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Fig. 5 High-speed photograph of stress waves in 

PMMA induced by detonation of PETN for the dif-

fusion plate with surface roughness #800. 

 
Fig. 6 Streak photograph of light emission associated 

with detonation of PETN powder by using #400 dif-

fusion plate.  (a) 15.1 J/cm2, (b) 9.1 J/cm2. 

of the distribution is the number of particles pro-
duced by one laser ablation. 
 
5. IGNITION OF PETN POWDER BY LASER 
ABLATION OF GROUND GLASS 

If one side of a transparent substrate, e.g., 
PMMA is intentionally roughened with water re-
sistant paper and then aluminized by vacuum 
evaporation method, appreciable enhancement of 
laser energy absorption was recognized.5-7  A 
very intense air shock wave is produced by abla-
tion.5 By utilizing high temperature high pressure 
state of the ablation plasma, initiation of PETN 
powder of very small amount has been studied by 
the authors.5-7 

Energy conversion of laser energy for 
ground glass ablation is totally different from that 
for thin metal layer on roughened surface.  It is 
therefore expected that ignition mechanism of the 
present experiment is different from those of laser 

induced ignition of high explosives.8,9  In case of 
ground glass ablation, part of the laser energy is 
converted to high velocity glass particle kinetic 
energy.  Feasibility of initiating high explosive 
by this kinetic energy has been examined system-
atically by using diffusion plates.  A diffusion 
plate with one ground surface was used and put on 
the PETN powder instead of using PMMA plate 
with a roughened surface. 

In order to demonstrate the feasibility of 

ignition by the kinetic energy of glass particles, 
two high-speed photographic observations of the 
phenomena have been performed.  Since we 
have already known that laser-induced ignition 
phenomenon commonly be associated with a fi-
nite delay time after laser energy deposition, ac-
curate timing of the observation of reaction front 
cannot be possible.  In order to know the timing 
of ignition, continuous time-resolved record is 
inevitable.  For this purpose, image converter 
camera (IMACON 790) of the streak mode is used 
to record the light emission caused by the reaction 
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Fig. 7 Ignition delay time as a function of laser flu-

ence. 

of PETN.  Based on the information on the tim-
ing of ignition, high-speed framing photography 
of the event was planned. 

In case of framing photography, we have 
observed the detonation of PETN powder by ob-
serving the high pressure stress wave in PMMA 
plate attached directly with PETN powder.  Fig-
ure 5 shows typical framing photographs of stress 
wave propagation in PMMA.  Two waves trav-
eling in PMMA are seen in the figure.  Preceding 
wave is expected to be induced by the pulse laser 
ablation, and successive wave is produced due to 
detonation of PETN powder.  Estimated propa-
gation velocities of these two stress waves are 
both faster than sound velocity of PMMA.  Dis-
tance between two wave fronts represents a finite 
delay time of pulse laser ablation and induced 
detonation wave.  Whether the reaction of PETN 
in this case is the detonation or the deflagration is 
examined by the comparison of the propagation 
velocity of reaction along the PETN layer with the 
published data of detonation velocity of PETN of 
similar initial density.  At least secondary stress 
wave in PMMA may have rather high stress level, 
since shock-compressed high density region after 
stress wave front is dark due to little light trans-
mission due to appreciable change in refractive 
index of PMMA by shock compression. 

Figure 6 shows examples of streak photo-
graphs taken by the image converter camera.  
Two typical examples are shown, (a) short delay 
ignition, and (b) longer delay detonation.  The 
earliest intense flash in the figures is the one by 
emission caused by laser ablation of ground glass 
surface.  Long streak of luminescence after some 
break in case (a) indicates emission caused by 
detonation of PETN powder.  Bright region is 
seen to spread to the direction of camera slit 

gradually.  Since the slope of this bright region 
corresponds to the propagation velocity of detona-

tion, gradual change in slope indicates the accel-
eration of reaction front approaching the steady 
state detonation.  As explained already, the esti-
mated propagation velocity is close to the detona-
tion velocity of PETN of similar initial density. 

Break in time between laser irradiation 
and onset of detonation emission is called here the 
ignition delay time τ.  Ignition test results can be 
devided into three categories; (i) ignition with 
short delay time less than 1 μs, (ii) ignition with 
longer delay time larger than several μs, and (iii) 
no ignition.  It is apparent that case (i) can be 
realized in case of higher laser fluence. 

It is shown in this experiment that PETN 
powder can be ignited by laser ablation of ground 
glass surface without help of high temperature 
plasma.  This means the initiation is induced 
simply by the collision of glass particles at the 
PETN powder grains.  It is, therefore, evidenced 
that kinetic energy of glass particle cloud is large 
enough to ignite high explosive. 

Dependence of the ignition delay time on 
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the laser fluence and aluminum layer thickness 
was also investigated.  The results of a series of 
experiments are summarized in Fig. 7.  Thresh-
old laser fluence for PETN ignition is found to be 
higher than the value for plasma-assisted initiation.  
From Fig. 7, it is shown that ignition by glass ab-
lation was observed in the case of laser fluence 10 
J/cm2 or higher. 
 
4. CONCLUSION 
 

Ground glass ablation both in air and in 
vacuum has been studied experimentally in de-
tail to study characteristics of laser ablation of 
ground glass with different surface roughness.  
Physical mechanisms of ablation of ground 
glass are suggested to be quite different from 
those of other kinds of materials. 
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ABSTRACT 
 

In this paper experimental results on the shear initiation of thermite-based reactive materials are 
investigated in detail. Experiments are performed with the Ballistic Impact Chamber, an instrumented 
drop weight apparatus. Uniaxially pressed samples are made of a mixture of nanometric aluminium, with 
nano or micron-sized molybdenum trioxide. A fluoropolymer is added to some of the mixtures as well. 
Composition, green density of the compact and particle size as well as impact velocity of the drop weight, 
have been varied systematically. 

The sensitivity of the material to shear initiation will be reported as time to reaction. Because of the 
relative insensitivity of these mixtures to shear deformation compared to high explosives and propellants, 
a simple evaluation of the shear rate at the moment of initiation from sample dimensions and drop weight 
velocity is not straightforward and would require a (numerical) simulation. 
 
 
INTRODUCTION 
 

Thermite is a term used to describe exothermic reactions involving reduction of metallic oxides 
with aluminium to form aluminium oxide and metals or alloys [1]. During the last decade the term 
Metastable Intermolecular Composites (MICs) has been adopted to define thermites on the nanoscale. 
Nano particles can drastically change the kinetics and propagation characteristics increasing the reaction 
velocity of thermites. 

Researchers have paid special attention to the ignition characteristics and propagation behaviour 
of MICs [2-5]. Pantoya et al. demonstrated that the ignition time can be reduced by two orders of 
magnitude using Al/MoO3 mixtures with nano-sized particles (10-100 nm) instead of micron-sized 
particles. They also studied the effect of mixture composition on the ignition time. Bockmon et al. studied 
effect of particle size on the propagation velocity for nanoscale Al/MoO3 mixtures. In all these papers the 
ignition mechanism is based on thermal initiation with a laser beam. 

In this paper the initiation of Al/MoO3 mixtures due to mechanical deformation is considered. So 
far, no detailed understanding exists on the ignition mechanisms of energetic materials when subjected to 
high shear rates. Various models have been proposed to describe the behaviour of energetic solids to rapid 
deformation [6-10]. Essentially, the models are developed for explosives and propellants as these are 
more sensitive to impact than common pyrotechnics. However MICs present promising in this field due 
to their enhanced sensitivity to ignition by impact [11]. The mechanical initiation of energetic materials 
may be characterized by a material-specific shear rate threshold [9], and work is directed to quantify shear 
deformation [12, 13]. 

In a previous paper, preliminary experiments on the shear initiation of Al/MoO3 mixtures have 
been presented. Here the green density appears to play an important role and samples with lower density 
showed enhanced sensitivity to mechanical deformation [12]. In this paper, more elaborate tests on 
Al/MoO3 mixtures will be presented. In order to understand the ignition and combustion of MICs, 
parameters such as impact velocity, composition and porosity will be varied systematically. The amount 
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of energy that is released upon mechanical initiation, is not part of this paper. As not all the energy may 
be released when compared to the theoretical energy content as demonstrated by Ames et al. [13], this is 
an important aspect of impact initiated energetic materials 
 
 
EXPERIMENTAL 
 
Ballistic Impact Chamber 

The Ballistic Impact Chamber (BIC) is an instrumented version of a drop weight impact test [8-
10]. Its purpose is the low velocity impact testing of energetic materials like explosives and propellants. 
The BIC, shown in figure 1, is a quasi-confined chamber, in which a striker squeezes the explosive 
sample against an anvil. The BIC constructed at TNO is currently equipped with 2 optic fibers to observe 
the start of reaction, a pressure gauge, a 4.5 mm diameter barrel with lead pellet as pressure relief, and an 
accelerometer on the drop weight. A 10 kg drop weight released from a height of 1.5 or 0.375 m, yields 
an impact velocity of 5.35 ± 0.09 or 2.61 ± 0.02 ms-1, respectively, as determined in a large series of 
calibration experiments. The impact of the drop weight on the striker will give the striker a velocity of 
10.7 or 5.22 m s-1. This velocity is initially the speed at which the solid energetic is squeezed against the 
anvil. 

The time to reaction is a measure of the sensitivity of the energetic to mechanical deformation. A 
laser beam is aligned horizontally just above the top surface of the striker. At the moment the drop weight 
hits the striker, and the mechanical deformation starts, the laser beam will be interrupted and this is easily 
recorded with a photodiode. In the Ballistic Impact Chamber two windows are equipped with 
photodiodes. The first observation of light is taken as the start of the reaction. The time to reaction is the 
difference between start of deformation and start of reaction. 

 
 

 

 

Figure 1. Cross section and view of the Ballistic Impact Chamber (BIC) Test. 
 
 
Materials 

MoO3 in powdered form is obtained from TECHNANOGY. The provided specific area, specified 
as a BET value of 40 m2/g, will give a particle size around 32 nm. Micron-sized MoO3 with a particle size 
of 15 μm as measured by laser diffraction, is obtained from Sigma Aldrich. Nano aluminium with a 
particle size of 40 nm, is obtained from TECHNANOGY as well. Mixtures are based on nano Al and 
nano MoO3, or nano Al and course MoO3. Powders are mixed to different fuel/oxidizer ratios and 
described by the ratio r=(Al/MoO3)actual composition/(Al/MoO3)stoichiometric composition. The ratio r is varied 
from 1.0 to 1.2 and 1.7 in order to compare with results on thermal initiation presented in a recent paper 
of Pantoya et al. [5]. In addition mixtures have been made including an amount of 10 wt.% Viton, using 
acetone as the solvent to coat the particles before pressing the samples. The Viton binder provides 
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GuideStriker 
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mechanical strength to the pressed sample and also releases gases upon reaction. While pressing the 
thermite samples, Viton also acts as a lubricant. It is therefore more difficult to achieve low density 
samples. Also the MoO3 particle size will affect the compressibility of the mixtures. 

Control over sample dimensions is very important when comparing the sensitivity to mechanical 
deformation in the BIC test, see also equation 1. Cylindrical compacts with a diameter of 5 mm and 
thickness of 1.2 mm are obtained by pressing in a steel die. The various applied pressures result in green 
densities varying from 50 up to 90 % of Theoretical Maximum Density (TMD). 
 
 
RESULTS AND DISCUSSION 
 

Experimental results are presented and will be discussed regarding: 1) the effect of drop weight 
impact velocity, 2) green density or remaining porosity, 3) addition of Viton binder, 4) MoO3 particle 
size, and 5) fuel/oxidizer ratio, on the sensitivity of the Al/MoO3 mixtures towards mechanical 
deformation. 
 
Impact velocity 

Figure 2 shows results for stoichiometric nano-sized Al/MoO3 mixtures subjected to two different 
drop weight impact velocities (5.35 or 2.61 ms-1) and for two ranges of sample green density. In figure 2, 
the photodiode signals are plotted as a function of the time. The yellow line indicates the moment of 
impact between drop weight and striker. Striker and sample are in intimate contact, and mechanical 
deformation of sample starts within that instant. The time of reaction is determined by the moment in 
which a photodiode begins to capture light. The red and blue lines show the start of reaction at high and 
low drop weight impact velocity, respectively. Figure 2 indicates that the time to reaction decreases when 
increasing the impact velocity. A typical time to reaction for a stoichiometric Al/MoO3 mixture at high 
drop weight impact velocity is ≈ 0.4 ms, while at low drop weight velocity a typical time to reaction is ≈ 
1.0 ms. When higher impact velocities are applied, larger shear rates are induced in the samples, resulting 
in a faster initiation. 
 

  
Figure 2. Typical times to reaction in stoichiometric nanosize Al/MoO3 samples at indicated drop weight 

impact velocity and a high green density (left) or low density (right). Experiments are performed in duplicate. 
 

In a previous paper [12], results from a numerical simulation have been shown for the BIC with 
an impact velocity of 3 ms-1. Initially, i.e. for the first 0.3 ms, the striker velocity is constant. These 
simulation conditions are comparable to experimental results in this paper with a drop weight impact 
velocity of 2.61 ms-1. The observed time to reaction, however, is always more than 0.5 ms. Therefore, an 
evaluation of the shear rate at the moment of reaction according to the equation [9]: 
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is not possible using simply ttvhth stri ⋅=−= )0()( ker0 . In this equation r  and h  are the radius and the 
height of the sample, v  the velocity, γ  the shear and t  the time. Unfortunately, the real striker velocity 
cannot be evaluated from the accelerometer on the drop weight as the drop weight and striker detach after 
collision due to their difference in mass. Only a (numerical) simulation of the impact experiment, in 
combination with the experimentally determined time to reaction, could give the shear rate at the moment 
of initiation. 

 
Green density / Porosity 

In figures 3 and 4, the time to reaction is plotted for the various Al/MoO3 mixtures. Figure 3 
covers the results with micron-sized MoO3 and figure 4 the results with nano-sized MoO3. The timescales 
corresponding to high and low impact velocity are clearly separated. 

For the 5.35 ms-1 impact velocity no significant correlation with porosity is observed. In a 
previous paper [12] a limited number of experiments, with the same impact conditions, has been shown. 
The conclusion that sensitivity is enhanced by porosity was premature. 

For the 2.61 ms-1 impact velocity, however, a significant trend is seen for the mixtures without 
Viton binder. The time to reaction increases with increasing porosity. Actually the sensitivity of the 
mixture decreases with increasing porosity. 

The porosity is expected to have an effect on the sensitivity to initiation in the BIC test as 
deformation is controlled by the mechanical properties of the material. In the test set-up there will a 
compaction in the vertical direction. The compaction will depend on initial porosity. Although the initial 
striker velocity is constant and imposed by the falling drop weight, a resistance to compaction is building 
up in time. The resistance to compaction will be larger for low porosity. Even without considering a 
constant volume of the impacted and porous energetic mixture, there must be a radial expansion of the 
thermite mixture. One should note that the constant volume approach is one of the assumptions in the 
derivation of equation 1. The radial expansion is accompanied by shear deformation as well, as there is a 
contact surface between sample and striker and between sample and anvil with sandpaper. The shear is 
expected to increase with decreasing porosity, and this effect will be stronger for a mixture with 
polymeric binder. Although the deformation of a porous mixture will be complex, the shear rate is 
expected to raise faster in low porosity samples. If shear rate is a controlling parameter in mechanical 
initiation, then time to reaction will decrease with decreasing porosity in the BIC test. 

 
Addition of a binder 

It has been mentioned that shear is expected to increase by addition of a polymeric binder. In the 
experiments in figure 3 more or less the same time to reaction is observed for samples with or without 
Viton binder, when comparing results at the same porosity and stoichiometry. However, in figure 4, the 
time to reaction is always shorter in mixtures containing Viton binder. This indicates that the effect of 
Viton addition is not independent of the MoO3 particle size. Furthermore, in mixtures with Viton the time 
to reaction is not or hardly dependent upon porosity. 
 
MoO3 particle size 

The difference between figures 3 and 4 is the MoO3 particle size. Both figure 3 and 4 indicate that 
mixtures with micron and nano-sized MO3 present comparable times to reaction. Mixtures with finer 
particles in general show faster kinetics and times to reaction are expected to reduce. Only with the 
presence of Viton in mixtures with nano MoO3 a noticeable faster reaction is observed. 
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Figure 3. Time to reaction in the BIC for thermite samples with different porosity (%TMD), fuel/oxidizer 

stoichiometry (blue, purple and green), addition of Viton binder (solid or open symbols with “V” meaning Viton), 
and at indicated dropweight impact velocities. The thermite is based on nanometric aluminium and micronsize 
molybdenum trioxide. 
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Figure 4. Time to reaction in the BIC for thermite samples with different porosity (%TMD), fuel/oxidizer 

stoichiometry (blue, purple and green), addition of Viton binder (solid or open symbols with “V” meaning Viton), 
and at indicated dropweight impact velocities. The thermite is based on nanometric aluminium and molybdenum 
trioxide. 
 
Fuel/Oxidizer ratio 

Results shown in figure 3 and 4 do not indicate any clear effect of the fuel/oxidizer ratio for either 
high or low impact velocity with the exception of fuel rich Al/MoO3 (r=1.7) at a low drop weight impact 
velocity and no binder. Pantoya et al. has experimentally observed that the ratio of Al/MoO3 can 
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influence the ignition mechanism [5] when a thermal stimulus is applied, and a 20 % fuel rich mixture 
(r=1.2) has the shortest ignition time and the highest combustion velocity. It could also be expected that 
the ratio of fuel/oxidizer does affect the tendency to ignite due to high deformation rates as the structural 
properties of the material and hence the resistance to shear, change when varying the composition. 
However, results here presented do not show any evidence of that. A further study on Al/MoO3 mixtures 
as well as a better understanding of the initiation mechanism is needed in order to find an explanation to 
this phenomenon. 
 
 
CONCLUSIONS 
 

The sensitivity of pressed Al/MoO3 mixtures towards mechanical deformation has been studied, 
using the Ballistic Impact Chamber. In particular the effect of green density / porosity, a polymeric 
binder, MoO3 particle size and fuel/oxidizer ratio has been looked at. The drop weight impact velocity 
had to be lowered to see the effect of these parameters on sensitivity. 

The sensitivity towards mechanical deformation is reported as time to reaction, and evaluation of 
shear rate at the moment of initiation has not been possible. 

Samples with low porosity will react faster, as shear and shear stress increase with decreasing 
porosity. Also the addition of the Viton binder to nanometric mixtures of Al and MoO3 enhances the 
initiation which can be attributed in the same way to a change in mechanical properties and increase of 
shear and shear stress. 

The change of micron-sized to nano-sized MoO3 leads to an improved sensitivity only, in the 
presence of the Viton binder. 

Hardly any effect of fuel-oxidizer ratio on mechanical sensitivity is observed here, whereas in 
thermal initiation of similar mixtures, an optimum sensitivity is found depending on the fuel-oxidizer 
ratio. 
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ABSTRACT 

“Bruceton”, “Probits” or “One shot” (Langlie) are the three main free experimental statistical methods to 
determine an evaluation of the reliability parameters of a pyrotechnical function. The “Neyer” method 
appeared 15 years ago and would like to surpass the older ones. In order to determine the most efficient 
method to obtain the better statistical parameters with a minimum of data (firing), a theoretical study and 
an experimental campaign have been performed at CNES in 2004 and 2005. 

From the experimental point of view, approximately one thousand electropyrotechnic igniters, from a 
single batch, have been fired with the different methods. This experimental study leads us to determine 
some guidelines for the use of these methods and reminds us of some good practices of experimental 
statistic. 

The plan (program) test and the test bench are described. The results of the thirty experimental sequences 
and the different comparisons are presented and discussed. Finally, more than a prize list, the guide lines 
or good practices of experimental statistics are proposed. 

 

 

 

INTRODUCTION 

The functions assumed by the pyrotechnic 
devices for the launchers are the ignition trains of 
motors, the separation trains of stages, and some 
secondary functions like the tank’s 
depressurization or the separation between the 
launcher and the satellite. In the field of the 
satellite, the mains functions assumed by the 
pyrotechnic devices are the closing or the 
opening of pipe, the release of solar panels, the 
opening of cover protection. All theses 
pyrotechnical functions are critical for the 
success of the mission of a launcher and a 
satellite. So, the reliability requirements are 
extremely high. 

The specificity of the pyrotechnic device is the 
one-shot functioning. A pyrotechnic device can 
not be tested twice. This particular specificity 
requires controlling perfectly the definition and 
the manufacturing of the product. Indeed, the 

notion of manufacturing batch is very important 
because the tests and the results of one product 
or of a sample should be representative of the 
whole population (batch). 

These two points (reliability, one shot 
component) have got a direct impact on the cost 
of the product. Mentioned the fact that the 
financial credits for the development and the 
qualification of a product are more and more 
limited, it is necessary to reduce the number of 
functional firing. 

In this context, the reliability estimation of a 
pyrotechnical function by the means of statistical 
tests should also respect the rules of cost 
reduction. Several methods exist and are well-
known: the Probits, the Bruceton test, or the 
One-shot test (Langlie). All of theses methods 
present some advantages, some disadvantages or 
some restriction…. A few years ago, M. B.Neyer 
has suggested a new method that he presents as 
the most efficient. 
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This article presents in details the experimental 
study realised by the French Space Agency 
(CNES) to determine the efficiency statistical 
method to calculate the statistical parameters 
(mean, standard deviation, reliability limits at 
confidence level done), with the maximum of 
precision to the “real” law of the population and 
the minimum number of tests. A first section will 
present the experimental setup, the test plan and 
the exploitation of the measurements. A second 
section will present the exploitation and the 
analyse of the results of the statistic methods 
(“real” experimental law, global statistic 
calculations, step by step calculations, speed 
convergence). Finally, a third section will present 
a synthesis of the results, some recommendations 
and the conclusion of the study. 

The theoretical analyses of the efficiency of the 
statistical methods (Probits, Bruceton, One shot) 
were performed by the CNES in 19931 and 2004. 
We can also find, in the scientific literature, 
some articles about theoretical comparisons of 
the methods. 

The experimental study is the following: Perform 
several tests of each method with different input 
data. After all the tests, all the results are post-
treated in order to determine the statistic 
characteristics of the population (experimental 
“true” law) i.e. mean, standard deviation, limits 
of reliability. The population is made of 1200 
igniters coming from a single manufacturing 
batch. 

Several objectives are looking for: 

• To determine the influence of the input 
data on the accuracy of the statistic 
characteristic calculated. 

• To determine the accuracy of each 
method in comparison with the “true” 
law data. 

• To compare the different methods 
among themselves (accuracy, speed: 
efficiency). 

• To determine the minimal number of 
tests of each method (speed of 
convergence). 

THE EXPERIMENTAL PART  

The laboratory of pyrotechnic of the French 
Space Agency (CNES – Centre of Toulouse) has 
got 1200 electrical igniters coming from the 
same manufacturing batch. These igniters are 
middle energy type (1A-1W/5minutes no fire). 

The parameter tested is the ignition power (P) of 
the igniter for a fixed time (t=30ms). P= R.I² 
where “R” is the resistance of the igniter, “I” the 
current applied to the igniter and “t” the times of 
the application of the current. At each firing, the 
resistance, R, is measured and “P” is chosen by 
the statistic method. Finally, it is just necessary 
to adjust the current I = (P/R)½ . As the time is 
fixed the parameter is equivalent to an energy by 
the relation E=P.t. 

A current generator, adjustable from 0.5 to 5A 
with an accuracy of 2mA, has been developed 
especially for this study. The generator allows 
adjusting the time of application of the current 
from 1 to 99ms. The generator needs a milli-
voltmeter (Fluke) to adjust precisely the current 
before the firing. 

The measurement part is constituted of a micro-
ohmmeter (AOIP OM15) with an accuracy of 
0.1mohm to measure the resistance of the igniter, 
two light detectors (one sold in the shops and one 
made in the laboratory). These two light 
detectors allow detecting the beginning of a 
pyrotechnic functioning. Finally the current 
injected in the igniter is also measured. Light 
detectors and current are recorded with a digital 
recorder. 

The test bench (firing tube) is made with a tube 
(diameter = 300mm, length = 300mm). The 
igniter is fixed at one side of the tube and on the 
other side there are the light detectors and an 
extractor of smoke. 

Between the firing tube and the measurement 
part, a safety glass made with 8mm of 
polycarbonate is placed. The figures 1 and 2 
show the experimental set up. 
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Figure 1 : Diagram of the experimental set up 

 
Figure 2 : The experimental set up 

THE TEST PLAN 

The test plan is defined in accordance with the 
objectives aimed: 

Three sequences (A, B, and C) are performed. In 
each sequence, one One-shot test, one Neyer 
test, one Bruceton and one Probits test are 
realized. Each sequence is defined with different 
input data: 

• Sequence A : no input data well-known 

• Sequence B: input data shift from the 
better input data 

• Sequence C : better input data 

The implementation and the progress of the tests 
One shot, Bruceton, and Probits are in 
accordance with the recommendations of the 
GTPS (French working group in 
pyrotechnic)2,3,4. The Neyer tests respect the 
recommendations defined in the user manual of 
« Neyer-software » - (Optimal-version 3.0c). 

The figure 3 below shows the logic retained. 
The table 4, in annexe, gives more details on the 
input data of the different tests. 
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One Shot A
Neyer A

A

Bruceton A
Probits A (A')

A

One Shot B
Neyer B

Bruceton B
Probits B

B

One Shot C
Neyer C

Bruceton C
Probits C

C

Sequence A:
No particular knowledge of input data.
The results of the One shot test will be the input data for 
the Probits and Bruceton tests.

Tests

Sequence

Input data
Results 
(statistical parameters)

Sequence B:
The input data are shifted in comparison with the results
of the tests of the sequence A.
The objective is to check the capacity of the method
to recover good statistical parameters.

Key : 

SequenceC:
The results of all the previous tests are compiled
in order to determiner the better input data.
The objective is to check if good input data give better results.

 
Figure 3 : Logic of the sequences and the tests 

 

 

THE PROGRESS OF THE TESTS 

The One-shot and Neyer methods have been 
done without experimental problems. All the 
firings have been processed. 

The tests with the Bruceton method had need a 
shifting of the step of firing level for the 
sequences A et B. The first 11 firings for the 
sequence A and the first 6 firings for the 
sequence B can’t be used. 

The tests with the Probits method had need the 
shifting of the firing levels for the three 
sequences. If theses shiftings were not 
performed, the statistical calculations may have 
not been possible.  

Each test was performed in a lap of date of a 
half of day maximum, in a temperature and 
hygrometry controlled environnement. The 
igniters are chosen randomly in the batch. The 
tests are performed by the same operator. 

 

 

THE DATA PROCESSING OF THE 
MEASUREMENTS 

For each firing, the firing current and the signals 
of the two light detectors are recorded. A 
program calculates the parameters listed below: 

 - Mean current measured (A) 

 - Time for the breaking of the filament 
of the igniter (ms) – Time between the 
beginning of application of the current and the 
first fall of the current. 

 - Response times of the light detectors 
from the beginning of the current  

 - Characteristics of one of the light 
detector (maximum, time to maximum, integral 
of the signal, …) 

The criterion of good functioning is defined as: 
Time of the breaking of the filament < 30ms. 

The figure 4 shows a report with the signals of 
the measurements and the results of the post 
processing. 
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Figure 4 : Results of a firing test 

 

CALCULATION OF THE 
EXPERIMENTAL « TRUE » LAW OF THE 
POPULATION 

The experimental « true » law is obtained, at the 
end of all the firings, by compiling all the results 
of the tests. A normal distribution is chosen. The 
« true » law is calculated by two statistic 
methods: 

The Probits “true” law is obtained by 
compiling the 591 firing results of the 
Probits A, B, C and the Bruceton A, B, 
C with a Probits post processing. This 
method can not take into account the 
firings from the tests Neyer and One-
shot because the results can not be 
organise in histogram. 

The Neyer “true” law is obtained by 
compiling the 898 firing results of all 
the tests with a Neyer Musig post 
processing. The Neyer method allows 
post processing the entire results even if 
they are not organised in a histogram 
form. 

To verify the normality hypothesis, some tests 
are performed: Henry, Ki2, Kolmogorov, 
Anderson. All of them reject the normal 
distribution but theses tests give only an 

indication. The results show a lack of data in the 
centre of the distribution which can distort the 
results of the normality tests. This hole is a 
consequence of the statistical methods which 
defined preferentially the firing levels around 
“m ±σ”. 

The determination of a “true” law is not easy 
because two different methods are used and the 
best one is not known. However, the results 
(mean, standard deviation, reliability limits) are 
closed together. We can notice that the 
calculation of the true law with the Neyer 
method and the 591 firing results gives exactly 
the same results as the Probits method. We can 
think that the Neyer method (Musig) have got 
the same algorithm that the Probits method for 
the input data in class without 0% or 100% of 
success. 

 

THE STATISTIC ANALASYS OF THE 
TESTS 

In a first time, for each test, the statistic 
parameters are calculated after 50 firing results 
(Bruceton, One shot, Neyer) or 72 firing results 
(Probits). 

The statistic computations are in accordance 
with the recommendations of the GTPS for the 
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Probits, One-shot and Bruceton methods. The 
Neyer tests are computed with the software 
Neyer Musig (V3.0C). 

The table and the graphics below show a 
synthesis of the statistic parameters computed. 
The two « true » laws are also mentioned: 

 

Table 1 : Statistic parameters for all the tests at 50/72 firing results and for the “true” laws 

Test Statistic parameters (W) Reliability limits @ confidence level (W) 
 Mean Standard deviation (0,001@90%) (0,999@90%) 

One shot A (50) 2.811 0.118 2.052 3.570 
Bruceton A (50) 2.830 0.022 2.663 2.996 
Probits A (72) 2.851 0.062 2.558 3.143 

Probits Aprime (72) 2.857 0.0625 2.557 3.157 
Neyer A (50) 2.865 0.154 2.139 3.593 

One shot B (50) 2.761 0.095 2.154 3.370 
Bruceton BB (50) 2.857 0.093 2.316 3.340 

Probits B (72) 2.880 0.122 2.256 3.504 
Neyer B (50) 2.824 0.118 2.273 3.374 

One shot C (50) 2.883 0.139 1.990 3.777 
Bruceton C (50) 2.883 0.106 2.266 3.500 
Probits C (72) 2.8805 0.078 2.507 3.254 
Neyer C (50) 2.869 0.046 2.654 3.083 

« true » law Probits 
(591 firings) 

 
2.866 

 
0.094 

 
2.509 

 
3.224 

« true » law Neyer 
(898 firings) 

 
2.848 

 
0.0986 

 
2.501 

 
3.194 

 (In bold the extreme figures) 
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Figure 5 : Mean and standard deviation for all the tests and the “true” laws 
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(the reliability limit of the true law at 0.01/0.99@90% is also showed) 

Figure 6 : Reliability limits for all the tests and the “true” laws 

Comments: 

Mean: The means are contained between 
2.761W (One Shot B) and 2.883W (One shot C / 
Bruceton C). The difference between the 
maximum and the minimum is near 0.12W. The 
means are mainly between 2.85W and 2.88W (9 
tests / 13). 

Standard deviation: The standard deviations are 
contained between 0.022W (Bruceton A) and 
0.154W (Neyer A). The difference between the 
maximum and the minimum is near 0.13W. The 
standard deviations are regularly distributed 
between the extreme values. 

The statistical parameters (mean and standard 
deviation) of the tests of the sequence C (better 
input data) are not more close to the parameters 
of the « true » laws than the statistical 
parameters of the tests of the sequences A and B. 
The same goes for the statistical parameters 

(mean and standard deviation) of the tests of the 
sequence B (worse input data) are not more far 
to the parameters of the « true » laws than the 
statistical parameters of the tests of the 
sequences A and C. So, there is no a clear 
correlation between the accuracy of the input 
data and the accuracy of the statistical 
parameters calculated in comparison to the 
“true” law parameters. 

Reliability limits: The reliability limits are 
calculated by the relationship between the mean 
and the standard deviation “m ± k.σ” (k is 
function of the level of reliability and m, σ 
depends also on the confidence level). 

The tests with a low standard deviation will 
lower the reliability limits in comparison to the 
« true » law. Four tests (Bruceton A et Neyer C 
et Probits A and A’) are in this case. 
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The tests with a high standard deviation will 
overvalue the reliability limits. Height tests out 
of thirteen are in this case. 

As for the mean and the standard deviation, there 
is no a clear correlation between the accuracy of 
the input data and the accuracy of the reliability 
limits calculated in comparison to the “true” law 
parameters.  

Two methods (Bruceton A and Neyer C) give 
some reliability limits not compliant to the 
responses observed on the 898 firings 
(population)!! 

What can explain the dispersion observed of the 
standard deviations? For the Neyer and one shot 
sequences, a sharper analysis of the results 
shows that the standard deviation is clearly 
correlated to two firing levels: The lowest 
success level and the highest failure level. If the 
difference between theses two levels is 
important, the standard deviation will by 
important. It is not a revelation, but this fact 
allows understanding that it is the sampling (take 
randomly the igniter to do a sample) which 
determine, first of all, the values of the statistic 
parameters. A sample (50 to 72 items) chosen 
randomly in a batch have not the statistic 
parameters that another sample or that the 
population. In particular, an item with a singular 
response will have more consequences in a 
sample of 50 items than in a population of 900 
items. 

The responses of firing of the One-shot, 
Bruceton and Probits tests have been computed 
by the Neyer Musig program. The statistic 
parameters obtained are closed from the results 
of the other statistic methods. The statistic 
methods are not responsible of the gaps between 
the statistic parameters calculated by the 
methods and the parameters of the “true” 

 

 

The preliminary conclusion is: The differences of 
the statistic parameters between a sample (test) 
and a population (“true” law) are mainly a 
consequence of the random sampling. The gaps 
or the errors due to the statistical method 

(algorithm, mathematical resolution) are at a 
second level. 

The experimental approach proposed doesn’t 
allow comparing neither a method to itself 
(influence of the accuracy of the input data) nor 
a method to another method (accuracy of the 
statistic parameters in comparison to the 
parameters of the “true” law). 

 

 

STEP BY STEP COMPUTING OF THE 
TESTS 

With theses first conclusions, complementary 
analysis were realised to determine the statistical 
method which calculates stable parameters with 
the less firing. To do that, we calculate for each 
test, firing after firing, the statistic parameters. 
This analysis is not possible for the Probits 
method. This analysis is independent of the 
“true” laws. 

The figures 7 and 8 in annexe show some 
examples of the evolutions step by step of the 
mean, of the standard deviation. 

Comments: 

All the means and the standard deviations tend to 
some asymptotes more or less clearly. The 
asymptotes of the means are evident. 

The means stabilize faster that the standard 
deviations. The means have got the gaps to the 
asymptotes less important than the gaps of the 
standard deviations. 

The evolutions of the standard deviations of the 
One-shot and Neyer tests show some jumps 
more or less important. Theses jumps are 
correlated to the firing levels which increase the 
highest failure or decrease the lowest success. 
The standard deviations of the Bruceton 
sequences have some evolution more soft that 
the Neyer or One-shot ones. 
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CONVERGENCE SPEED OF THE 
METHODS 

For each test, the asymptotes are defined for the 
mean and for the standard deviation. After, for 
each test, we calculate for each firing the gap to 
the asymptote (%). The analysis of the results 
allows determining the minimum number of 
firing necessary to stabilise a parameter. (This 
analysis is independent of the “true” law). 

The figures 9 and 10, in annexe, show some 
examples of the evolutions of the gap to the 
asymptote for the mean and for the standard 
deviation. 

The table 2 presents the results for each test: It 
indicates the number of firing for each test to 
stabilize a parameter. The percentages taking 
into account are arbitrary. 

 
Table 2 : Number of firing necessary to obtain a stable statistical parameter (at X %) 

 

(in bracket the non exploitable firings) 

 

Comments: 

Means: The means are stable quickly. Thirty 
firings are necessary to obtain a mean stable at 
1%. The number of firing is variable from a test 
to another test (11 to 34). There is no evident 
correlation between the accuracy of the input 
data and the convergence speed. There is no a 
method better than another. We can note that the 
Neyer test give good results (reproducibility and 
low number of tests). 

Standard deviation: The standard deviations 
tend less quickly that the means. Moreover, the 
gaps are not near few percents but few ten of 
percents. Thirty to forty five firings are 
necessary to obtain a stable standard deviation at 
30% and Thirty seven to fifty firings are 
necessary to obtain an accuracy at 20%. The 
results are much dispersed and there is no 
evident correlation between the accuracy of the 
input data and the convergence speed. No one 
method seems better than another to determine a 
standard deviation quickly. 

The Neyer C test and Bruceton A converge very 
quickly. These two tests have got also the 

smaller standard deviations. These two samples 
are the less representative of the true law! 

A partial conclusion is: There is no a method 
better than another to determine quickly the 
statistic parameters. The dispersion obtained 
are principally function of the sample (random 
sampling) that the statistical method. 

CONCLUSION 

The statistic method used in the field of the 
pyrotechnic can determine the statistic 
parameters (mean, standard deviation, reliability 
limits) of a population from a limited number of 
destructive tests. The better method is the 
method which allows calculating the accuracy 
statistic parameters of the population with the 
minimum number of firing. 

Some theoretical analyses have been performed 
on the different methods in order to determine 
the more efficient. The French Space Agency 
propose an experimental study to compare four 
statistical methods (One-shot, Neyer, Bruceton 
and Probits) from tests with samples of 50 to 72 

Test Mean Standard deviation 
 at 1% at 30% at 20% 

One Shot A 24 34 37 
One Shot B 19 27 29 
One Shot C 24 29 44 

Neyer A 20 44 49 
Neyer B 20 44 49 
Neyer C 11 10 12 

Bruceton A 6 (+11) 19 (+11) 53 (+11) 
Bruceton BB 27 (+6) 36 (+6) 37 (+6) 
Bruceton C 34 45 49 
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igniters issued from a single manufacturing 
batch (1200 igniters). 

The objectives of the experimental study are to 
determine the influence of the input data on the 
accuracy of the statistic parameters, to 
determine the accuracy of the methods in 
comparison to the “true” law of the population, 
and to compare the efficiency of the methods. 

More than twelve sequences have been realized 
with nearly 900 exploitable firings.  

This experimental study allows lighting some 
important points and in this way to put the 
theoretic analyses into perspective: 

• It is not possible to compare the 
different methods by the 
experimental study proposed. 

• A sample (random) is not the 
perfect reflection of the population 
in a statistic point of view. → It is 
necessary to take the results of a 
statistical calculation with a critical 
sense in order to take into account 
the no representativeness of the 
sample in comparison of the 
population, the errors on the 
distribution law (normal, log 
normal,…) 

• The differences of the statistic 
parameters calculated between a 
sample and a population (“true” 
law) are mainly a consequence of 
the random sampling. The gaps or 
the errors due to the statistical 
method (algorithm, mathematical 
resolution) are at a second level. → 
The comparison of the statistical 
methods becomes less pertinent if 
we want to compare them to the 
“true” law. 

• The accuracy of the input data 
doesn’t allow to obtain neither 
better statistic parameters nor 
quicker results. However, it is 
possible to lose a lot of firing for the 
Bruceton and Probits methods if the 
input data are too much shifted.  

• The mean of a sample has been 
calculated precisely and quickly 
whatever the method with 20 to 30 
firings for a precision of 2% and 
1%. For the standard deviation, the 
results are more dispersed and 35 to 
45 firings seem necessary to obtain 
a stable value. 

• Some samples (Bruceton A, Neyer 
C) are so far from the true law that 
the reliability limits calculated are 
contradictory to the answers of the 
898 firings. There is no means to 
detect a non representative sample. 
Only a good knowledge of the 
product and a critical sense of the 
results can help us. 

At the end of this study, we can recommend: 

• To use the One-shot and Neyer methods 
to determine the statistic parameters without 
knowledge of the “population”.  

• To calculate the statistic parameters, 
firing after firing, to analyse the evolutions 
and to estimate the asymptotes. 

• To keep in mind that we are talking 
about statistic and estimation of parameters, 
and that the figures are not sufficient if they 
are not analysed by an expert. 

 

All the static methods give the estimations of 
the mean and of the standard deviation of a 
sample. The approximation of the methods, the 
decrease of the number of destructive tests, the 
no representativeness of the sample, the 
approximation of the distribution law, the tests 
conditions, … should let us vigilant and critical 
about these statistic parameter calculated. 

 

. 
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ANNEXE 
Table 3 : Synthesis of input data of the experimental study 

Sequences Statistic 
method 

Input Data 

One Shot A A = 1W  B=16W    N=50 
Bruceton A <m> = 2,800W <s>= 0,089 W   N=70 
Probits A <m> = 2,870W <s>= 0,118 W   N=72 
Probits A’ <m> = 2,845W <s>= 0,0505 W   N=84 

A:  
One shot / Neyer: No good 
knowledge of the statistic 
parameters. 
Bruceton et Probits: The input data 
are function of the results of the 
previous tests 

Neyer A A=1W  B=16W   S=1W  N=50 

One Shot B A = 0W  B=25W    N=50 
Bruceton 
BB 

<m> = 2,800W <s>= 0,0875 W   N=70 
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convergence of the results 
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ANNEXE – Step by step computing  
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Figure 7 : One Shot – Evolution step by step of the mean (left) and the standard deviation (right) 
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Figure 8 : Bruceton – Evolution step by step of the mean (left) and the standard deviation (right) 
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ANNEXE - Convergence “speed” 
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Figure 9 : Evolutions of the mean in comparison to the asymptotes (left: Bruceton, right: Neyer) 
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Figure 10 : Evolutions of the standard deviation in comparison to the asymptotes 

(left: Bruceton, right: Neyer) 
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ABSTRACT 
 
New rocket motor concepts can be based on liquid propellants and gel-type propellants. Diergolic propel-
lants with separated fuel and oxidizer part have the advantage of increased insensitivity against threads as 
bullet impact. Interesting properties are attributed to the oxidizer system ADN (ammonium dinitramide, 
NH4 N(NO2)2) water mixtures. With high concentrated ADN solutions the formal specific impulse of the 
oxidizer can reach values up to 1600 Ns/kg and 2460 Ns/dm3, at 70 bar chamber pressure against 1 bar. In 
comparison AP (ammonium perchlorate) has the values of 1510 Ns/kg and 2940 Ns/dm3. The signature 
problems occurring with AP based rocket motors are avoidable with ADN-water. ADN is known to be a 
substance of less stability than AP so an investigation was started to evaluate the stability of ADN-water 
solutions and if necessary to find stabilizing substances. To assess the solutions and stabilizing substances 
heat generation rate dQ/dt and heat generation Q measured as function of time and temperature have been 
applied. The results of several concentrations of ADN in water are presented and discussed. The heat gen-
eration rates measured as function of temperature are taken to determine Arrhenius parameters for the de-
composition of ADN in water. It will be shown that with the addition of suitable substances the decompo-
sition rate of ADN can be lowered and the usetime of ADN-water solutions can reach more than 15 years 
even at 30°C to 35°C ambient temperatures. The corresponding evaluation procedure is presented. 
 
Keywords: ADN (ammonium dinitramide), ADN-water solutions, stabilization, heat generation rate, Ar-
rhenius parameters, usetime prediction, lifetime 
 
 
1. INTRODUCTION 
 
ADN-water mixtures with ADN content are an option in designing rocket propellants with liquid or 
gelled components. In Table 1 some basic performance data of oxidizing substances and of some water 
mixters are listed. The QEX data for HNO3 have been obtained by extrapolation from mixtures with N2O. 
For rocket propellants the data of the specific impulses belong to the decisive assessment quantities. Fig. 
1 compares heat of explosion, gravimetric and volumetric specific impulses (ISP and IV) for ADN and 
ADN-water (7:2 per mass). Nearly proportionality is given between these three quantities. Comparing the 
substances and taking into account specific properties as (i) aggressivity with high concentrated nitric acid 
(HNO3), (ii) increased problems in chemical stability with hydrogen peroxide (H2O2) and hyroxylammo-
nium nitrate (HAN) (they are very sensitive to even ppm concentrations of transition metal cations) and 
with HNF (hydrazinium nitro formate), it is intrinsically very unstable and (iii) low performance as with 
AN and HAN, the decision was to take ADN and ADN-water mixtures as candidates for further investi-

⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯ 
Paper presented on the 33rd International Pyrotechnics Seminar July 16 to 21, 2006, Fort Collins, Colorado, USA. Organized and 
proceedings by International Pyrotechnics Seminar USA, Inc. and the International Pyrotechnics Society.  
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gation efforts.  
 

Table 1: Some basic data of oxidizers and selected oxidizer-water mixtures. Gas volume at 25°C, 1 
bar. Data calculated with ICT Thermodynamic Code using ICT Thermochemical Data-
base. 

 

composition QEX  
water liquid 

QEX  
wa. gaseous 

O2 bal-
ance density enthalpy of 

formation 
gas vol. 

w.out watersubstance 
[mass-%] [J/g] [J/g] [%] g/cm3 [J/g] cm3/g 

ADN 100 3337 2668 + 25.8 1.812 - 1207 592 
AN 100 2479 1441 + 20.0 1.725 - 4567 459 
AP 100 1972 1396 + 34.0 1.95 - 2517 533 
HClO4 100 822 691 + 63.7 1.76 - 404 614 
HNO3 liquid 100 - 521 - 850 + 63.5 1.503 - 2763 680 
H2O2 100 2773 1552 + 47.0 1.45 - 5520 360 
nitromethane 100 4830 4308 - 39.3 1.14 - 1844 849 
tetranitromethane 100 2200 2200 + 49.0 1.64 + 196.4 749 
HAN 100 2056 1191 + 33.3 1.84 - 3816 509 
HNF 100 5579 5012 + 13.1 1.91 - 420 568 
        

ADN-water (7:2) 77.78 / 22.22 2549 1517 + 20.06 1.535 - 4465 460 
ADN-water (3:1) 75.0 / 25.0 2451 1373 + 19.35 1.506 - 4872 444 
ADN-water (2:1) 66.67 / 33.33 2158 944 + 17.2 1.426 - 6093 394 
ADN-water (1:1) 50.0 / 50.0 1567 80 + 12.9 1.289 - 8537 296 
AN-water (1.7:1) 62.96 / 37.04 1486 - 20.8 + 12.58 1.360 - 8752 289 
HNF-water (3:1) 75.0 / 25.0 4133 3131 + 9.83 1.466 - 5568 426 
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Fig. 1: Comparison of performance data between ADN and ADN-water (3.5:1). 
 

2. SUBSTANCES AND METHODS 
 
The chemical structure formula of ADN (ammonium dinitramide) is given in Fig. 2.  
 

NH4
+ N

NO

NO2

2

 
 
Fig. 2:  Chemical structure formula of ADN (ammonium dinitramide). In the solid phase ADN is 

present in ionic form as ammonium cation and dinitramide anion. 
 
The ADN used in this work was purchased from company NEXPLO Bofors AB, Karlskoga, Sweden, 
now NEXPLO-EURENCO. The lot was manufactured in 2002. It was used as delivered. The ADN con-
tent is given as better than 98 mass-%, the water content was < 0.02 mass-% and the melting point (DSC) 
92.4°C. Different water qualities have been tested: de-ionized, distilled and HPLC grade. No essential dif-
ference was found and typical de-ionized laboratory water was used to prepare the solutions. 
 
The intrinsic stability of ADN is less than the one of for example AP (ammonium perchlorate). In the lit-
erature decomposition parameters can be found for neat solid ADN /1,2/, neat liquid ADN and ADN in 
water solutions /3/. Thermal analyses methods of different kind have been applied to reveal decomposi-
tion mechanism of ADN /4,5,6/. The usual way to get information about molecular decomposition steps is 
to analyse the decomposition gases and determine activation energies in order to conclude on rate deter-
mining steps. Then one puzzles with these knowledge possible decomposition ways. Surely this way is 
helpful and sometimes one gets with the right intuition a quite good picture of what happens very proba-
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bly on the molecular scene. A further way is to use the quantum mechanically (QM) evaluated transition 
states involved in the hypothetical decomposition mechanism. The quantum chemical method puts special 
demands on the structure which is considered as transition state (TS). With such an evaluation the de-
composition mechanisms shown in Fig. 3 was verified by QM TS-calculation /7/. In Fig. 3 the main de-
composition path is assumed as the rapid decomposition of protonated dinitramine acid HDN into proto-
nated nitric acid and dinitrogen oxide. Protonated nitric acid transfers the proton further to HDN and 
therefore acts as autocatalyst.  
 

 
Fig. 3: Assumed main decomposition channel in neat ADN: dinitramine acid is protonated and decom-

poses into protonated nitric acid and dinitrogen oxide.  
 
The method of stabilization is in short described with the following reaction scheme. 
 

     ADN      ⎯⎯⎯ →⎯ ADNk     P + R-ADN  intrinsic decomposition 
ADN + P    ⎯⎯⎯ →⎯ autok     2 P + R-ADN  autocatalytic decomposition 

      S + P     ⎯⎯ →⎯ SPk        P-S   stabilizing reaction 
 
The intrinsic decomposition can not be stopped with typical stabilizer application. The autocatalytic de-
composition can be suppressed by stabilizers in catching the autocatalytically effective decomposition 
product P. In this way solid ADN can be stabilized successfully /8/. It is assumed to stabilize the water 
solutions of ADN analogously. For this suitable substances must be found and tested. 
 
The method of investigation for the ADN-water solutions was microcalorimetry performed in tightly 
closed steel ampoules (empty with 4ml total volume) equipped with small vial inserts, to avoid direct con-
tact between ADN-water and steel. The amount of weighed-in solution was about 0.9 to 1.1 g. The meas-
urement quantity was heat generation rate (HGR) and was determined as function of time and temperature 
with TAMTM (Thermal Activity Monitor) microcalorimeters made by Thermometric AB, Sweden. In or-
der to get an acceptable usetime of such oxidizer mixtures a certain time must be measured at a given 
measurement temperature. During this load the energy loss must be below a limit value; often 3% of a 
reference Qref is the criterion. As Qref the heat of explosion QEX of the substance is used /2/ but the better 
quantity is the heat of reaction ΔQR of the decomposition. In Fig. 4 the heat generation rate dQ/dt and heat 
generation (HG) Q of ADN alone can be seen. The HG value after 20 days at 80°C is still low, about 8 
J/g. Compared with QEX of 3337 J/g the energy loss (EL) is 0.24% only. With (-ΔQR) = 1097.9 J/g, see 
section 4, one has an EL of 0.73%, which is then considered as conversion of ADN also. 
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Fig. 4: Heat generation rate dQ/dt (left ordinate) and heat generation Q (right ordinate) of neat ADN. 
 
 
3. RESULTS 
 
The HGR and HG of three ADN-water mixtures in concentration 7:2 (= 77.78 : 22.22 per mass) made 
with three water qualities are shown in Fig. 5. Fig. 6 shows the same curves but with zoomed dQ/dt ordi-
nate. The three qualities have been typical de-ionized laboratory water, multiple distilled water starting 
with the laboratory water and HPLC grade water. No essential differences can be found. All further 
measurements have been made with mixtures using the normal laboratory water. After 20 days the heat 
given off is about 120 J/g. With regard to QEX = 2549 J/g, see Table 1, the energy loss is about 4.7%. This 
is already too much. Therefore stabilization should be applied to reduce the conversion of ADN. This is 
shown in Fig. 7 for ADN-water (3.5:1) without and with added substance S in an amount of 2 mol-% of 
ADN in solution. Fig. 8 shows the same data with zoomed HGR ordinate. Now the released heat is about 
79 J/g after 20 days, means 3.1% which is acceptable. The figures 7 and 8 contain further measurements 
with other ADN-water concentrations: 1:1 and 2:1. Some systematic change can be recognized with in-
creasing ADN concentration. 
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Fig. 5: Comparison of ADN-water solutions in 3.5:1 per mass using water of different quality. 
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Fig. 6: As Fig. 5, but zoomed HGR ordinate to enlarge the long term HGR. 
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ADN-water (AW) in different concentrations
curve ADN-W-S is AW(3.5:1)+S
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Fig. 7: HGR and HG of ADN-water solutions (AW) with different concentration and of one AW with 
3.5:1 concentration and added stabilizer S.  
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Fig. 8: As Fig. 7 but with zoomed HGR ordinate. The stabilizer suppresses the big HGR peaks at begin. 
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ADN-water (3.5:1) + 2 mol-% ZS
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-15

0

15

30

45

60

75

90

105

120

135

0 5 10 15 20 25 30

time [d]

dQ/dt [µW/g]

-20

0

20

40

60

80

100

120

140

160

180
Q [J/g]

ADN-Wa

AW-HMI

AW-Z1

ADN-Wa

ADN-Wa

HMT

AW-3AT
AW-Z

AW-2APD

AW-Z1

AW-Z

AW-HMI

ADN

AW-3AT

AW-2APD

 
 

Fig. 9: HGR and HR of ADN-water (3.5:1) with added substances to test their stabilizing effect. All sub-
stances can reduce up to suppress the big HGR peak of ADN-water alone. But they have different 
long term effectivity. 
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Fig. 10:   HGR and HG of the same samples as in Fig. 7, measured in pic-mode at 70°C directly after the  
  80°C measurements. 
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Fig. 11:   HGR and HG of the same samples as in Fig. 7, measured further in pic-mode at 60°C after 80°C  
   and 70°C. 
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Fig. 12:   HGR and HG of the same samples as in Fig. 7, measured further in pic-mode at 89°C after 80°C, 
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  70°C and 60°C. 
 
Fig. 9 shows more measurements of ADN-water (3.5:1) with added substances. The result is that the sta-
bilizer system named S in Fig. 7 and 8 seems to be the one with the best effect. Measurements at other 
temperatures have been made, whereby the so-named pic-mode (pseudo-iso-conversion) was used /9,10/. 
After measurement at 80°C using the same samples the measurements have been continued at 70°C, 
Fig. 10, and then the measurements were taken at 60°C, Fig. 11, and finally at 89°C, Fig. 12. The conver-
sion achieved at 80°C is nearly not changed at 70°C and 60°C because of the lower decomposition rate 
and the short measurement times. At 89°C one has again nearly the same conversion state as at 80°C. At 
this state of conversion the Arrhenius parameters can be obtained in a much shorter time than using un-
stressed material at all measurement temperatures. In the pic-measurements no initial peak appears. 
 
 
4. DISCUSSION 
 
To assess the quality of stabilization has two aspects: (i) pragmatical assessment with the allowed energy 
loss and (ii) asking if the best stabilization achievable has been reached with the additive. The last aspect 
means that only the intrinsic decomposition is remaining, see reaction scheme above in section 2. From 
the results of Fig. 7 the energy loss was with 3.1 % after 20 days at 80°C acceptable. Can one further re-
duce the energy loss? This means to screen further a lot of substances with regard to their effectiveness. 
Another criterion which can help to decide, whether the screening results are appropriate, are the Ar-
rhenius parameters of the decomposition. Therefore the temperature dependent measurements have been 
made. In Table 2 the Arrhenius parameters obtained for the ADN-water solution at concentrations 1:1, 2:1 
and 3.5:1 (per mass) and of ADN-water (3.5:1) with added stabilizer are compiled. There is an increase in 
activation energy from the 1:1 to the 3.5:1 solution. With stabilizer again an increase can be found, now 
the value of Ea is 168.3 kJ/mol. What is now the value for the intrinsic decomposition of ADN in water? 
In the literature some information could be found. Kazakov /3/ has determined the activation energy of 
ADN decomposition in water solutions and reports 170.4 kJ/mol. The value found here is very near the 
value of Kazakov. One may conclude that not much better effectiveness can be achieved as was found 
with stabilizer system S. The Fig. 13 shows the Arrhenius plot of ADN-water (3.5:1) solution and Fig. 14 
the one of such a solution with added stabilizer S. The correlation coefficients are high. 
 
Table 2: Arrhenius parameters for ADN decomposition in water at different concentrations ob-

tained from heat generation rate at 60°C, 70°C, 80°C and 89°C. One sample with added 
stabilizer. 

 

sample EaQ 
[kJ/mol] lg(ZQ [µW/g]) R2 

ADN-water  1:1 149.8 ± 5.3 23.795 ± 0.8 0.99750 
ADN-water  2:1 165.7 ± 1.4 26.224 ± 0.2 0.99985 
ADN-water  3.5:1 166.8 ± 1.2 26.424 ± 0.2 0.99989 
ADN-water  3.5:1 + S 168.3 ± 1.2 26.551 ± 0.2 0.99991 
    
ADN, diluted solution in water 
from literature /3/ 170.4 ± ? lg(Z [1/s])  

= 17.23 ± ? ? 

 
To calculate usetimes for the stabilized ADN-water (3.5:1) solution one must choose a reference energy 
Qref or reference enthalpy (-ΔHref), depending on the measurement mode. With closed systems, means 
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constant volume for gases, the reaction energy (heat) ΔQR is the right quantity. In Table 3 three main de-
composition ways of ADN are given with their reaction enthalpies. Further are listed the thermodynami-
cally determined decomposition and the summarized decomposition build-up from the three main decom-
position ways according to experimental results on gas analyses /11/. From the reaction enthalpies ΔHR 
the reaction energies ΔQR = ΔHR – ΔnR(gases)⋅RT have been determined. Three reference values Qref are 
used to calculate usetimes tyQ(T) to reach a certain percentages from Qref, see Table 4. One reference 
value is QEX of the ADN-water (3.5:1) solution, the second the reaction heat ΔQR of the summarized de-
composition with -1385.2 J/g and the third is ΔQR = -1097.9 J/g from the decomposition of ADN into AN 
and N2O only. 
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Fig. 13:  Arrhenius plot of ADN-water (3.5:1) solution obtained with heat generation data. 
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Fig. 14:  Arrhenius plot of ADN-water (3.5:1) solution with added stabilizer S obtained with heat 
generation data. 

 
 

Table 3: Reaction enthalpies ΔHR and reaction energies ΔQR = ΔHR –ΔnR(gases)⋅RT of decomposi-
tion reactions of ADN and of the summarizing decomposition reaction according to /11/. 
Used data for enthalpies of formation and molar masses to calculate reaction enthalpies: 
 ΔHf

0 [kJ/mol] M [g/mol] 
NH4N(NO2)2 - 149.79 124.056 
NH4NO3 - 365.56 80.043 
N2O + 82.05 44.013 
H2O - 285.83 18.015 
N2 0 28.0135 
O2 0 31.999 

 

Reaction ΔnR 
mol 

ΔHR  
kJ/mol 

ΔHR  
J/g ADN 

ΔQR 
J/g ADN

ON NONH )NO(NNH 234224 +→  1 - 
133.72 - 1077.9 - 

1097.9 

ON2OH2)NO(NNH 22224 ∗+∗→  2 - 
257.77 - 2077.9 - 

2117.8 

222224 OOH2N2)NO(NNH +∗+∗→  3 - 
421.87 - 3400.6 - 

3460.6 

products  calculated  ynamicallymodther)NO(NNH 224 →  3 - 
406.54 - 3277.1 - 

3337.0 

2222 O0.1N0.2OH0.3ON0.95AN0.85 ADN ∗+∗+∗+∗+∗→  1.25 - 
168.74 - 1360.2 - 

1385.2 
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Table 4: Times tyQ to reach 2% and 3% of reference heat Qref. Qref is taken as QEX of ADN-water 

(3.5:1) and as heat of reaction ΔQR of assumed decompositions of ADN in water, which is 
the one of solid ADN alone /11/ and the first one in the list of Table 3. Applied Arrhenius 
parameters for stabilized ADN-water (3.5:1). 

 
EaQ=168.3 kJ/mol,   lg(ZQ [µW/g]) = 26.551 

  times tyQ to reach x% of Qref in days and years respectively 

  
Qref = QEX = 2549 J/g Qref = (-ΔQR) = 

0.7778*1385 J/g 
Qref = (-ΔQR) = 
0.7778*1098 J/g 

T [°C] dQ/dt [µW/g] 2% 3% 2% 3% 2% 3% 
90 220.5 2.68 d 4.01 d 1.13 d 1.70 d 0.90 d 1.34 d 
85 110.3 5.83 d 8.74 d 2.46 d 3.69 d 1.95 d 2.93 d 
80 45.5 12.97 d 19.45 d 5.48 d 8.22 d 4.35 d 6.52 d 
75 20.0 29.5 d 44.3 d 12.5 d 18.7 d 9.90 d 14.85 d 
70 8.6 68.9 d 103.4 d 29.1 d 43.7 d 23.1 d 34.6 d 
65 3.58 164.9 d 247.3 d 69.7 d 104.5 d 55.2 d 82.9 d 
60 1.457 1.11 a 1.66 a 171.1 d 256.7 d 135.7 d 203.5 d 
55 0.577 2.80 a 4.20 a 1.18 a 1.77 a 0.94 a 1.41 a 
50 0.222 7.27 a 10.9 a 3.07 a 4.61 a 2.44 a 3.65 a 
45 0.0831 19.5 a 29.2 a 8.2 a 12.3 a 6.52 a 9.78 a 
40 0.0301 53.7 a 80.6 a 22.7 a 34.1 a 18.0 a 27.0 a 
35 0.0105 153.0 a 230.1 a 64.8 a 97.3 a 51.4 a 77.1 a 

 
5. CONCLUSION 
 
The solution of ADN in typical laboratory water causes a peak in heat generation rate at the beginning of 
measurements at 80°C. Adding substances of suitable properties suppresses such peaks and lowers the 
long term HGR. The released heat will be reduced therefore and ADN conversion is lowered. This means 
ADN-water mixtures can be stabilized. By screening a series of substances some suitable ones have been 
found. The determination of Arrhenius parameters revealed a few as most active. They are regarded to 
suppress autocatalytical decomposition ways in the ADN solutions, means only the intrinsic decomposi-
tion of ADN remains. Stabilized ADN-water solution can achieve considerable use times in terms of 
times to reach energy losses and corresponding ADN conversions in the range 2 to 5%. At 40°C it takes 
about 18 years to reach 2% ADN conversion. 
 
 
6. LIST OF ABBREVIATIONS 
 
ADN ammonium dinitramide, NH4·N(NO2)2 
HDN  dinitramine acid HN(NO2)2 or better (HONO)-N-NO2 
AW  ADN-water solution in different concentrations 
 
ISP  gravimetric specific impulse 
IV  volumetric specific impulse 
QEX  heat of explosion (determined at constant volume) 
ΔnR(gases) reaction mol number with regard to gases 
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ΔQR  heat of reaction or reaction energy, ΔQR = ΔHR – ΔnR(gases)·RT 
ΔHR  reaction enthalpy 
 
pic  pseudo-iso-conversion 
EL  energy loss 
HGR  heat generation rate (dQ/dt) 
HG  heat generation (Q) 
EaQ  activation energy from heat generation or HGR data 
ZQ  pre-exponential factor from HG or HGR data; kQ = ZQ·exp(-EaQ/RT)  
tyEL  time to reach a certain value of energy loss EL 
tyQ  used in the same way as tyEL 
TAMTM Thermal Activity Monitor, microcalorimeter, determines heat generation rate 
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ABSTRACT 
 

Black powder has been used and studied for centuries.  Today black powder is used as a fuse, an 
igniter and a small rocket motor because it has large variable burning rate and generates a large amount of 
gas.  Generally, the burning rate of the black powder is changed with changing oxidant-fuel ratio.  
However, the burning rate is not proportional to the adiabatic flame temperature.  From our research, 
burning rate of the black powder is proportional to the temperature gradient in the vicinity of the burning 
surface mainly.  Therefore, we investigated the parameters which effect on combustion characteristics. 
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INTRODUCTION 
 
 
Black powder has been used and studied for centuries1-5.  Today black powder is used as a fuse, 

an igniter and a small rocket motor because it is inexpensive, safety and good ignitability.  We consider 
using black powder as directional motors of rockets because it has large variable burning rate and 
generates a large amount of gas.  Thrust of rockets depends on the burning rate of the black powder.  The 

thrust F  is defined as following, 
 

(1) 
 

where Isp  is specific impulse, ρ  is density, A  is burning surface area and r  is burning rate.  When Isp  
and ρ  are constant, F  is proportional to A  and r .  To obtain large thrust, it is important to change 

burning rate more.  From the heat balance model, thermal balance equation6 is 
 

(2) 
 
where λ  is heat conductivity, ( )−

sdxdT /  is temperature gradient of solid phase in the vicinity of the 
burning surface, ( )+

sdxdT /  is temperature gradient of gas phase in the vicinity of the burning surface, 

pρ  is density, r  is burning rate, sQ  is heat per unit mass generated at the burning surface, subscripts 
ps,  and g  show burning surface, solid phase and gas phase of black powder, respectively.  

The left-hand side of Eq.2 is heat quantity which moves from the burning surface to solid phase.  
When steady combustion continues, the heat quantity is same as a heat quantity which is necessary to 
increase temperature from initial temperature 0T  to burning surface temperature sT .  This relationship is 

 
(3) 

 
where pc  is specific heat.  The burning rate r  can be given by 

 
 
 
  
Black powder, which consists of only potassium nitrate (KNO3) and charcoal (C), is possible to 

burn.  However, adding sulfur (S) in the black powder, burning rate becomes fast and ignition delay time 
becomes short7.  On the other hand, when the black powder burns, KNO3 and S, which have been melted, 
exists in the burning surface.  However, combustion of C is particulate reaction.  Particle size and surface 
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area of C are important parameters to consider burning rate.  Generally, the burning rate of the black 
powder is changed with changing oxidant-fuel ratio8,9.  We focused on weight ratio of C to S and particle 
size of C with changing KNO3.  We investigated the effect of S content and particle size of C on the 
relationship between maximum burning rate and KNO3 content.  And rate-determining factor of burning 
rate was investigated based on Eq.4.   

 
 

COMPOSITIONS OF BLACK POWDER 
 
 
The chemical compositions of black powder used in this study are shown in Table 1, Table 2, 

Table 3.  Pine charcoal was used in this study.  No.1 - No.7 were sulfurless black powders (weight ratio of 
C:S = 15:0).  No.8 - No.13 were general black powders (weight ratio of C:S = 15:10).  And No.14 - No.19 
were black powders which contained much sulfur (weight ratio of C:S = 15:30).  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Table 1. Compositions of black powder 

No. KNO3 C S 

1 85 15 0 

2 83 17 0 

3 80 20 0 

4 75 25 0 

5 70 30 0 

6 60 40 0 

7 50 50 0 

(wt %, C:S = 15:0) 

No. KNO3 C S 

8 85 9 6 

9 80 12 8 

10 75 15 10 

11 70 18 12 

12 60 24 16 

13 50 30 20 

(wt %, C:S = 15:10) 

Table 2. Compositions of black powder 

No. KNO3 C S 

14 85 5 10 

15 80 6.67 13.3 

16 70 10 20 

17 60 13.3 26.7 

18 55 15 30 

19 50 16.7 33.3 

(wt %, C:S = 15:30) 

Table 3. Compositions of black powder 
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EXPERIMENTAL 
 
 

A.     Adiabatic Flame Temperature and Combustion Products 
Adiabatic flame temperature and combustion products were calculated with chemical equilibrium 

calculation software: NASA-CEA10.  As a calculation condition, combustion pressure was 0.1 MPa and 
initial temperature was 298.15 K. 

 

B.     Effects of C:S Ratio on Burning Rate 
We measured burning rate of black powder to investigate effects of C:S ratio.  Particle size of C 

which was used in this experiment was 30 μm in average diameter.  The black powder was pressed at 100 
kg for 5 minutes, as the black powder becomes a cylinder whose shape was 10 mm in diameter and 10 to 
14 mm in height.  Then, we coated with the cyanoacrylate adhesive around the black powder.  In air 
atmosphere, the black powder was ignited by hot wire.  Using digital camcorder, burning rate was 
measured.  These experiments were repeated 4 times for one sample. 
 

C.     Effects of particle size on Burning Rate 
Effects of particle size of C on burning rate were presented11,12.  However, those experiments 

focused on burning rate not changing compositions.  Therefore, we used C of which average particle 
diameters are 3 μm and 30 μm.  Weight ratio of C:S is 15:10 with changing KNO3.  The experimental 
method was same as above experiments. 

 

D.     Thermal Analysis 
In order to measure calorific value of black powder, differential scanning calorimeter (DSC) was 

used.  The heating rate was 10 K/min. The mass of each sample was approximately 1 mg for DSC 
experiments.  The sample was placed in an alumina pan and covered with an alumina disc using a 
crimping press. 

 

E.     Measurement of Temperature Gradient in the Vicinity of the Burning Surface 
In order to elucidate rate-determining step of black power, we measured temperature gradient in 

the vicinity of the burning rate.  The Pt – Pt 10 % Rh thermocouple whose diameter was 12.5 μm was 
embedded in the black powder.  We made two pieces black powders which were half cylinders.  The 
contact point of the thermocouples was installed on the center of the two black powders.  The black 
powders were glued use of cyanoacrylate adhesive.  

Decreasing ambient pressure and expanding the combustion wave were necessary to measure 
temperature gradient in the vicinity of the burning surface.  Hence, we used chimney type strand chamber 
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shown in Fig.1.  Chamber pressure was adjusted by changing the fill speed of the nitrogen gas and 
pumping speed of vacuum blower.  To keep constant pressure and inactive condition in chamber, the 
surge tank was connected to the chamber.  Using digital camcorder, burning rate was measured.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

RESULTS and DISCUSSION 
 
 

A.     Adiabatic Flame Temperature and Combustion Products 
Figure 2 shows theoretical adiabatic flame temperatures.  The maximum adiabatic flame 

temperatures of C:S = 15:0, 15:10 and 15:30 are 2004 K at KNO3 content ξ = 0.87, 2015 K at ξ = 0.85, 
2170 K at ξ = 0.82, respectively.  These contents of KNO3 are stoichiometrical mixture ratios.  The 
maximum adiabatic flame temperatures increase with increasing S content.  Also, the KNO3 content 
which shows the maximum adiabatic flame temperature decreases with increasing S content.  

Major combustion products of the black powder are shown in Fig.3, Fig.4, Fig.5.  K2SO4 increase 
with increasing S content between ξ = 0.8 and 0.9.  CO decreases with increasing S content.  K2S appears 
when S is added.  And K2CO3 of black powder which contains S is hardly produced when KNO3 content 
is smaller than that of stoichiometrical mixture ratio.  This may be effect of S, because S reacts with 
KNO3 and produces potassium compound1,9.  

Figure 1. Experimental apparatus of measurement temperature gradient 

To vacuum pump 

DV camera

Chamber 
Inner diameter  50 (mm) 

   Height  195 (mm) 

Window 
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Figure 3. Relationship between KNO3 content and mole fractions ( C:S=15:0 ) 
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Figure 4. Relationship between KNO3 content and mole fractions ( C:S=15:10 ) 
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B.     Burning Rate Characteristics 
Figure 6 shows relationship between burning rate and KNO3 content.  The maximum burning rate 

of C:S = 15:0, 15:10 and 15:30 are 8.6 mm/s at ξ KNO3 = 0.70, 10.3 mm/s at ξ KNO3 = 0.60 and 9.2 
mm/s at ξ KNO3 = 0.55, respectively.  The maximum burning rates are 4 to 9 times larger than those of 
stoichiometrical mixture ratios.  As content of sulfur is much, the maximum burning rate moves to the 
compositions which contain less KNO3.  Figure 7 shows the relationship theoretical adiabatic flame 
temperatures and burning rates.  Burning rates are not proportional to the adiabatic flame temperatures.  
As this factor, effects of S content and particle size of C are considered.  

From Fig.2 and Fig.6, in the case of C:S = 15:0, KNO3 contents at the both maximum burning 
rate and maximum adiabatic flame temperature are different 17 %.  We think the reason why both the 
maximum values are different 17 % is effect of particle size of C.  Although theoretical adiabatic flame 
temperature is assumed with molecular reaction, the combustion of the black powder is particulate 
reaction actually.  However, in the case of black powder whose weight ratio of C:S is 15:30, KNO3 
contents at the both maximum burning rate and maximum adiabatic flame temperature are different 27 %.  
The differential KNO3 contents of the black powder which contains S are larger than those of sulfurless 
black powder.  Maybe, this result appeared by the effect of S content.  S is react with KNO3 easily.  And 
active oxygen was generated9.  Hence, as content of sulfur is much, the maximum burning rate may move 
to the compositions which contain less KNO3. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 Figure 6. Relationship between KNO3 content and burning rate 
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C.     Effect of Particle Size of Charcoal on Burning Rate 
Figure 8 shows the effect of particle size of C on burning rate.  Generally, as particle size in 

propellant is large, burning rate is small.  However, the burning rate little decreases with increasing 
particle size between KNO3 content 60 % and 85 %.  And the burning rate increases at KNO3 content 50 
%.  This result shows the particle size of C does not affect the KNO3 content which shows maximum 
burning rate.  It is known that burning rate of black powder depended on the surface area of C12.  
Therefore, it is necessary to consider about the effect of surface area of C on relationship between burning 
rate and KNO3 content.  

 
 
 
 

Figure 7. Relationship between adiabatic flame temperature and burning rate 

0

2

4

6

8

10

12

500 1000 1500 2000 2500

A diabatic flam e tem peraturte, K

B
u
rn
in
g
 r
a
te
, 
m
m
/
s

C :S =15:0
C :S =15:10
C :S =15:30



372 

 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

D.     Calorific Value and Reaction Characteristics 
Figure 9 and Fig.10 show the results of DSC.  No.3 and No.8 are the compositions which show 

the maximum burning rate.  No.5 and No.11 are the compositions which show the maximum adiabatic 
flame temperature.  Figure 9 shows relationship between temperature and calorific value of the black 
powders which do not contain S.  The endothermic peaks appear approximately at 600 K in both samples.  
These peaks indicate melting of KNO3.  The exothermic peaks appear approximately at 700 K in both 
samples.  This temperature corresponds to the decomposition temperature of KNO3

13.  Hence, the reaction 
of KNO3 and C arise, which is considered.   

Figure 10 shows relationship between temperature and calorific value of the black powders which 
contain S.  The first exothermic peaks appear approximately at 600 K in both samples.  These peaks were 
due to reaction of melting S and KNO3.  However, the second exothermic peak appears approximately at 
700 K in only No.8.  This exothermic peak is the reaction of KNO3 and C because the black powders 
which do not contain S show the exothermic peak appears approximately at 700 K.  And, in the case of 
No.11, C may react with KNO3 at first peak because the calorific value of No.11 is same as total calorific 
value of No.8.  These calorific values are summarized in Table 4.  From these results, calorific values do 
not change with changing KNO3 content.  However, calorific values of black powders which do not 
contain S are larger than those of black powders which contain S.  

Figure 8. Relationship between KNO3 content and burning rate with changing particle size of C 
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Figure 9. DSC results of sulfurless black powder 
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E.     Temperature and Temperature Gradient in the Vicinity of the Burning Surface 
We measured temperature of burning surface and temperature gradient in the vicinity of the 

burning surface to investigate effects of C:S ratio.  No.2 and No.10 were used in this experiment.  Figure 
11 shows relationship between ambient pressure and temperature of burning surface.  Figure 12 shows 
relationship between pressure and temperature gradient.   

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

No. and Compositions Total calorific value, J/g 

No.2 (KNO3:C:S=85:15:0) 1530 

No.5 (KNO3:C:S=70:30:0) 1560 

No.8 (KNO3:C:S=85:9:6) 918 

No.11 (KNO3:C:S=60:24:16) 1060 

Table 4. Total calorific value 

Figure 11. Relationship ambient pressure and burning surface temperature 
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Fluctuations of temperature and temperature gradient at constant pressure are due to the 
heterogeneity of vicinity of burning surface.  We discuss the results by using the mean value.  Surface 
temperatures do not depend on ambient pressure and C:S ratio.  However, temperature gradient increases 
with increasing ambient pressure.  Moreover, temperature gradient of the black powder which contain S is 
larger than that of the black powder which do not contain S.  This result indicates that heat quantity which 
moves from the gas phase to the burning surface increases by adding sulfur. 
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F.     Rate-Determining Factor of Black Powder 
Generally, burning rate is proportional to the temperature gradient in the vicinity of the burning 

surface ( )+
sdxdT / , temperature of burning surface sT  and heat per unit mass generated at the burning 

surface sQ  of Eq.4.  ( )+
sdxdT /  and sT  are summarized in Table 5.  ( )+

sdxdT /  and sT  are values under 

atmospheric pressure.  These values were estimated based on the values under the low pressure.  

sT  decreases by adding S.  However, amount of changes is small.  Hence, the effect of sT  on the 
burning rate is small.  ( )+

sdxdT /  of the black powder which contains S is approximately 3 times as large 

as that of black the powder which does not contains S.  From Table 4, sQ  of the black powder which does 

not contain S is approximately 1.5 times as large as that of the black powder which contains S.  When 
( )+

sdxdT /  and sQ  are assigned to Eq.4, the increase value of the numerator becomes larger than the 

increase value of denominator.  From these results, increasing burning rate by adding S is attributable to 
increasing heat quantity which moves from the gas phase to the burning surface.   

 
 
 
 
 
 
 
 
 

CONCLUSIONS 
 
 
1.     The maximum burning rates of C:S = 15:0, 15:10 and 15:30 are 8.6 mm/s at ξ KNO3 = 0.75, 10.4 
mm/s at ξ KNO3 = 0.60 and 9.2 mm/s at ξ KNO3 = 0.55, respectively. 
 
2.     The burning rate is not proportional to the adiabatic flame temperature. 

 
3.     KNO3 content, which shows the maximum adiabatic flame temperature and maximum burning rate, 
decreases with increasing S content. 

 
4.     Heat quantity which moves from the gas phase to the burning surface increases by adding sulfur. 

 
 
 

 No.2 (KNO3:C:S=83:17:0) No.10 (KNO3:C:S=75:15:10) 

sT , k 783 692 

( ) 310/ −+ ×sdxdT , k/mm 5.0 14.8 

Table 5. Rate-determining factor of black powder 
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Abstract 

 
This work details the stab ignition, small-scale safety, and energy release characteristics of bimetallic 
Al/Ni(V) and Al/Monel energetic nanolaminate freestanding thin films.  The influence of the engineered 
nanostructural features of the energetic multilayers is correlated with both stab initiation and small-scale 
energetic materials testing results.  Structural parameters of the energetic thin films found to be important 
include the bi-layer period, total thickness of the film, and presence or absence of aluminum coating 
layers.  In general the most sensitive nanolaminates were those that were relatively thick, possessed fine 
bi-layer periods, and were not coated.  Energetic nanolaminates were tested for their stab sensitivity as 
freestanding continuous parts and as coarse powders.  The stab sensitivity of mock M55 detonators loaded 
with energetic nanolaminate was found to depend strongly upon both the particle size of the material and 
the configuration of nanolaminate material, in the detonator cup.  In these instances stab ignition was 
observed with input energies as low as 5 mJ for a coarse powder with an average particle dimension of 
400 µm. Selected experiments indicate that the reacting nanolaminate can be used to ignite other 
energetic materials such as sol-gel nanostructured thermite, and conventional thermite that was either 
coated onto the multilayer substrate or pressed on it.  These results demonstrate that energetic 
nanolaminates can be tuned to have precise and controlled ignition thresholds and can initiate other 
energetic materials and therefore are viable candidates as lead-free impact initiated igniters or detonators. 

 
 
 

Introduction  
 
 Energetic nanolaminates are 
nanocomposites that consist of hundreds of 
alternating nanoscale layers of metals.[1,2]  
Typically the alternating layers are made up of 
pairs of elements that undergo strongly 
exothermic reactions to produce the respective 
intermetallic product, one common example being 
the nickel/aluminum bimetallic structure.  These 
structures can be fabricated by several physical 
vapor deposition techniques, with the most 
common one applied being magnetron 
sputtering.[3]  These structures are ignitable via a 
number of suitable stimuli and once reacted 
generate enough local heating to self-propagate 
through the entire structure.[4]  
 The drawing shown in Scheme 1 details 
the important structural features of an energetic 
multilayer.  The distance T gives the total 

thickness of the foil sample.  The distance 
corresponding to bi-layer thicknesses is referred 
to as the period, Λ, is the distance of the 
repeating sub unit structure that makes up the 
foil.  For example, in Scheme 1 Λ is the sum of 
the thicknesses of one Al and one Ni layer, as 
together they make up the repeating substructure. 
Another feature of energetic multilayer thin films 
is the pre-reaction zone, δ.  This region exists at 
the interface of adjacent layers of the multilayer 
and is made up of a thin layer of the reacted 
intermetallic product formed during vapor 
deposition.  The thickness of this region, relative 
to the overall period, is very important to the 
overall energy and burn front propagation velocity 
of the energetic nanolaminate.[1,2,5,6] Finally, 
some nanolaminate materials can be top and or 
bottom coated with several additional layers of a 
single metal (in our case it was Al). 
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Scheme 1. The structural features of an energetic 
multilayer:    The distance T is the total thickness of the 
multilayer, Λ is the period or the repeating structural 
unit of the multilayer, and δ is the pre-reaction zone. 
 
 Selected combinations of metals in 
energetic nanolaminates can be prepared with 
energy densities as high as   21.7 kJ/cm3, very 
high adiabatic reaction temperatures (~3000 K), 
have high mechanical strength, and excellent 
aging characteristics.[7,8] Their sensitivity 
towards ignition, total energy, and reaction 
temperature can be readily and widely tuned, 
which make them attractive for many applications 
involving energetic materials.  One such 
application is tunable ignition sources for 
explosive, propellant, or pyrotechnic charges.  
This application of energetic nanolaminates has 
been proposed previously in a number of patents 
over the past decade. [2,10,11] However, to our 
knowledge no study has been performed to more 
closely examine their application to one of these 
potential uses.   

The application of energetic 
nanolaminates to mechanically activated energetic 
systems has an additional benefit in that it 
addresses an expressed desire to remove highly 
toxic materials from the military arsenal.[12] The 
common stab mix used in M55 stab detonators is 
NOL-130.  This is made up of lead styphnate 
(basic) 40%, lead azide (dextrinated) 20%, barium 
nitrate 20%, antimony sulfide 15%, and tetrazene 
5%.[13]  These materials pose acute and chronic 
toxicity hazards during mixing of the composition 
and later in the item life cycle after the item has 
been field functioned.  There is an established 
need to replace these mixes on toxicity, health, 
and environmental hazard grounds.  

The work reported may help address this 
by quantifying the stab ignition behavior of 
energetic nanolaminates and the important 
parameters that define it for one class of impact 
initiated device:  the stab detonator.  This study 
examines the effects of nanolaminate structure, 
composition, and physical form on their 
sensitivity towards stab initiation and standard 
small-scale safety tests for energetic materials. 
The results demonstrate that the stab sensitivity of 
energetic nanolaminates can be tailored over a 
wide range of impact energies.  In addition, the 
energy output from these reacting materials can be 
used to initiate other energetic materials.  
 
Experimental 

 
Energetic nanolaminate thin films were 

fabricated using the physical vapor deposition 
technique of magnetron sputtering.  More specific 
details of this method are published elsewhere. [1-
3] Two different energetic multilayer 
compositions were studied here.  One was a 
bimetallic structure consisting of alternating 
layers of aluminum metal and a nickel-vanadium 
alloy (93 wt.% Ni, 7 wt% V).  The other 
composition consisted of aluminum and Monel 
400 alloy (66.5 wt.% Ni, 31 wt. %Cu, 2.5 wt % 
Fe, trace amounts of C, Mn, Si, and S). 

The energetic nanolaminates in this study 
were recovered after deposition as freestanding 
metallic foils, like the piece shown in Figure 1a.  

In this form they provide a number of 
processing options.  Single 3 mm diameter disks 
of energetic multilayer were punched out of the 
foil.  In addition a shear press was used to divide 
the foil into a coarse powder and sieves were used 
to isolate certain size particle size fractions of the 
powdered multilayer material, like that shown in 
Figure 1b. 

Outer coat layers

Λ

δ Τ
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a) 

 
b) 

 
 
 

Figure 1.  Photos of a) free-standing energetic 
multilayer foil (ruler is 15 cm long) and b) a coarse 
powder of energetic multilayer (particle widths ~400 
μM). 
 

Screening of the stab sensitivity of 
energetic nanolaminates was done using a 
definitive procedure. Energetic nanolaminate, in 
two different geometries (e.g., disks or powder 
form), were assembled in a given configuration in 
the bottom of a standard M55 detonator cup to 
make mock detonators.  The total mass of 
energetic nanolaminate utilized in all 
configurations was between 12 to 20 mg. The 
configuration was then tamped down in the cup, 
before the surrogate powder was pressed on top of 
it.  On top of the multilayer initiating portion of 
the device a surrogate powder was pressed (in the 
case of live detonators this is where the transfer 
charge would be pressed).  Talc was used as the 
surrogate powder.  After loading of the surrogate 
material the powder was pressed at ~500 psi and 
then an aluminum lid was crimped on to seal the 
device.  To ensure that pressing of the energetic 
nanolaminate did not lead to ignition a selected 
mock detonators were opened instead of firing for 
visual examination to ensure no reaction on 
pressing.  In all cases tested, the ignition of the 

energetic nanolaminate upon pressing was not 
observed. All mock detonator tests reported here 
were loaded using this procedure. 

Each mock stab detonator was evaluated 
using a drop-weight test.  In this test, a stainless 
steel ball weighing one ounce (28.35 g) is dropped 
from an adjustable height onto the standard steel 
firing pin (~90 µm) used in M55 detonators, 
which is held in place using a disposable plastic 
holder.  The holder orients the pin directly above 
the detonator cup where the head is in position to 
be struck flush by the falling ball and the tip in 
contact with the bottom of the cup poised to 
pierce and drive into the device.  Once the mock 
detonators have been fired a visual inspection of 
the energetic nanolaminate stab mix is required to 
determine if initiation was successful or not.  

Since the tests were done on mock 
detonators “go” and “no-go” results were 
determined by visual inspection of the initiating 
mix after firing.  This evaluation is quite 
straightforward as the visual appearance of the 
materials after reaction is drastically different than 
before.  Figures 2a and 2b illustrate this point  

Powders from the stabbed reacted foils 
tend to fuse together into one large plug that has 
been significantly deformed and is shown in 
Figure 2a. In addition, the reacted materials 
display distinctive coloring possibly due to 
birefringence and often display ripples due to 
thermal wave propagation.  Alternatively 
unreacted multilayer material is brittle, planar, and 
has no trace of discoloration as is shown in Figure 
2b. 
In some cases, reactive energetic multilayer parts 
were coated with thermitic composition (Fe2O3 
(35 wt%), Al (28 wt %), Ni (31 wt %) and 
ZonylTM

 fluoropolymer (6 wt%) from DuPont 
Chemical Co.) using a solution containing an 
organic binder. 
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a) 

 
b) 

 
 
Figure 2.  Photos of a) stabbed and reacted 
nanolaminate and b) stabbed and unreacted 
nanolaminate. 
 
 The response of energetic nanolaminates 
to friction was evaluated using a BAM high 
friction sensitivity tester. [14]  The tester utilizes a 
fixed porcelain pin and a movable porcelain plate 
that performs a reciprocating motion.  Weights are 
attached to a torsion arm allows for the applied 
force to be varied from 0.5 to 36 kg.  The measure 
of frictional sensitivity of a material is based upon 
the largest pin load at which less that two 
ignitions occur in ten trials.  The friction tester 
results are compared to an RDX calibration 
sample, which was found to be zero events in ten 
trials at 16.0 kg. 
 The sensitivity of energetic nanolaminates 
toward electrostatic discharge was measured on a 
modified Electrical Instrument Services 
electrostatic discharge tester.  A single square (0.4 
cm x 0.4) of nanolaminate was loaded into Teflon 
washers and covered with1 mm thick Mylar tape.   
A spark discharge of variable energy is sent from 
a movable electrode tip to the sample.  The 
sensitivity is defined as the highest energy setting 
at which ten consecutive “no-go” results are 
obtained.  The lowest energy setting for this 
instrument is 0.04 J the highest 2 J.[15] 

 The impact sensitivity of energetic 
nanolaminate foil squares were evaluated with an 
Explosives Research Laboratory Type 12 Drop 
Weight apparatus.  The instrument is equipped 
with a Type 12A tool and a 2.5 kg weight.  
Squares of foil were placed on a piece of  
carborundum paper on a steel anvil and the weight 
dropped on them.  The operator made visual 
evaluations for “go” and “no-go” events.  The 
mean height for “go” events called the “50% 
Impact Height” denoted DH50 was determined 
using the Bruceton up-down method.[16]  Results 
were compared to calibrated samples of PETN, 
RDX, and Comp-B whose DH50 values are 15.5 
cm, 34.5 cm, and 41.4 cm respectively. 
 
 
Results and Discussion 
 
Small-scale safety testing 
 
 Small scale testing of energetic materials 
is done to determine their sensitivity to various 
stimuli including friction, spark, impact, and an 
elevated thermal environment.  These tests are of 
extreme importance for several reasons, but 
mainly to establish important parameters for safe 
handling, processing, and storage.  Table 1 
contains a summary of the small-scale safety test 
results and structural parameters for the selected 
energetic multilayers examined in this study. 
There are several important conclusions that can 
be drawn from the data in Table 1. 

In general, regardless of structure, all of 
the energetic nanolaminates have very a similar 
decomposition onset temperature of ~ 200 °C. 
Another common trend, amongst all 
nanolaminates considered, is the very high 
sensitivity to spark stimulus they all displayed.  
As can be seen, regardless of structural parameters 
spark stimulus is a hazard that must be considered 
when dealing lower spark sensitivity limit was not 
realized  
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Table 1.  Summary of energetic nanolaminate specimens their structural parameters and small-scale safety 
characteristics. 

 
 
from these tests as our spark apparatus does not 
measure below 0.04 J. 
 It is not surprising that the energetic 
multilayers are spark sensitive as there are 
numerous studies that use spark stimulus as a 
method of ignition.[1,2,4]  While this is an 
important hazard to consider it is one that has 
been dealt with effectively with current impact 
initiated device component materials.  For 
example, both lead azide and lead styphnate, two 
of the stab mix ingredients that the energetic 
nanolaminates propose to replace are extremely 
spark sensitive with spark sensitivity levels of 
0.0002 J and 0.0009 J, respectively.[17] From 
the data presented in Table 1 it does not appear 
that the structure of the multilayer has any effect 
on its spark sensitivity.    
 Alternatively, both the impact and 
friction sensitivities of the energetic 
nanolaminates are dependent on their respective 
nanostructures.  As a whole, the nanolaminates 
with thinner layers of reactant materials and no 
overcoats are much more sensitive to impact and 
friction than those with thicker layers and 
capping layers of aluminum. 

 
Stab sensitivity of energetic multilayers 
  

Many energetic systems can be activated 
via mechanical means.[13,18] Percussion 
primers in small caliber ammunition and stab 
detonators used in medium caliber ammunition 
are just two examples.  Typically a small amount 
of impact sensitive material is used in a device 
to initiate more powerful (but less sensitive) 
secondary energetic materials.. 
 Stab detonators are very sensitive and 
must be small, as to meet weight and size 
limitations.  A mix of energetic powders, 
sensitive to mechanical stimulus, is typically 
used to ignite such devices. Stab detonators are 
mechanically activated by forcing a conical 
firing pin through the closure disc of the device 
and into the stab initiating mix.  Heating, caused 
by mechanically driven compression and friction 
of the mixture results in its ignition.  The rapid 
decomposition of these materials generates a 
pressure/temperature pulse that is sufficient to 
initiate a transfer charge, which has enough 
output energy to detonate the main charge. 

Sample Thickness 
( m) 

Bi-
layer 

Period 
(nm) 

Coating 
Total 

energy 
(J/g) 

DSC 
Exo 

Onset 
(°C) 

Min. 
Spark 

Energy 
(mJ) 

Min. 
BAM 

Friction 
(kg) 

DH50 
(cm) 

Al/Ni(V)-1 24 16.9 No 844 215 40 4.8 20 
Al/Ni(V)-2 NA 18.2 No 824 215 40 3.6 12 
Al/Ni(V)-3 25 13.6 No 842 215 40 3.4 14 
Al/Ni(V)-4 31 NA No 847 215 40 4 13 
Al/Ni(V)-5 9 19 Yes 593 215 40 12.8 73 
Al/Monel-1 NA NA Yes NA NA 40 10.8 168 
Al/Monel-2 NA NA Yes 830 195 90 9.6 50 
Al/Monel-3 NA 18.2 No 895 195 40 4.5 12 
Al/Monel-4 55 20.2 No 734 195 40 4.5 6 
Al/Monel-5 26 62 Yes 1085 195 40 12 >177 
Al/Monel-6 12 25 Yes 997 195 40 12 64 
Al/Monel-7 13 11 Yes 594 195 40 4.2 168 
Al/Monel-8 18 13 Yes 768 195 40 4.8 13 
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 Energetic multilayers can be ignited by 
thermal, mechanical, and electrical stimuli.  
Although quite detailed analysis has been 
performed for the ignition of energetic 
multilayers initiated by localized thermal heating 
using a spark, laser pulse, or joule heating from 
electrical current, comparatively little has been 
reported on the parameters involved in the 
mechanical initiation of energetic multilayers 
[4,19-21]  This is somewhat surprising as 
mechanical initiation has been demonstrated to 
be remarkably reliable in energetic systems for 
hundreds of years.[13]  Mechanical ignition has 
some benefits over other means.  It can be very 
reliable, low cost, and requires relatively simple 
components.  A short review of the relevant 
literature on mechanical ignition of energetic 
multilayers is presented below. 
 Wickersham et al. first showed that the 
heterometallic films are initiated by mechanical 
impact of a tungsten carbide stylus on a 
zirconium/silicon bi-layer material.[20]  This 
work revealed a strong correlation between ease 
of ignition and both bi-layer period and total 
multilayer thickness.  In this report thicker 
multilayers with finer bi-layer periods were 
more easily ignited.  Clevenger et al. report the 
impact initiation of nickel/amorphous silicon 
thin films, which are exothermically transformed 
to the crystalline Ni2Si, and correlate higher 
reaction front velocities with a combination of 
finer bi-layer periods and thicker foils.[21]  Self-
sustained reaction was only observed in free-
standing films (e.g., no substrate) with bi-layer 
thicknesses less than 12.5 nm.  In addition, the 
temperature at which Ni2Si exothermically 
crystallizes was a strong function of the layer 
thicknesses.  van Heerden et al. report results for 
the mechanical ignition of Ni/Al multilayers 
induced by the impact of a tungsten carbide 
sphere on samples positioned on a hard 
substrate.[4,22]  The critical mechanical energy 
needed for ignition increased with bi-layer 
period with a minimum impact energy of ~4 mJ.  
It is clear from the previous work that the 
underlying nanostructure of the multilayer 
dictate its energy release and ignition properties.  
However there has been no detailed study as to 
the relationship between material parameters and 
the effects of stab impact initiation. 

There is not a great deal known about 
the mechanism(s) of stab initiation of energetic 
materials.  The most definitive study, by 
Chaudhri, strongly suggests that the mechanism 
of stab initiation is largely frictional.[23]  In that 
system it was shown that frictional heating 
between adjacent energetic materials particles 
and not that between the steel striker tip and the 
energetic material particles is responsible for 
initiation.  It was speculated that the large 
difference in thermal conductivity between the 
striker pin (metal:  high thermal conductivity) 
and the NOL-130 mix (ionic salts and organic 
molecules:  low thermal conductivity) leads to 
relatively low temperature generated at the pin 
particle interface relative to that generated 
between adjacent energetic particles subject to 
this force.  Using that assumption, the challenge 
to get energetic metallic multilayers to initiate 
when being stab initiated by a steel pin may be 
difficult as both the pin and energetic material 
have high thermal conductivities, and therefore 
would be able to dissipate heat quickly and 
effectively, and thus would be less likely to 
generate local spots of high temperature to 
initiate a self- propagating reaction.  Therefore 
the ability to tune the ignition threshold of these 
materials by structural modification is critical 
for this application.   

In addition, direct comparison to 
previous mechanical ignition of energetic 
multilayers may be misleading, as in all cases 
the material was initiated on hard substrates 
where impact may result in pinching initiation 
mechanism.  In a stab detonator the energetic 
material will be in contact with a relatively soft 
substrate (i.e., pressed powders). 

Previous results from related work has 
established a suitable candidate energetic 
multilayer material for this application.[24]  Of 
those energetic multilayers examined, the one 
with highly desirable properties for this 
application has a relatively thick structure (55 
µm), possessed a fine bi-layer period (~20 nm), 
was uncoated, and has an Al/Monel 
composition.  
 Coarse powders of energetic multilayers 
with average sizes from 400- 1500 µm and disks 
3 mm in diameter were used in mock detonator 
testing.  With these two forms there were a 
number of configuration options available for 
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stab detonator testing.  Scheme 2 below 
summarizes the different energetic nanolaminate 
configurations examined.  
 
 

 
 
 
Scheme 2.  Configurations utilized in stab detonator 
testing:  a) Disk, b) disk/powder/disk, c) 
disk/abrasive/disk, and d) powder configurations. 
 
 

Results from the stab testing of mock 
M55 detonators  demonstrate the importance 
of configuration on the  minimum stab 
ignition energy.  These results are 
summarized in Table 2. 
 Minimum stab energies for the 
nanolaminates ranged from 5 mJ to 74 mJ 
for the different configurations with the 
highest being for the disks alone and the 
lowest for  powder alone.  The addition of a 
high melting point grit sensitizer (100 µm 
Al2O3) served to lower the minimum stab 
energy for a configuration with only disks in 
it. This is a common practice and has been 
observed previously.[25]  The small foreign 
particles have the effect of artificially 
introducing transient hot spots into the 
energetic material to sensitize it. 
 

Table 2.  Influence of stab configuration on 
minimum stab energy for a 55 um-thick Al/Monel 
energetic multilayer system with particle size of 400 
µm. 
 

 
 
 The data in Table 2 indicate that  the 
incorporation of a coarse powder of energetic 
multilayer into the mock detonator drastically 
reduces the minimum firing energy of the  mock 
device.  There are several possible reasons for 
this.  In all cases the firing pin must pierce the 
Al M55 cup, which dissipates some of the 
kinetic energy of the pin.  However, in the case 
of configuration D (powder only) the remaining 
energy of the firing pin is transferred into the 
powder.  In all of the other configurations the 
pin must pierce another barrier(s), namely the 
center of the disks of nanolaminate, and thus 
looses additional kinetic energy.  Even though 
that energy goes into the energetic multilayer 
material the location of that energy transfer on 
the surface of the foil appears to be important.  
In fact, it has been previously reported that 
energetic nanolaminates were more easily and 
reproducibly initiated by impacts on the edge of 
the foil rather than in the body of the foil.[22]    
 The average particle size of the 
powdered energetic nanolaminate is a critical 
factor in their stab sensitivities.  Figure 4 is a 
plot of average powder particle size versus 
impact energy for Al/Monel energetic multilayer 
material in configuration B (disk/powder/disk). 
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Figure 4.  Plot of impact energy versus average 
particle size for an uncoated Al/Monel 400 multilayer 
material with a 20 nm bi-layer period, an overall 
thickness of 55 μm, and tested in configuration B. 
 
Although there is some scatter in the data the 
overall trend line indicates that impact energy 
needed for ignition decreases with decreasing 
average particle size of the nanolaminate 
powder. 
 There are a number of possible reasons 
that the use of a powdered energetic multilayer 
as opposed to larger disks leads to enhanced stab 
sensitivity of energetic nanolaminates.   
 The compacted powder is less dense 
than a stack of macroscopic foils.  Therefore it is 
more easily pierced through by the firing pin and 
thus gets the more of the full effect of the 
tip/particle and interparticle frictional forces 
than a stack of disks.  With a powder the 
frictional forces are enhanced relative to stacked 
monoliths.  Friction between surfaces is due to a 
combination of adhesion and plastic 
deformation.  Adhesion can only occur at 
regions of contact and plastic deformation is 
caused by grooving, cracking, or ploughing of 
rough surfaces or edges.  In the powdered 
energetic nanolaminate these interactions should 
be enhanced as the particle size decreases which 
likely leads to the observed increase in stab 
sensitivity.  Another possible reason for the 
increase in sensitivity is increased impacter 
tip/nanolaminate edge interactions with the 
powdered material.  A particle edge is more 
easily deformed than the center of a monolith.  
By decreasing the particle size of the 
nanolaminate foil the number of edges that 
interact with the impacter pin are increased 
leading to more possible initiation sites.   

 The data in Table 2 and Figure 4 clearly 
indicate that the stab sensitivity of the energetic 
multilayers is tunable. Another important 
parameter in the evaluation of stab igniters and 
detonators is their probability of initiation at the 
given energy input levels.   A series of impact 
ignition tests were conducted on  energetic 
multilayer systems with an alternative 
composition, Al/Ni(V).  Experiments were run 
at a variety of impact heights and the data was 
plotted as probability of ignition versus impact 
energy.  Figure 5 contains this information for 
two sets of Al/Ni(V) energetic  
 
 

 
Figure 5.  Probability of ignition of Al/Ni(V) 
energetic multilayer in configuration B.  Each data 
point is derived from 5 to 35 separate trials. 
 
multilayers.  Both materials have identical 
multilayer periods of 19 nm however the total 
thickness of the films are different 24 µm as 
compared to 9 µm.  In addition, the 9 µm 
material has been over-coated with 800 nm of Al 
whereas the 24 µm material was not overcoated.  
This is reflected in the DSC data for each 
material that show the coated material has a total 
reaction energy about 20% lower than that of the 
uncoated (see Table 1). 
 Both sets of data show the same general 
behavior.  The probability of initiation increases 
with increasing impact energy with an especially 
sharp increase in probability as the region of 
ignition threshold is approached and passed.  
The trend and position of each set of data in the 
figure is significant.  The uncoated 24 µm thick 
material is readily and reproducibly initiated at 
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comparatively lower impact energies indicating 
it is the more sensitive material in this 
configuration. 
 The over-coating has the effect of 
desensitizing the energetic nanolaminate 
towards mechanical initiation.   One can 
postulate at least two reasons for this 
observation.  The overcoating of Al must act as 
an inert heat sink that adds no heat to the 
reaction wave that begins with heating from the 
localized mixing of the bi-layers induced by 
plastic deformation.  The reaction only self 
propagates if heat is generated faster than it 
dissipates to the surroundings.  Alternatively, the 
overcoat layers may act to buffer the intermixing 
of adjacent layers from frictional interactions as 
the deformation of the surface layers do not 
result in exothermic output. 
  
Energetic coatings 
 
 The work described here as well as 
elsewhere recognizes and demonstrates the 
ability to tailor the ignition threshold of 
energetic multilayers.[24]  Therefore these 
materials hold promise for use in stab 
detonators, primers, and igniters.    However in 
all of these applications the energetic multilayer 
must be capable of igniting of initiating the next 
energetic material in the energy output train.  
The reacting multilayer undergoes solid-state 
combustion (gasless) and therefore energy 
transfer must be accomplished by thermal 
conduction or radiation.  In many cases it would 
be desirable to transfer energy through the 
ejection of hot particles and gases.   

This desired effect can be accomplished by 
coating the energetic multilayer materials with 
thermite that is deposited by sol-gel processing 
or painting techniques.  Here the energetic 
multilayer serves as the precision igniter and the 
energetic sol-gel functions as a low-cost, non-
toxic, non-hazardous booster in the ignition 
train. 

The thermal initiation and explosion 
temperatures and time to reaction is known for a 
number of transfer charge explosives, 
propellants, and pyrotechnics.[18]  Therefore it 
would be useful to know the thermal evolution 
and time frame for that reaction in nanolaminate 
coated with thermite and initiated by stab.  With 
that in mind experiments were done to determine 
the times to initiation, for maximum output, and 
total duration of the reaction, respectively. 

Figure 6 contains a series of still frames 
from a high speed video of the stab ignition of 
energetic multilayers that have had a powdered 
mixture of aluminum, iron (III) oxide, nickel, 
and ZonylTM

   (fluoropolymer) pressed on top of 
it. The series of still images in Figure 6 capture 
the two-stage reaction of coated energetic 
nanolaminates.  The first visible sign of ignition 
was observed at 250 µsec in Figure 6 b. Once 
ignited the packed energetic multilayer powder 
self-propagates as is shown by the growing 
luminous plume in Figure 6c.  The first visible 
sign of thermite ignition follows in Figure 6d at 
25500 µsec.  The secondary thermite reaction is 
observed to continue out to at least the 75000 
µsec time frame.  Visible hot particle ejection 
and a gas plume generated from the 
decomposition of the fluoropolymer characterize 
the energy release captured in Figure 6f.   
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a) t =0 

 
b) t = 250 µsec 

 
c) t = 4000 µsec 

 
d) t = 25500 µsec 

 
e) t = 32200  µsec 

 
f) t = 75400 µsec 

 
 
Figure 6.  Still frames from a high-speed video of the 
ball-drop impact ignition of energetic nanolalminate 
pressed powder that is in contact  with a 
fluoropolymer-containing thermite. 
 
 Further investigation of the energy 
release properties of the thermite coated 
energetic multilayer material was performed 
using differential scanning calorimetry (DSC).  
Figure 7 is an overlay of DSC traces of samples 
of Al/Ni(V), and Al/Ni(V) energetic 
nanolaminate coated with thermite heated at a 
rate of 200°C/min. 
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Figure 7.  Differential scanning calorimetry traces 
for bare Al/Ni(V) multilayer and that coated with a 
thermite. 
 

Although the total energy output of each 
material is similar the characteristics of that 
release are quite different.  In the bare Al/Ni(V) 
multilayer the exothermic peak starts at roughly 
210 °C has two distinctive and overlapping 
peaks and returns to baseline at ~500°C.  
Similarly the thermite-coated multilayer 
exothermic onset is  
identical to that of the bare multilayer, however 
the rest of the trace is quite different by 
comparison.  The thermite-coated material has a 
single strongly exothermic peak that then returns 
to baseline at ~ 375°C.   In addition the 
exotherm normally seen for the thermite at 
~550°C is absent.  
 Clearly the rate of heat flow for the 
generated in each sample is quite different which 
indicates different kinetics for the two systems.  
On a basic level it is evident that, at the heating 
rate utilized in this experiment, the two energetic 
materials, multilayer substrate and thermite 
coating, energy release mechanisms become 
coupled.  It is our belief that the rapid heating 
from the intermetallic reaction in the multilayer 
may provide localized heating to temperatures 
sufficient to ignite the thermite, which enhances 
the heat flow at the lower temperatures not seen 
in the bare Al/Ni(V) multilayer. 
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Conclusions 
 
 This work demonstrates the low energy 
stab ignition of several forms of energetic 
nanolaminate.  Additionally the small-scale 
safety characteristics of energetic nanolaminates 
were evaluated for the first time.  Important 
parameters that control stab ignition and the 
small-scale safety characteristics of these 
nanostrutctured energetic materials were 
identified.  These characteristics include the total 
thickness of the multilayer, bi-layer period, the 
presence or absence of surface coating layers, 
and for stab ignition the physical arrangement 
and form of the energetic nanolaminates in the 
stab detonator.  It was determined that coarse 
powders (400-600 µm) of energetic 
nanolaminate were up to an order of magnitude 
more sensitive to stab ignition than 2-3 
millimeter sized diameter disks in mock M55 
detonators.  It was demonstrated that reacting 
energetic multilayers could be used to ignite 
other energetic materials such as thermite.  All 
of these results illustrate the tunability of the  
ignition threshold and energy release 
characteristics of energetic nanolaminates.  
These aspects make these materials strong 
potential candidates for igniters, primers, and 
stab detonators with a broad range of energy 
input and output requirements. 
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ABSTRACT 
 

The 155mm M485A2 projectile provides battlefield illumination to friendly forces to assist them 
in ground operations at night.  During Ballistic Lot Acceptance Testing (BLAT) #3 for the M485A2 6 of 
35 rounds failed.  Upon further investigation it was determined that 2 rounds failed due to non-ignition 
and 4 failed due to a failure in the manganese delay pyrotechnic energy train.  Utilizing a custom hot wire 
delay testing apparatus, delays from the same lot as the BLAT were tested in a controlled laboratory 
experiment in an attempt to recreate the failures.  Laboratory testing yielded a 40% failure rate in the 
propagation of the delay pyrotechnic energy train.  Downloaded delays from the 10 year old lots produced 
by the previous manufacturer (Longhorn AAP) were also tested and experienced 0 failures.  The key 
differences in the manufacturing of the two delays were the amount of A1A igniter, shape of loading 
plunger, and presence of VAAR binder.  The manufacturer of the failed delays used a nontraditional 
technique: minimal A1A, a flat-shaped plunger, and no VAAR binder.  This combined to create a delay 
that was more susceptible to moisture degradation or underperformance and thus had higher failure rates.  
Using a design of experiment matrix test it was determined that the M485A2 delay with 250 mg of A1A 
igniter, a dome plunger, and VAAR binder provided the most improved performance. 
 

INTRODUCTION 
 

The M485A2 Projectile provides one 
million candlepower of battlefield illumination 
from 155mm artillery systems.  Illumination 
lasts approximately 120 seconds and is sufficient 
to illuminate a circle of 1000 meters in diameter. 
Historically, this round has been very reliable 
even after long periods of storage.  During the 
third M485A2 Ballistic Lot Acceptance Testing 
(BLAT) 6 of 35 rounds failed.  Upon further 
investigation, it was determined that 2 rounds 
failed due to the non-ignition of the candle and 4 
failed due to a malfunction in the delay 
pyrotechnic energy train. These failed delays 
were produced in a lot of approximately 12,000  
 

 
 
 
 
 
 
 
 

 

 
delays in 2003 hereafter referred to as the 
Foreign Material Sale (FMS) delays. 

Figure 2:  M485A2 Delay on Spin Break 
Assembly 

 
Figure 1 shows a computer rendering of 

the internal components of the M485A2 
projectile with the location of the delay of 
interest pinpointed.  Figure 2 shows a picture of 
the delay during the downloading process. 

 
The location and functionality of the 

delay can be explained with the aid of Figure 1 

Delay 

Figure 1: M485A2 Illuminating Projectile
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and Figure 2.  The delay is aptly named due to 
its design of delaying the ignition train by 6.5 to 
9 seconds.  This is accomplished through a 
manganese delay mix which achieves the 
desired burn rate depending on the amount of its 
components.  The delay consists of three layers: 
A1A igniter, manganese delay composition, and 
black powder. A1A igniter is a pyrotechnic 
mixture of zirconium, red iron oxide, and 
diatomaceous earth. In Figure 1, the component 
of the M485A2 to the right of the delay is an 
expelling cup charge which contains 50 grams of 
black powder. The ignition of this black powder 
will ignite the A1A in the delay, which in turn is 
propagated through the manganese delay 
composition and after 6.5 to 9 seconds, initiates 
the black powder in the delay. The dual column 
configuration is clearly visible in Figure 2. The 
smaller pair of holes are the ones in which the 
A1A, manganese delay composition, and black 
powder are pressed. In order for the delay to 
function, only one column must propagate and 
initiate the black powder. Therefore, in order for 
the delay to fail, both columns must fail.  

 
Review of the M485A2 delay lot 

acceptance testing shows an item that has 
performed with exceptional reliability and 
consistency.  This suggests that either the delays 
failed due to unforeseen storage and/or aging 
effects or a flaw inherent to the production or 
design of the delay which was not detected 
during the lot testing procedures.  The 
absorption of moisture is a primary cause of 
pyrotechnic item failure from long term storage.  
Additionally, a review of the delay testing 
procedure reveals a test that is not representative 
of the system environment.   

 
The test accurately determines the delay 

burn time but lacks the capability to test the 
delay’s propagation of the pyrotechnic energy 
train.  Based on these observations, a custom 
delay test was developed to evaluate the 
pyrotechnic functions of the delay.  Delays from 
the previous manufacturer, Longhorn Army 
Ammunition Plant (LAAP), produced over 10 
years ago, function as intended and will be used 
as a benchmark for the evaluation of FMS 
delays.  

DELAY INVESTIGATION 

Custom Hot Wire Delay Testing 
 

The current lot acceptance testing for 
the M485A2 delay requires only a burn time test 
measured from the time of initiation of the A1A 
to the time of ignition of the black powder.  This 
burn time test calls for the use of a lead 
thiocyanate-potassium perchlorate base low 
order squib initiated in a small confined volume, 
which can lead to false results.  A suspected root 
cause of the delay failure is detailed by the 
following scenario: the ballistics given off by the 
specified detonator is so large that it is able to 
“bypass” the A1A igniter and directly ignite the 
delay composition.  In order to recreate the 
failure mode observed in the BLAT, it was 
determined that a testing apparatus needed to be 
developed to ignite the delay using the minimum 
amount of energy required.  To accomplish this 
goal, a hot wire test was designed where a 
locally applied amount of energy is applied only 
to the surface of the A1A until ignition.  A 1” 
piece of 0.667Ω/ft NiChrom wire was shaped 
into a point, which is placed into contact with 
the A1A, and connected to a 20 amp power 
supply.  Silicon photo detectors were used to 
determine the burn time.  This set up allows 
each delay to be tested for A1A ignition and 
burn time. 

Hot Wire Test Results 
 
 FMS delays were taken from storage 
and tested with the hot wire method as 
previously described.  Initial failure 
confirmation testing was held on September 9, 
2004.  Additional reference tests were performed 
on April 7, 2005 and May 17, 2005 to compare 
functionality of FMS and Longhorn delays.  The 
Longhorn delays were downloaded from fully 
assembled rounds that were produced more 10 
years ago and were in storage since production.  
The results are summarized in Table 1.  Since 
the M485A2 delay has a dual column 
configuration, the failure rates were calculated 
on a failure per delay and failure per column 
basis.  As illustrated in Table 1, the FMS delays 
per column failure rate is higher than the per 
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delay basis.  The results show superb reliability 
from the Longhorn delays while the FMS delays 
failed after a short time in storage. 
 
 As with most pyrotechnic items, 
moisture tends to be the leading cause of failure.  
For this reason 5 FMS delays were dried for 
150F for 120 hours, cooled in a desiccator for 72 
hours, and tested.  By drying out the delays, full 
functionality was returned to the FMS delays 
(Table 1).  Each delay lost 0.63±0.13% weight 
during the drying process.  Drying the Longhorn 
delays yielded a moisture loss of 0.33±0.12%. 

X-Ray Analysis 
 
 Based on visual inspection, it was 
determined that the A1A was ignited on each of 
the failed delays, while the black powder was 
still intact.  In order to determine the actual point 
of failure in the pyrotechnic energy train, the 
metal part of the delay was trimmed to remove 
excess metal and x-rayed.   
 

Figure 3 is a sample x-ray photo from 
live LHAAP and FMS delays.  Significant 
differences were evident between the two 
delays.  The interface between the A1A, 
manganese delay composition, and black 
powder shows that Longhorn used a domed 
punch for each of their loading increments 
except for the last increment, while the FMS 
delays were produced with a flat punch for each 
of the loading increments.  The false domed look 
of the A1A/manganese delay composition in the 
FMS delay is actually a result of pressing the 
A1A and 220mg of delay composition in one 
combined increment.  Additionally, the FMS 
delay contains significantly less A1A than the 
Longhorn delay.  Also in the Longhorn delay, 
the three 440 mg increments of delay mix can be 
differentiated by the variation in pressed density.  
The FMS delay was pressed in six increments of 
220 mg each and thus yields a more uniform 
pressed density. 
 

 When comparing the x-ray of the tested 
FMS delays with the live FMS delays fully 
intact manganese delay is visible.  A conclusion 
drawn from this observation is that the ignited 
A1A was not able to ignite the delay 
composition.  The reaction of A1A ignition 
produces a metal iron slag and is visible in the x-
ray as the upper dark portion of the delay 
column on the delay test failures.   
 
 Non-ignition of the manganese delay 
composition is also observed from the static hot-
wire and the ballistic tested delays, as 
demonstrated in Figure 4.  This suggests that the 
hot wire delay testing apparatus can be used to 
recreate the ballistic test failure mode. 

Longhorn AAP vs. FMS Delay Comparison 
 

Further effort was made to investigate 
the contractor’s delay manufacturing procedures 
for the FMS delays.  From the M485A2 
Technical Data Package (TDP), several 
recommendations and alternatives are viable 
options for either the compositions of the 
pyrotechnic mixes and/or the production of the 
delay.  The use of Vinyl Acetate Alcohol Resin 
(VAAR) as a binder was specified as an optional 
ingredient and was not used in either the A1A or 
the delay mixes for the FMS delays.  The type of 
punch, amount of AIA, and number of delay 
increments were also verified to be consistent 
with the x-ray results.   The comparison between 
the LHAAP and FMS delays are summarized in 
Table 2. 

 
This investigation has reinforced the 

belief that the current TDP is vague and has 
multiple options and recommendations that may 
not be utilized in producing the most reliable 
delay.  Some of the options given to the 
contractor have the ability drastically affect the 
functioning of the delay and through the use of a 
designed benchmark comparison test the optimal 
configuration was determined. 
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Table 1:  Hot Wire Delay Test Results 
Reported as Failures/Total Tested 

  FMS LAAP FMS - Dried 

  Delays Columns Delays Columns Delays Columns 
9/24/2004 3/7 10/14         

4/7/2005 1/2 2/4 0/5 0/10     

5/17/2005 0/1 1/2     0/5 0/10 

Failure Rate 40% 65% 0% 0% 0% 0% 
 
 

 
                   LAAP Live      FMS Live 

Figure 3:  Live M485A2 Delays 
 

 
  Picatinny Static Test Failure (FMS)  YPG Ballistic Test Failure (FMS) 

Figure 4:  Failed M485A2 Delays 
 

Table 2:  Longhorn AAP vs. FMS M485A2 Delays 
  Variable Longhorn AAP FMS Source 

Punch Dome Flat x-ray 

Binder VAAR No VAAR testimonial 

Consolidation Individually A1A + 1st delay 
Increment testimonial & x-ray 

Amount ~250mg 140mg testimonial & x-ray 

A1A 

Initiation Time 
(sec) 1.376 ± 0.110 1.877 ± 0.238 Hot Wire Test 

          
Punch Dome Flat x-ray 

Binder VAAR No VAAR testimonial Delay 
Mix 

Consolidation 3 increments (440mg) 6 increments (220mg) testimonial /x-ray 
 

A1A 
 

Manganese DC 
 

Black Powder 
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Design of Experiment (DOE) 
 

Given that the Longhorn delays still 
function as tested from the lot acceptance test 
and that the FMS delays did not perform at the 
same reliability, the differences between the two 
delays were identified in order to determine the 
root cause of failure. Three critical variables 
were selected to establish a testing matrix 
following the malfunction investigation: the 
amount of A1A, presence of VAAR, and 
moisture conditioning.  The other essential 
manufacturing parameters were fixed by the 
M485A2 IPT due to the parameters proven 
history in similar delay applications.  For 
example, using a dome punch versus a flat 
punch is known to increase the surface area of 
each interface and thus increase in the ability to 
propagate a pyrotechnic energy train.  The test 
matrix is shown in Table 3.  The time in the 
moisture conditioning column indicated the 
number of hours spent at a temperature of 70°F 
and 75% RH. 
 

Table 3:  DOE Testing Matrix 

Group Amount of 
A1A mg VAAR Moisture 

Conditioning
1 140 1% 87 hrs 
2 250 1% 87 hrs 
3 140 0% 87 hrs 
4 250 0% 87 hrs 
5 140 1% 0 hrs 
6 250 1% 0 hrs 
7 140 0% 0 hrs 
8 250 0% 0 hrs 

Manufacturing of Delay Energetic Sub-
components 
 
A1A gasless ignition powder was prepared per 
Mil-P-22264A.   

Red Iron Oxide, Mil-I-706 Type 1 Class 2,  
AEE Lot 2398 

      Zirconium, Mil-Z-399 Type II Class 1,  
Ventron Lot-086-083 

Diatomaceous Earth  
VAAR, Union Carbide Lot 1866 
Ethyl Alcohol Mil-E-463 

 

1. The ferric oxide powder and diatomaceous 
earth were each dried for 4 hrs at 140F. 

2. The zirconium was made into a 67% stock 
solution in ethyl alcohol. 

3. 50 ml of ethyl alcohol was added to a 
clean mixing bowl. 

4. 50 gm of red iron oxide and 20 gm of 
diatomaceous earth were added to the 
bowl and blended by hand. 

5. 193.05 gm of zirconium/ethyl alcohol 
solution was added to the bowl and mixed. 

6. 20 gm of 10% VAAR stock solution was 
added (if called for) and mixed until 
desired consistency was reached. 

7. The powder was then passed through a 30 
mesh screen and dried for 16 hrs. 

 
Manganese Delay Composition was prepared 
per Mil-M-21383A. 

Manganese, Mil-M-476 Grade I,  
  AEE Lot 409505  
Treated per modified OD 9360 

Picatinny Lots 05252005 and 06062005 
Barium Chromate, Mil-B-550 Grade A,  

AEE Lot 35738 
Lead Chromate, Jan-L-488, 2 micron,  

AEE Lot 57775 
VAAR, Union Carbide Lot 1866 

 
1. Treat the manganese powder: 

a. Wash for 30mins with Ovrus Paste 
b. Treat the powder with Potassium 

Dichromate solution for 30mins 
c. Rinse the powder with distilled 

water and dry at 71C 
d. Treat the powder with Stearic Acid 

solution for 30mins 
2. The treated manganese, barium 

chromate, and lead chromate were dried 
for 4 hrs at 140F. 

3. The barium chromate and lead chromate 
were mixed by hand. 

4. The 10% VAAR stock solution was 
added (if called for), followed by 
sufficient ethyl alcohol to blend the mix.   

5. The manganese was added and mixed 
until desired consistency was reached. 

6. The powder was then passed through a 
20 mesh screen and dried for 16 hrs. 
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Black Powder, Class 7 was procured from 
GOEX, Inc per Mil-P-223C.   

Lot GOE02D81-10-1 

Certification Testing on A1A 
 
 A1A Heat Output:  The AIA heat output 
test was conducted in accordance with Mil-P-
22264, paragraph 4.6.4.  The output requirement 
under 25 atmospheres of argon gas shall be a 
minimum of 450 calories/gram.  For each run 1 
gram of powder was tested in a Parr 1266 Bomb 
Calorimeter.  The results were summarized in 
Table 4. 

Table 4:  Heat of Explosion (cal/gm) 

Sample No 
VAAR VAAR 

1 439.707 449.408 
2 441.998 433.865 
3 426.797 446.189 
4 425.623 447.103 
5 429.424 436.749 

AVG 432.710 442.663 
STDEV 7.603 6.892 

 
 AIA Low-Temperature Functioning:  
All test elements shall function at -54C when 
tested in accordance with Mil-P-22264, 
paragraph 4.6.5, and the average weight loss of 
the powder in the test elements shall not exceed 
30% of the original weight of the powder.  Each 
delay was loaded with 3-0.60 gm increments of 
A1A and pressed at 30,000 psi. After 
conditioning at -54C for 2 hrs each delay was 
fired and weighed to determine the ash content.  
The average weight loss of the test group was 
29%. 

Manganese Delay Burn Time 
 
 In order to meet the burn time 
requirements, various delay formulations were 
made and tested to establish a burn rate profile 
as shown in Figure 5.  The fuel and oxidizer 
contents were varied in accordance with Table 1 
of OD 9360 to target the desirable burn times.   
 
 In addition to varying the composition 
of the mixes, methods for treating the 
manganese were also evaluated.  The current 

OD-9360 uses trichloroethylene (TCE) as a 
solvent for the stearic acid treatment. Using 
methylenechloride (MC) as a solvent for the 
stearic acid treatment produced a delay 
composition that had a quicker burn rate and a 
smaller standard deviation. 
 
Conditioning Functionality Test  
 
 Loading: Prior to loading, each mix was 
dried in a 140°F oven for a minimum of 4 hours.  
The delay loading procedure was held constant, 
unless there was an exception called for in the 
testing.  Each delay increment was loaded at a 
pressure of 1000 psi for a dwell time of 5 
seconds.  The A1A was loaded first as a separate 
increment using a dome shaped plunger, radius 
0.140±0.005”.  The manganese delay 
composition was loaded in 6 equal increments of 
200 mg using the same dome shaped plunger, 
followed by a final increment of 150 mg of 
black powder loaded with a flat plunger. 
 
 Moisture Level Determination:  An 
experiment was conducted to determine the 
impact that increasing levels of moisture have on 
the delays.   Six subgroups of delays consisting 
of 6 delays each were conditioned at 70°F 75% 
relative humidity for increasing lengths of time. 
For this test the delays described by group 2of 
the DOE testing matrix, 250 mg A1A and 1% 
VAAR, were used because they were believed to 
be the most robust design.  It was determined 
that the delay function deteriorated for the 
groups with more 72 hours of conditioning as 
shown in Table 5. This suggests that the failures 
begin to occur when the moisture absorbed by 
the delay is between the moisture levels of 
0.25% and 0.37%.  The delay condition time and 
absorbed moisture content was correlated in 
Figure 6.   
 
Table 5: Conditioning Functionality Test Results 

Subgroup Conditioning 
Time (hrs) 

Functioning 
Pass/Total 

1 0 6/6 
2 24 6/6 
3 48 6/6 
4 72 6/6 
5 98.5 3/6 
6 120 0/6 
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Figure 5: Manganese Burn Rate Determination 
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Figure 6:  Delay Weight Gain as a Function of Time 
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DOE Matrix Testing Results 
 
 The results of the testing matrix can be 
seen in Table 6.  Groups 5-8 represent the set of 
unconditioned combinations and they all 
function as expected.  Group 6 experienced 1 
failure during the first set of tests and for that 
reason was retested.  During the retest no 
failures were seen and that initial failure is 
believed to be a result of the delay 
manufacturing learning curve.  The conditioned 
groups where conditioned for 87 hrs at 70°F 
75% RH.  The delays without VAAR all failed 
the test.  As for the delays that contained VAAR 
the group containing 140mg of A1A experience 
75% failure.  By increasing the amount of A1A 
to 250mg the failure rate decreased to 50%. 
 

CONCLUSION 
 
 This study has identified a number of 
key processing parameters in the manufacturing 
of the M485A2 delay.  From testing it has 
become apparent that any combination of the 
alternative and recommended processing 
parameters will produce a delay that functions 

perfectly directly off the line.  But over time as 
the delay ages and is exposed to more moisture 
the functioning of the delay can drastically 
change.  In order to minimize the delay’s 
vulnerability to moisture it has been found that 
250 mg of A1A and the VAAR binder should be 
used.  In the M485A2 specifications the amount 
of A1A is set at a minimum of 140 mg and the 
VAAR binder is optional.  Also, in following 
with historically proven techniques a dome 
shaped plunger should be used to load each 
increment with the exception of the black 
powder increment.  Additionally, the manganese 
delay composition should be loaded in 6 equal 
increments and each increment should be 
consolidated for 5 seconds. 
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Table 6:  DOE Testing Matrix Results by Group 

Group Amount of 
A1A mg VAAR Moisture A1A 

Ignition
Burn 

Through 
1 140 1% + 100% 25% 
2 250 1% + 100% 50% 
3 140 0% + 100% 0% 
4 250 0% + 100% 0% 
5 140 1% - 100% 100% 
6 250 1% - 100% 90% 
7 140 0% - 100% 100% 
8 250 0% - 100% 100% 
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ABSTRACT 
 

Various mixtures of boron/potassium nitrate and black powder were investigated in dependence 
of particle sizes of constituents and pressure. The boron content varied from 15% to 35% weight. The 
mean diameters of the KNO3 particles were 6, 20 and 300 µm. Additionally, two commercially available 
types of black powder with average grain diameters of 0.5 mm and 2 mm were studied. All mixtures were 
filled in small glass tubes of 70 mm length and 7 mm diameter using a defined bulk density, put into a 
window bomb, pressurized with nitrogen and ignited using a melting wire method. Pressure varied from 
0.1 to 13 MPa. The combustion progress was observed using a high speed camera and fast scanning 
emission spectrometers in UV/Vis and NIR range to determine flame geometry, regression rate, profiles 
of flame temperature and reacting species. To describe the spreading of heat and material according to 
these scenarios a transient, 3-D model is developed using the heat flow and diffusion equation in 
combination with kinetics of hot-spots evolution using a Green’s Function approach. The results of such 
modelling approaches are compared and discussed to the experimental investigations. The burning rate of 
black powder depends only moderately on pressure. The dependence on the particle size of the oxidizer is 
not remarkable. 

 
 
INTRODUCTION 
 
Energetic materials mainly consist of oxidizer particles, metal particles and organic materials. 

Detailed studies of the influence of the oxidizer particle size on the burning behaviour were performed for 
solid composite rocket propellants /1-4/. These demonstrated a strong dependence of the burning rate on 
pressure and particle size which lead to the development of basic theories to describe this behaviour /1-3/. 

Pyrotechnic mixtures often consist of particles of inorganic oxidisers and metallic fuels of a 
carefully controlled quality. Boron/potassium nitrate and black powder are still in broad use to ignite gun 
powders. Both substances have been frequently investigated in the past regarding their chemistry, the 
related ignition phenomena and their ignition effectiveness. However, their detailed reaction and 
combustion mechanisms under pressure as well as the corresponding influence of the particle size is not 
well described in the literature. Especially there exist only few basic modelling approaches for initiation 
and reaction progress (e.g. ref. /5/ for Mg/NaNO3).  

The dependence on particles size was realized in combustion behaviour of pyrotechnic mixtures 
because of practical experience and studied because of quality management /6-8/. Parametric 
investigations of the influence on the performance and the conversion rates were only published late /9-
16/. They show that both the particle size of oxidisers as well as 

 
*Corresponding author: vw@ict.fhg.de 
metallic fuels influence strongly the conversion rates, the pressure rises and the maximum pressures in 
closed volumes when varied in the range of 1 to 100 µm /9,11/. The burning phenomena of the metallic 
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component were investigated for the description of metallized propellants, whereas mainly boron and 
aluminium were used /17-20/. These investigations also lead to approaches for modelling the particle 
oxidation where especially an efficient combustion of boron is achieved with micron-size particles.  

 

    
 

    
 
Fig 1: SEM-pictures of KNO3 300-400 µm (top left), 20µm (top right), 6µm (bottom left) and 
amorphous boron 2µm (bottom right) 
 

    
mean diameter: 200 to 700 µm   mean diameter: 1 to 2 mm 
 
Fig.: 2: „Schweizer Schwarzpulver“ Nr.1, 4Fg (black powder of fine particles): left „Küblers 
Böllerpulver“ (black powder of coarse particles): right 
 
This paper reports investigations of boron/potassium nitrate and black powder. The dependence 

of the decomposition and burning behaviour on particle size and pressure is studied. 
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RESULTS AND DISCUSSION 
 
For investigations, different mixtures of boron and potassium nitrate were granulated with a small 

amount of nitrocellulose. The boron content varied from 15% to 35% weight. The mean diameters of the 
KNO3 particles were 6, 20 and 300 µm. The particles of sizes 6 and 20 µm agglomerated to clusters of 
particles. The different particles were investigated both as mixtures as well as in granulated form. The 
mean particle size of boron was 2 µm. Fig.1 shows the particles used. Additionally, two commercially 
available types of black powder with average grain diameters of 0.5 mm and 2 mm were used. The 
particles are shown in Fig.2. The thermal decomposition of the materials was investigated by methods of 
thermal analysis using TGA and DSC.  

KNO3 decomposes between 550 and 750 °C, exothermally with a weight loss to 10-20% in Fig.3 
as already found by Freeman /24/. The influence of the particle size is small, might be the bigger particles 
enhance self heating. Various gaseous oxidizing species are formed according to a mechanism by Kramer 
et al. /25/. An Avrami-Erofeev mechanism might be applied to the decomposition like for ammonium 
perchlorate (see Jacobs and Whitehead /26/) but will be done in a later paper. Other mechanisms might be 
obtained from Sestak and Berggren /27/. 
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Fig. 3: Thermal analysis of separate KNO3 and B 
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Fig. 4: Thermal analysis of mixed KNO3 and B 
 
The oxidation of boron occurs in 2 steps of weight increase /28/ shown in Fig.3. The first 

oxidation step between 500 and 800 °C depends strongly on the heating rate and the particle size. It is 
dominated by a chemically controlled reaction which converts rapidly 25-30% of the boron. A second 
step up to 1000 °C proceeds slowly and is dominated by diffusion. The mechanism is described for Al, 
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which also forms a condensed oxide for various particle sizes, in detail /22/ and will be applied in a later 
work.  

The B/KNO3 mixtures give a TG and DSC curves where the weight loss of KNO3 is partially 
compensated by the weight increase of the boron oxide formation. Especially, the first rapid oxidation 
step of boron fits perfectly to the decomposition of KNO3, with respect to the temperature interval where 
they occur. One would expect that the height of the first oxidation step decreases strongly with increasing 
particle size of boron. Therefore one can conclude that the particle size of B has a higher influence than 
that of the oxidizer. 

All mixtures were filled in small glass tubes of 70 mm length and 7 mm diameter using a defined 
bulk density, put into a window bomb, pressurised with nitrogen and ignited using a melting wire method. 
Pressure varied from 0.1 to 13 MPa. The combustion progress was observed using a high speed camera 
and fast scanning emission spectrometers in UV/Vis and NIR range to determine flame geometry, 
regression rate, profiles of flame temperature and reacting species.  

Some examples of single high speed frames from the burning are plotted in Fig.5 and 6. The 
B/KNO3 mixture with 15 % boron burns brightest for all particle sizes. The propagation of the flame 
occurs more or less linear in all cases, so that burning rates can be derived. 

 

 
 
Fig 5: High speed observation of black powder (fine) combustion at 11 MPa 
 

 
Fig. 6: High speed observation of the B/KNO3 mixture combustion 
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Fig. 7: Burning rates of black powder (left) and B/KNO3 (right) depending on pressure 
 
The values for the burning rates scatter strongly as shown in Fig.7. However, tendencies are 

obvious. For black powder the coarse version decreases slightly in burning rate on increasing pressure, 
whereas the fine powder increases slightly. The latter is faster at higher pressures.  

In all cases the burning rates of mixtures and granulates of B/KNO3 increase on increasing 
pressure. A tendency towards a dependence on the oxidizer particle size is not obvious. It seems that the 
burning rate is dominated by the porosity defined by the granulation. 
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Fig. 8: Intensity, temperature, water and soot concentration in black powder flames obtained from 
time resolved NIR spectroscopy 
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The time resolved NIR were evaluated by the BAM-code /29/ developed at ICT. The results of 
the spectroscopy consist of information on flame emission intensities, temperature profiles, 
concentrations of water and soot. In Fig.8 there are 2 examples plotted for black powder. One can 
conclude the following: 
• maximum temperatures: 2200 to 2600 K 
• different combustion regimes occur at  

o low pressure: temperature maximum in the gas phase 
o high pressure: temperature maximum at the flame front 
The difference of fine and coarse powder is not evident. There is a maximum of flame 

temperature at a pressure of about 3 MPa (see Fig.9). 
The evaluation of the NIR spectra of B/KNO3 leads also to a broad scattering of results. 

Evidently, depending on the sample preparation or initiation differing results are obtained. In Fig.10 an 
example of 3 runs is plotted. Maximum flame temperatures vary between 1500 K and 2700 K. In few 
cases (1 curve in Fig.10) locally conditions are achieved which enable a full burning of boron with 
temperature up to 3600 K which is close to the adiabatic flame temperature. The temperature increases 
slightly with pressure. It seems not to depend on the oxidizer particle size. 

Time resolved UV/Vis spectra are plotted in Fig.11. They indicate that the decomposition of 
KNO3 is the first step of reaction. The K-lines at 770 nm are already strongly present in an early stage of 
the combustion and also at lower flame heights. The BO2 bands (see e.g. Ref. /30/) appear later or at 
bigger flame heights. It supports the assumption that the initial decomposition of the oxidizer oxidizes 
boron in a chemically controlled step to form a condensed oxide layer. Then the diffusion controlled 
reaction starts but only in some cases it can reach a regime where the oxide fully evaporates, and leads to 
that high temperatures under the conditions of these experiments. At higher pressure the bands are 
deformed might be due to self absorption. 
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Fig. 9: Flame temperature of black powder depending on pressure 
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Fig. 10: Results from the NIR spectroscopy of B/KNO3 
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Fig. 11: Time resolved UV-Vis spectra of the B/KNO3 combustion 
 
To describe the spreading of heat and material according to these scenarios a transient, 3-D model 

is developed using the heat flow and diffusion equation in combination with hot-spots as sources. The 
hot-spots can be distributed regularly or randomly, occurring all at the same time or step by step. Hot-
spots can be defined as short, spatially focused energy input to a reactive system described by Dirac Delta 
Functions or Gaussians for the temperature distributions. The chemical reaction is directly related to the 
temperature distribution by kinetic conversion models and related Arrhenius type rate constants. An 
approach based on the Green’s Function is used to solve the equations reducing the spatial spreading of 
the reaction wave to an integral at successive time steps of the reaction progress. The advantage of the 
procedure is that the physical/chemical nature of the process is always obvious as well as occurring 
stability problems. 

There were preformed first trials with the model to describe the ignition and combustion of a 
cluster of 120 oxidator with 20 fuel particles which were ignited by a temperature pulse in the centre on a 



 

28 

qualitative basis. This means that the physical parameters and the kinetic parameters were chosen that the 
code run to give reasonable behaviour. An example of the propagation of the reaction is shown in Fig.12, 
where some stages of the reaction progress are plotted. Future work will aim at the use of a chemical 
reaction scheme and kinetic parameters of KNO3 decomposition and boron oxidation as derived from 
experiment. 

 

 

 

 
Fig. 12: Progress of a reaction in a heterogeneous mixture of 120 oxidator particles and  20 fuel 

particles on a qualitative level. 
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ABSTRACT 
 
Nitrocellulose (NC) and nitroglycerine (NG) based propellants often have a fixed acid and water content 
during the manufacturing time.  After manufacture, the quantity and ratio of acid/water will continue to 
vary depending upon the conditions of storage and operation.  The level of variation depends on many 
factors such as loading density, temperature, volume of ullage and sealing condition of the containing 
cartridge, etc. just to name a few.  As described in this paper and many other literatures, the degradation 
mechanisms and aging processes of NC/NG based propellants are extremely complicated.  This paper 
describes the details of application of Electron Spin Resonance (ESR) to study if the free radical 
mechanism is involved in the decomposition of nitrocellulose and nitroglycerine.  Correlation between 
heat flow curve, stabilizer depletion and free radical distribution has been evaluated. 
 
 
INTRODUCTION 
 
Degradation of nitric esters has long been believed to involve two major pathways: the thermolysis and 
the hydrolysis1.  Both reaction pathways involve the formation of alkoxyl and nitrogen dioxide free 
radicals. 
 
A.  Thermolysis – dissociation induced by heat usually results in free radical products 
 
Initiation Step 
 
 RONO2 ———► RO ·   +  NO2 (1) 
 
Propagation Steps 
 
 RONO2 
 RO ·  +   NO2 · ————►   RONO2 + NO  +  N2O4  +  NO2 ·   +  H2O +  N20 + CO2 
 
 +  CO  +C2H2O  +  Other Organic Fragments (2) 
 
 2NO  + O2  ———► 2NO2 ◄———►  N2O4  (3) 
 
 
 

                                                 
* Distribution Statement A: Approved for Public Release; Distribution is unlimited. 
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B.  Hydrolysis – dissociation induced by acid hydrolysis 
 
Initial Steps 
 
R-ONO2  +  H20 ———► ROH + HNO3 (4) 
 
R-OH + HNO3 ———► R-CHO + HNO2 + H2O (5) 
 
Propagation Steps 
 
HNO3 + HNO2  ◄———► N204 + H20 (6) 
 
 N204  ◄———► 2NO2 (7) 
 
R-OH +  NO2 · ———► · R-OH  + HNO2 (8) 
 
· R-OH  +  HNO3 ———► RCHO  +  H2O  +  NO2 (9) 
 
The evolution of radish-brown N2O4 gas from the propellant is used in the current quality evaluation (QE) 
test as an indicator to determine the safety or failure of the composition.  In a recent study of free radical 
intermediate at NSWC Crane, no radish-brown gas (N2O4) was observed after heating the pure 
nitrocellulose in a quartz ESR (Electron Spin Resonance) tube at 80 ºC for four weeks (Figure 1).  Only a 
light yellow color tint on the surface of the powder was seen after four weeks of aging in the sample tube.  
This result indicates that the proposed NO2 free radical intermediate may not be produced exactly via the 
mechanistic pathways mentioned above.  It is the purpose of this paper to verify if the free radical truly 
exists during the depletion of stabilizer with NC and NG.  A series of experiments using ESR technique 
were carried out on a number of selected propellant compositions, containing different nitrate esters and 
stabilizers. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 1.  Pure Nitrocellulose Aged at 80ºC Under 
  Air and Inert Conditions in ESR Tubes. 
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THEORETICAL CONSIDERATION 
 
Most stable organic materials are diamagnetic and show no ESR absorption.  Species with unpaired 
electrons such as free radicals do exhibit an ESR spectrum.  The ESR spectrometer measures the X-band 
microwave power (mw) absorption by the unpaired electron spins in the sample.  Most free radical 
species are electron deficient which are unstable under ambient conditions.  The lifetimes of the electrons 
in the +1/2 and -1/2 energy states are generally very short (10-6 sec or less).  The good news is that the 
sensitivity of ESR spectroscopy for detection of radicals is very high.  Under favorable conditions, with 
the support of resonance effect (p orbitals overlapping) or/and inductive effect (electron donating group - 
CH3, C2H5, etc), a concentration of radicals as low as 10-12M can be readily detected. 
 
In a continuous wave ESR spectrometer, the first derivatives of ESR absorption intensities are recorded as 
a function of magnetic field in Gauss units.  Note that 1 x 104 Gauss is 1 Tesla (metric unit).  Each sample 
spectra is plotted with a standard spectrum of a stable organic free radical, ditertiarybutyl nitroxide 
(DTBN), dissolved in benzene and sealed after evacuating air by a freeze-degassing process.  Double 
integration of the spectral intensities is proportional to the free radical concentration.  The center of a peak 
or multiplet peaks is associated with the g-value (gav=gx + gy+ gz).  A g value is the measurement of the 
field-independent chemical shift.  The peak separation within a multiplet gives the electron nuclear 
hyperfine coupling constant, A (Aav=Ax+Ay+Az), that depends on the unpaired electron molecular orbital 
of each free radical species.  For example, the ESR parameters for DTBN in benzene are: gav = 2.0063 
and Aav= 15.18 G.  This value may be compared with the free electron value, ge=2.0023. 
 
For organic free radical with a pi-unpaired electron orbital, solids state ESR absorption is generally 
characterized by g// = gx = gy, and gζ= gz as well as the three spatially dependent Aj values. 
 
 
SAMPLES AND TEST PARAMETERS 
 
Propellant samples for ESR analysis include stabilizers: DPA, N-nitroso diphenylamine (NNODPA), 2-
NDPA, ethylcentralite (EC), NC, NG and propellant compositions: WC867, WC868, WC872, WC890 
and X6162-6164 (WC870).  All propellant compositions are double-based. 
 
There are factors that limit the amount of sample mass that can be observed.  Since the microwave power 
is tuned and confined in the sample cavity, only the part of a sample that is placed where the most active 
portion of the oscillating magnetic field within the mw cavity is active in ESR experiment.  For this 
reason, the insertion depth is always measured such that the middle of the sample is located 
approximately in the center of the cavity.  The mass of the sample is also limited by the dielectric constant 
of the sample.  Dielectric material will also absorb microwave power through the electric field interaction 
between the microwave radiation and the dipole moment of the sample molecules.  Often it is impossible 
to tune the microwave cavity with more than 50 mg of a dielectric sample due to excessive non-magnetic 
power loss. (Such power absorption is familiar to those who use a microwave oven to heat and cook food) 
 
The benzene solution of a stable free radical, ditertiarybutyl nitroxide (DTBN) is used as an ESR standard 
reference.  This reference sample is sealed in a standard ESR quartz sample tube, after repeated freeze-
thaw degassing cycles.  As reported earlier, the ESR parameters for this sample are gav = 2.0063 and Aav= 
15.18 G.  Note, that the solution spectrum consists of three well-resolved absorption lines arising from the 
hyperfine interaction of an unpaired electron spin with the nitrogen nuclear spin angular momentum of 
spin value 1.  The center of the spectrum is determined by the gav value, and the magnetic field separation 
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of the two outer lines is 2Aav. These values allow us to calibrate the field positions of the sample ESR 
absorption peaks and to assign their g-values and characteristic line-widths.  
 
Sample spectra are obtained by averaging the ESR absorption spectral intensities collected over nine (9) 
repeated runs.  Since the signal-to-noise ratio (S/N) is proportional to the square root of the number of 
runs, the noise is reduced by 1/3 while the signal remains the same within the noise range. 

 
In order to maintain low noise and to average nine runs within nine minutes, it is necessary for the 
magnetic field to remain much less than the width of the narrowest peak.  The DTBN reference spectrum 
shows that the ESR Spectrometer magnetic field fluctuations remain within the order of a few milli-
Gauss.  A precise temperature controller keeps the magnet temperature extremely well regulated.  
Occasionally room temperature drifts exceed the tolerance allowance of the temperature controller and 
the magnet shuts off to maintain such high stability of the magnet during an experiment.  If this occurs, 
the experiment automatically stops.  Sometimes the temperature controller functions returns and the 
experiment continues to the end of the set number of runs.  However, data from the interrupted run or 
runs are lost and the resulting spectra show larger noise than the normal run values.  Since the signal size 
remains constant, some of the runs with slightly higher noise were kept.  The effect on the population 
density is minimal since the noise is mostly random and the double integration smoothes the random 
noise.  
 
 
RESULTS AND DISCUSSIONS 
 
The ESR results are listed in Tables 1 and 2.  Table 1 lists the free radical densities of NC, NG and other 
stabilizers.   

 
Table 1.  ESR Free Radical Density for NC, NG and Stabilizers 

 

 
 
Among the six samples listed in Table 1, only the N-nitrosodiphenylamine (NNODPA) shows an ESR 
absorption spectrum above the noise level.  This is very significant because it reduces the possibility that 
the NO2 free radical is generated by the nitrate esters (i.e. NC, NG) alone through the proposed 
thermolysis and/or hydrolysis pathways.  It is important to know how the NNODPA is formed and the 
type of transition intermediate involved during the processes.  It has long been believed that the 
NNODPA was formed by the reaction of DPA and nitrous acid.  The nitrous acid is produced by the 
hydrolysis of nitrate ester (Equation 5 of the initiating step).  It is also understood that NNODPA 
dissociates and rearranges to the C-nitrosation products through both free radical and ionic pathways2 

Sample Condition Mass 2nd Sum Gain Free Radical Density 
(2nd Sum/Mass/Gain)

Modulation 
amplitude g Sample 

 
Other EPR settings

NC Received as is 22.0mg -13.0312 5*10^3 -0.118 250  
1.97876 

NG Received as is 111.1mg 0.351825 5*10^3 0.0006 50  
2.00523 

DPA Received as is 28.7mg -11.695 5*10^3 -0.0815 250  
1.979 

NNODPA Received as is 29.0mg 105.5749 5*10^3 0.728 250  
2.00184 

2-NDPA Received as is 44.8mg 17.32031 5*10^3 0.0773 250  
1.97882 

EC Received as is 44.1mg -7.42252 5*10^3 -0.0337 250  
1.97888 

 
 
 
Middle of Range : 
3327.00 G 
Scan range : 100 G
Attenuation :  
12 dB 
Scan time : 60 sec.
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under the proper acidic condition.  The diphenylamine free radical intermediate during the dissociation of 
NNODPA can be stabilized by the resonance effect by π electrons (p-orbitals) overlapping.   
 
Table 2 lists the free radical densities for some of the typical double-based propellant compositions.  
Results from artificial aging of selected propellant samples for 10 days at 80 ºC, shows that the free 
radical density is increasing to a maximum on the 6th day and decreases to a minimum on the10th day of 
aging.  All propellant samples in this series produce an ESR absorption spectra beyond the noise levels.  
These signals (free radical density) are much stronger than that of NNODPA which indicates another type 
of free radical source must exist other than the NNODPA. 

 

 
Table 2.  ESR Free Radical Density for Aged and Unaged Propellant Samples 

 
 
 
In order to show the correlation between free radical formation and propellant degradation, the relative 
free radical densities of these samples for each series are plotted on the bar graphs and against that of the 
heat flow and available stabilizer depletion curves.  The WC867, WC868, WC872 and WC870 (X6162 
and X6164) plots of the free radical densities show monotonic increase to a maximum peak value and 
then decreases (Figures 2 - 6).  The other two series, WC890 and X6163, all show double peak values.  
Such alternating free radical population values with each series suggest that both a thermal breakdown of 
molecules and a diffusion controlled recombination process are important factors in determining the free 
radical concentrations in these samples.  

Sample 

# Comments 
Mass 2nd Sum Gain 

Free Radical    
Density 

(2nd 
Sum/Mass/Gain) 

Modulation 
amplitude g Sample EPR 

Settings 

WC867 20mm, As 
received 15.9mg 142.5042 5*10^3 1.79 250 2.0022 

WC867 20mm, Aged 6 
Days At 80˚C 17.1mg 138.2405 3*10^3 2.69 250 2.0022 

WC867 20mm, Aged 10 
Days At 80˚C 13.5mg 10.88717 8*10^3 0.101 50 2.00083 

WC868 20mm, As 
received 30.2mg 119.2891 5*10^3 0.790 250 2.00142 

WC868 20mm, Aged 6 
Days At 80˚C 25.3mg 153.6876 2*10^3 3.04 250 2.00196 

WC868 20mm, Aged 10 
Days At 80˚C 12.6mg 78.30587 8*10^3 0.777 50 2.00107 

WC872 20mm, As 
received 17.7mg 125.9058 5*10^3 1.42 250 2.00339 

WC872 20mm, After 6 
Days At 80˚C 19.6mg 115.5285 1*10^3 5.89 250 2.0016 

WC872 20mm, Aged 10 
Days At 80˚C 9.0mg 29.58033 8*10^3 0.411 50 2.00226 

WC890 25mm, As 
received 27.3mg 191.5192 3*10^3 2.34 250 2.00172 

WC890 25mm, Aged 2 
Days At 80˚C 44.4mg 160.4959 2*10^3 1.81 250 2.00196 

WC890 25mm, Aged 4 
Days At 80˚C 26.4mg 152.5444 4*10^3 1.44 250 2.00226 

WC890 25mm, Aged 6 
Days At 80˚C 20.9mg 124.3151 3*10^3 1.98 250 2.00142 

WC890 25mm, Aged 10 
Days At 80˚C  41.0mg  74.21634 8*10^3            0.226         50 2.00196 

Middle of 
Range: 
3375.00 

 
Scan Range: 

100G 
 

Attenuation: 
8dB 

 
Scan Time:  

60 sec. 
 

Number: 9 
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As shown in Figures 2(b) and 4(b), the free radical density increases as DPA depletes.  The free radical 
density reaches peak point and starts to decrease when DPA depletes to near zero.  This indicates that the 
free radical density is DPA-dependant and there must be some interaction between the nitrate ester and 
DPA during the initial and subsequent aging processes.   
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 

     Figure 2.  Free Radical Density (a) and Correlation to Heat Flow and Stabilizer Depletion Curves (b) 
                       for WC867 Double Based Propellant. 

(a)  (b) 

 (a) 

              Figure 3.  Free Radical Density (a) and Correlation to Heat Flow Curves (b) 
                                for WC868 and WC870 (X-6162) Double Based Propellants. 

 (b) 
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 (a) 

Figure 4.  Free Radical Density (a) and Correlation to Heat Flow and Stabilizer Depletion  
                 Curves (b) for WC890 Double Based Propellant. 
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Figure 6.  Free Radical Densities vs. Heat Flow Curves and NNODPA Formation for 
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 (a) 

     Figure 5.  Free Radical Density (a) and Correlation to Heat Flow Curves (b) 
                      for WC872 and WC870 (X-6162) Double Based Propellants. 

 (b) 
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Charge Transfer Complex - π Complex Mechanism 
 
Due to the high free radical intensity possessed by the propellant composition, it is believed that a π 
complex may be formed between DPA and NG and/or NC.  The transformation may be initiated by two 
pathways: 1) electron transfer from DPA towards the polynitrate groups in NG/NC similar to a 
nucleophilic reaction; and, 2) p-orbital overlapping between DPA and NG and /or NC.  The process is 
reversible and the equilibrium is subject to shift depends upon the quantity and ratio of acid and water 
(pH value) in the composition.  According to Urbanski3,4,5  the charge complex has an electron donor-
acceptor nature.  The charged nitrate group eliminates NO2  anion which then forms the HNO2-DPA salt.  
This salt then transforms to NNODPA and water.  Under lower pH condition, N-nitrodiphenylamine will 
be formed by dissociation of HNO3-DPA.  Figure 7 shows a simple schematic pathway of the reaction 
mechanisms.   
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 NC

Intrarmolecular 
Rearrangement 

Figure 7.  Schematic Pathway of the Reaction Mechanisms of Nitrate Esters and DPA 
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Forming the N-nitroso intermediate through a charge transfer complex is one of the C-nitrosation 
processes of secondary aromatic amine (diphenylamine).  The total processes may simultaneously include 
the other pathways depending upon the acidity of the composition and structure of the stabilizers.  The 
other pathways are 1) hydrolysis of nitrate esters (Equations 4 and 5), followed by intermolecular 
rearrangement known as Fischer-Hepp rearrangement to predominantly 4-nitrosodiphenylamine and  
4-nitrodiphenylamine after oxidation; 2) direct C-nitrosation by Aromatic Electrophilic Substitution 
(AES) with 4-nitrodiphenylamine (4-NDPA) predominating; 3) N-nitrosation of DPA to  
N-nitrodiphenylamine (NNDPA) followed by intramolecular rearrangement by a π complex intermediate 
to 2-nitrodiphenylamine (2-NDPA) and 4-nitrodiphenylamine (4-NDPA) with 2-NDPA predominating 
(Figure 8);  4) oxidation of NNODPA to NNDPA followed by step 3. 
 

 
Characteristics of π Complex and Its Effect on the Stability of Nitrate Esters - DPA Acceleration 
 
The π electrons on the DPA are electron donors.  The chemical equilibrium will favor the formation of the 
charge transfer complex if there are nitrate groups on the adjacent atoms of the nucleophilic center (Note: 
the center carbon atom of NG is electron deficient).  In other words, if the nucleophile (amino group on 
DPA) attacks the center atom of the NG, a maximum planar of π complex can be formed through  
p-orbital overlapping (resonance effect) with the electron acceptors - the nitrate groups on the adjacent 
atoms of NG.  In 2001, Kimura6 reported a new product formed by DPA and NG where the DPA attacked 
the center carbon of NG by a SN2 reaction (Nucleophilic Substitution of the 2nd Order). The nucleophilic 
center on NC has only one adjacent nitrate group.  Although structurally NC is less favorable to form the 
π-complex, maximum π electron overlapping can still be achieved to some extent by conformational 
rotation of the full chair-form NC to semi chair-form.  In 2002, Linblom7 reported that a reaction occurred 
between DPA and NC leaving a non-extractable aromatic stabilizing compound in the propellant.   

Figure 8.  Migration of Nitro Group by a π Complex in the C-Nitrosation of  Diphenylamine. 
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The π electron density of DPA can be reduced if there is deactivating (electron withdrawing) group such 
as NO2  as a substitute on the benzene ring.  A good example is that 2-NDPA and 4-NDPA cannot sustain 
the free radical density after complete depletion of DPA (Figure 2b) because of the electron withdrawing 
force of the nitro group reduces the electron density on the benzene ring.  It should be noted when the 
direction of chemical equilibrium favors the formation of π complex a faster rate of de-nitration of nitrate 
ester will be induced by the DPA.  Due to these reasons, DPA in propellant not only functions as 
stabilizer but also simultaneously as a catalyst to enhance the rate of NOx formation from nitrate esters 
through the π complex intermediate.  The π complex brings the DPA and nitrate esters close to a planar 
through resonance effect which energetically favors the decomposition of nitrate ester.  The 
decomposition rate is faster than the thermolytic and neutral hydrolytic decomposition.  Lurie in his 1998 
paper8,9,10,11 described this phenomenon as "DPA Acceleration".  This result supports the fact that the rate 
of thermal decomposition of pure NC is much slower than expected (Figure 1). 
 
 
Intramolecular vs. Intermolecular Rearrangement 
 
Rearrangement is defined as the movement of a functional group from one position to another in a 
molecule.  In the nitrate ester/DPA reaction mechanism, the question arises as to whether the NOx which 
cleaves from the NNODPA or NNDPA attacks the same molecule or another one.  The question is, “Is the 
reaction intramolecular or intermolecular?”  For those that are intermolecular, the mechanism is the same 
as ordinary aromatic electrophilic substitution (AES), but for the intramolecular cases, the NOx could 
never be completely free, or else it would be able to attack another molecule.  According to depletion 
mechanisms shown in Figure 8, ortho rearrangement to 2-NDPA should predominate, since the fairly 
stable ortho complex through a cyclic attack by the oxygen of the nitro group at the adjacent position (#2 
carbon) should have little reason to go on the meta (3-NDPA) or para (4-NDPA) position.  A good 
method used to tell the difference between the inter- and intramolecular processes is to check which 
product is predominant.  If ortho rearrangement predominates, the reaction is intramolecular.  If the 
predominant product is at the para position, then the reaction is intermolecular. An intramolecular 
mechanism is preferred because it prevents the possibility that the NOx on NNODPA or NNDPA may 
attack the NC and NG again during the rearrangement process. 
 
 
CONCLUSIONS 
 
The degradation mechanism of nitrate ester with stabilizer (DPA) is very complex.  Whether the 
mechanism follows either ionic, free radical or charge transfer complex pathway or all of them depends 
upon the acidity and humidity12,13,14 of the composition and structure of the stabilizers. The formation of  
π complex intermediate will enhance the rate of decomposition of nitrate esters.  Since the acidity of the 
propellant composition continues to change during the aging process, a multiple mechanism may proceed 
simultaneously.  
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ABSTRACT 
 

Aiming at the propulsive performance of gaseous kerosene-air mixture, the detonability study of a 
specific propellant, namely JP 10–air mixtures, was performed. The simulation and measurement of 
detonation parameters were performed for these mixtures at various initial pressures (1 bar< p0 <3 bar) 
and equivalence ratio (0.8< φ <1.6) in a heated tube (T0 = 375 K). Numerical calculations were performed 
with the STANJAN code based on a detailed kinetic scheme of the combustion of JP 10. Measurements 
of detonation velocity and cell size (λ) are presented. The measured velocity is in a good agreement with 
calculated values. The cell size measurements show a minimum value for ϕ ≈  1.2 at every level of initial 
pressure and the calculated induction length (Li) is proportional to cell size with a coefficient k = λ/Li 
which depends on the initial pressure. Based on the comparison between the results obtained during this 
study and those available in the literature on the critical energy (Ec), critical diameters (dlim, dc) and 
Deflagration to Detonation Transition length (LDDT ), we can conclude that the detonability of JP10 – air 
mixtures corresponds to that of hydrocarbon mixtures and more particularly of propane-based mixtures. 
 
 
INTRODUCTION 
 

The purpose of this work is to study the 
detonability of gaseous kerosene, namely the 
JP10 (C10H16) mixed in various proportions with 
air. Data on the adaptability of this reactive 
mixture for Pulsed Detonation Engines (PDE) 
operations are required. The corresponding C/H 
ratio and calorific power of this kerosene are 
0.625 and 44.5 MJ/kg respectively.  

Although the detonation properties of the 
JP10–air are available in the literature [1, 2, 3], 
additional characteristics are required, namely, 
detonation velocity (DCJ), pressure (PCJ) and cell 
size (λ). Austin and Shepherd [2] report the 
evolution law of vapor pressure as a function of 
the temperature of JP 10. They also provide data 
on detonation wave velocity for stoichiometric 
conditions, the cell size variation as a function of 
the equivalence ratio φ in a range of 0.7 to 1.4 at 
p0 = 1 bar as well as a function of pressure in a 
range of 0.635 to 1.3 bar at φ = 1 for JP 10 – air 
mixtures at T0 = 373 K. Their results exhibit a 
minimum value of λ=50 mm at φ = 1.1. They 
conclude that the mixture JP 10–air has the same 

behavior in terms of cell size measurements as 
propane–air. Zhang et al. [1] report cell size 
measurements for stoichiometric conditions for 
different initial pressures and temperatures. They 
show that T0 has a minor influence on cell size. 
A regression law curve is provided for 
stoichiometric JP10–air mixtures based on the 
values of ref. [1 ,2, 3], namely, n

0Ap−λ = . It 
shows that n=1.26, which corresponds to current 
values found for hydrocarbon–air mixtures. Card 
et al. [3] provide the value of the Deflagration to 
Detonation Transition length (LDDT) for lean and 
rich limits in JP 10–air mixture at 473 K and 2 
atm for different equivalence ratios.  

For obstacle laden tube (e.g., perforated 
plate), Peraldi et al. [4] show that the detonation 
propagation limit is based on the comparison 
between the cell size and the obstacle inside 
diameter: d ≈ λ . The length of DDT can be a 
criterion for the detonability of a mixture. For 
C3H8/O2/N2 mixtures the results provided by 
Pinard et al. [5] obtained in an obstacle laden 
tube, clearly indicate that LDDT/λ increases with 
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d/λ. Sorin et al. [6] show that, given d/λ, the 
ratio LDDT/λ is roughly constant, only barely 
depending on the reduced activation energy of 
the mixture. For d/λ ≈  2, these results yield an 
estimation of the length necessary for the onset 
of a detonation from the self acceleration of the 
mixture: 
 

LDDT = 40 λ              (1) 
 

We studied the detonation of gaseous JP 10 
– air mixtures as a function of equivalence ratio 
(0.8 <φ< 1.6) and initial pressure (1 < p0 < 3 bar) 
for initial temperature T0 ≈  373 K. In the first 
place, the detonation properties were calculated 
using a thermochemical code (STANJAN). The 
detonation velocity records and the cellular 
structure width (λ) measurements were then 
performed. Based on the comparison of the 
calculated critical energy (Ec) or LDDT with the 
literature data of common hydrocarbons 
mixtures, the detonability of the JP 10–air 
mixture is discussed. 
 
EXPERIMENTAL DETAILS 
 

The JP 10 that was used contains a mass 
fraction of 99% of C10H16. Since it is liquid at 
ambient pressure and temperature, the 
experiments must be performed at elevated 
temperature. The appropriate temperature 
operation was derived from the data provided by 
Austin and Shepherd [2] for 323 K< T0 < 373 K. 
The appropriate composition for the selected 
equivalence ratios could be achieved in the 
temperature range 365 K< T0 <385 K on the 
basis of partial pressure ratios.  

The experiments were conducted in a 5m-
long steel detonation tube immersed in an 
externally heated oil bath. The inner diameter of 

the tube is 52 mm. A recirculation line was 
installed in order to achieve a proper mixing of 
the mixture after injection. The temperature is 
measured by means of two thermocouples 
positioned in the oil along the tube. The 
detonation is ignited by means of a pyrotechnic 
device; i.e., a detonator that is set off at one end 
of the tube. The detonation velocity and pressure 
are recorded by means of two pressure 
transducers located at the other end of the tube. 
The detonation cell size (λ) is recorded along a 
1.5 m long and 55 mm large smoked foil 
inserted in the tube. 
 
RESULTS AND DISCUSSION 
 
Detonation velocity 
 

Experimental together with calculated 
velocities (DCJ and D respectively) are reported 
in Figure 1. The theoretical calculations exhibit a 
maximum for λ=1.35 with DCJ =1840 m/s which 
corresponds to PCJ/P0 ≈ 19.4. These values are 
coherent with those currently recorded for the 
detonation of current hydrocarbon–air mixtures. 

Theoretical and experimental values 
show a good agreement with respect to the 
inherent experimental error (less than 2%). The 
calculation of detonation velocity was performed 
by means of the thermochemical STANJAN 
code [7]. This code, which uses the chemical 
kinetic package of CHEMKIN-II [8], includes a 
detailed kinetic proposed by Williams for JP 10 
combustion [9]. Besides, it also provides the 
value of induction time and length (τi and Li), as 
will be highlighted in the next section. 
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Fig. 1 Comparison between experimental and theoretical detonation velocity 
 
 

       
Fig. 2 Variation of detonation cell size as a function of initial pressure for different equivalence ratios in 
JP 10 – air mixtures at T0 = 373 K; dark symbols: measured values, hollow symbols: estimated values; 
dotted lines: estimated regression 1.2

0Ap−λ =  
 

 
 
Fig. 3  Variation of detonation cell size as a function of equivalence ratio for different initial pressures in 
JP 10 – air mixtures at T0= 373 K; dark symbols: measured values; hollow symbols: estimated values; 
dotted lines: estimated values with numerical simulation based on λ = k · Li 
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Detonation cell size 
 

The detonation cell width of JP 10 – air 
mixtures was measured at T0 ≈  375 K as a 
function of both equivalence ratios and initial 
pressures beyond atmospheric conditions. The 
data which are exhibited in Figure 2 show that 
the detonation cell size can be expressed by 

n
0Ap−λ =  with n ≈ 1.2, at least within the range 

of equivalence ratio that was investigated. The 
data at p0 = 1 bar were thus extrapolated. The 
equivalence ratio seems to have no influence on 
the coefficient of the regression which is in the 
range 1.08 < n < 1.22. for most hydrocarbon-air 
mixtures. 

Alternately, the evolution of the 
detonation cell size as a function of equivalence 
ratio (0.8 < φ < 1.6) for different initial pressures 
is exhibited in Figure 3. For each initial pressure 
the detonation cell size shows a minimum at φ = 
1.2. As commonly observed, the detonation cell 
size of hydrocarbon-air mixtures varies 
proportionally to the induction length (Li) [10]. 
The coefficient of proportionality is k= λ/Li = 29 
for a large variety of mixtures. If one plots the 
evolution of k · Li (Figure 3), it can be observed 
that k depends on the initial pressure: k = 24, 21, 
19, 16 respectively for p0 = 1, 1.5, 2 and 3 bar 
and one can verify that k(p0) varies like 0.37

0p− . 

The ratio λ/Li thus varies according to 0.31
0p . 

 
Other detonation characteristics 
 

All these data can be implemented with 
another series of characteristics which show the 
ability of the propellant to properly detonate 
within a short amount of time or distance, as 
required when applied to PDE. Therefore, other 
general and important parameters are the 
Deflagration to Detonation Transition length 
(LDDT), critical diameters (i) of propagation dlim 
and (ii) of transmission from a confined 
geometry to the open space dc, and critical 
Energy of initiation Ec.  

The data showing the ratio LDDT/λ (see 
Eqn. 1) are reported in Figure 4, based on the 
data of Pinard et al. [5] for C3H8/O2/N2 mixtures 
and those of Card [3] for JP10-air at p0=2bar. 
Both series of data were observed in similar 

experimental conditions. This plot shows that 
JP10-based mixtures behave in a similar way as 
those based on propane. 

The applicability of JP 10 to PDE 
operation also requires the knowledge of the 
critical diameter of propagation dlim which, 
characterizes the limit of the cell width that 
corresponds to the propagation of a spinning 
detonation: dlim=λ/π, as well as the critical 
diameter of transmission from a tube to the open 
space: dc=13λ . This latter relationship applies 
to most common hydrocarbon/O2/N2 mixtures in 
cylindrical tubes [11,12]. It was further used by 
Bauer et al. [13] for compositions of 
hydrocarbon/O2/N2 at elevated pressures, namely 
up to 5 MPa.  

An assessment of detonability of JP 10–
air mixtures based on the definition of these two 
parameters yields two conclusions: 
  (i) a self-sustained detonation cannot 
propagate in a cylindrical tube of inner diameter 
less than 0.014 m 
  (ii) a self-sustained detonation 
transmission to open space will not be possible 
from a cylindrical tube with a diameter less than 
0.6 m. 

The critical energy, which is also 
proportional to the cell width, is given by a more 
elaborated law [14]:   

    
3

c 0 CJE B D= ρ λ  
 

with B=425, where ρ0 and DCJ are the initial 
density, and CJ detonation velocity, respectively. 

The evolution of the critical energy Ec as a 
function of the equivalence ratio for JP10 
mixtures is shown in Figure 5. Likewise the cell 
size evolution, Ec exhibits a minimum value 
around φ = 1.2. If we compare Ec values with 
those of propane and ethane – air mixtures we 
conclude that the detonability of JP10 – air 
mixtures is equivalent to hydrocarbon-air 
mixtures in terms of equivalence ratio variation. 
Moreover in order to study the application to 
propulsion we compared JP 10 – air mixtures 
with JP 4 and n-hexane – air mixtures for 
stoichiometric conditions. The comparison 
shows that the detonability of these mixtures is 
quite similar. 
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SUMMARY AND CONCLUSION 
 

The calculation of detonation parameters 
(i.e., velocity, pressure and induction length) and 
related measurements were performed for JP 10 
– air mixtures at various initial pressures (1 bar< 
p0 <3 bar) and equivalence ratios (0.8 < φ < 1.6).  

In order to have sufficient partial vapor 
pressure of JP 10 in the mixture, the detonation 
tube was heated up to an initial temperature T0 = 
375 ± 10 K. The numerical calculation of the 
detonation were performed by means of the 
STANJAN code and a detailed kinetic proposed 
for JP 10 combustion. It shows that the 
detonation velocity DCJ exhibits a maximum of 
1840m/s for φ = 1.35. The measured velocity is 
in a good agreement with the calculated values.  

The cell size measurements show a 
minimum value for φ ≈  1.2 and the calculated 
induction length Li is proportional to the value 
of the cell size with a coefficient k which 
depends on the initial pressure. Moreover, the 
value k = 24 was extrapolated at p0 = 1 bar. 

A comparison of the present results with 
available data in the literature on the critical 
energy (Ec), critical diameter (dc) and length of 
Deflagration to Detonation Transition (LDDT ), 
allows to conclude that JP 10 – air mixtures have 
the same level of detonability as currently 
observed for hydrocarbon-air mixtures and more 
particularly those of propane-air. 
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Abstract 
 

There are two major forms of anhydrous copper azides: cuprous azide CuN3 and cupric 
azide Cu(N3)2. Research on copper azides in powder forms or as thin films of azides dates back 
to late 19th century. However, no studies on the synthesis or properties of copper azides formed 
on porous copper substrates have been reported. This paper involves the synthesis and 
characterization of copper azides formed on a porous copper substrate. The synthetic procedure, 
characterization, and properties of copper azides formed on porous copper substrates are 
discussed.  
 

Introduction 
 

The synthesis of copper azides has been reported more than one hundred years ago. 
However, there is not much published literature on the synthesis of cupric or cuprous azides 
since 1974. Copper azides have not been used in energetic material industry because they are 
known to be too sensitive to external stimuli. This paper discusses the feasibility of in-situ-
generation of energetic copper azide from the reactions of gaseous HN3 with porous copper.  

 The gaseous hydrazoic acid was conveniently produced in one step from heating of 
stearic acid with sodium azide. The cuprous and cupric copper azides were characterized and 
identified by X-ray diffraction analysis.  
 

Experimental 
 
a)   Generating Gaseous HN3. Warming up a mixture of stearic acid with excess sodium azide 
over nitrogen flow would slowly and safely generate HN3 gas1. 
 
CH3(CH2)16COOH + NaN3

N2

 > 80  0C
HN3/N2

Stearic Acid  
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b) A typical reaction . A 250 ml three neck round bottom flask (24/40 joints) was fitted with a 
nitrogen intake, a 5 cm long glass tube and a glass stopper. Glass wool was inserted on the 
bottom of the long glass followed by adding about two inches of drierite to remove any moisture 
or non-gaseous materials. Glass wool was also added to the top of the Drierite layer to keep it 
from flowing around. The 5 cm tube was then fitted with a shorter glass tube that contained 
samples of the copper laying on loosely packed glass wool. A typical copper sample has a 
dimension of 2.5mm X 2.5mm X 0.5mm. The outlet of the shorter glass tube was connected to a 
scrubber (aqueous KOH solution) by a PFE tube.  
A magnetic stir bar, one gram of sodium azide, and 5 grams of stearic acid were added to the 250 
ml three neck flask. The flask was slowly warmed up to about 120-145 °C in a heat bath while a 
very slow flow of nitrogen was running into the flask through the nitrogen inlet. The nitrogen 
flow was stopped about two hours later and the system was let as such overnight. The overnight 
exposure of the copper to the slowly generated HN3 helps in maximizing the conversion of 
copper to the corresponding metal azide. The next day the nitrogen flow was resumed and the 
heat bath was removed allowing the reaction to reach room temperature. The system was flushed 
with nitrogen. The short glass tube was carefully disconnected from the set up and the copper 
azide product was carefully collected. The products were analyzed by X-ray diffraction and 
calorimetric studies.  
 
c)  Synthesis of Cupric azide (from copper sulfate). A literature report2 for the synthesis of 
cupric azide was followed:  

CuSO4. 5H2O      +           2NaN3
H2O Cu(N3)2 

 
Results and discussions 

 
Cuprous azide (from porous copper). Copper samples with 85% porosity were exposed to the 
gaseous HN3 as described above. The results indicate the only product is cuprous azide. Figure 1 
depicts the optical microscopy of the porous copper before and after exposure to HN3. 
 

  
a b 

Figure 1. Optical microscopy of the copper with 85% porosity before (a) and after (b) exposure 
to gaseous HN3. 
 
 

The X-ray diffraction patterns of cuprous azide produced is shown in Figure 2. The 
diffraction pattern matched the published data for cuprous azide3.  
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.
Figure 2. X-Ray diffraction pattern of cuprous azide. 

 
To find out if the HN3 penetrates well into the pores of the copper an experiment was 

done where the square copper sample (85% porosity) was put on a piece of glass and was sealed 
on all four sides with glue. The glue had been tested and shown no reactivity with the gaseous 
HN3. In this way only one side of the copper was exposed to the HN3 gas while the other side 
was in contact with glass and not in direct contact with the HN3 flow. Therefore, any copper 
azide formed on the glass side must be due to the HN3 penetrating through the pores. Optical 
microscopy and X-ray diffraction results indicated that the copper side on the glass looked 
similar to the copper side directly exposed to the HN3 gas, indicating that the HN3 had penetrated 
through the pores into the other side of the copper. 

 
There are reports4 that cuprous azide is unstable and undergoes rapid oxidation, 

especially in the presence of light, to cupric azide. However, in this study on the reaction of 
porous copper with HN3 the corresponding cuprous azide that was obtained did not undergo any 
oxidation to cupric azide even after being washed with water and exposed to sunlight for about 
two weeks. In other words, the cuprous azide formed on the porous copper seems to be stable 
under ambient conditions. 
Cupric azide (from copper sulfate).  In order to obtain the X-ray diffraction data of cupric azide 
a literature report was followed2 as explained in the experimental section. The resulting cupric 
azide has X-ray diffraction shown in Figure 3. The diffraction patterns obtained by this 
procedure matched the published data5.  
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Figure 3. X-Ray diffraction pattern of cupric azide. 
 
Thermal analysis of copper  azides. Cuprous azide plaque and cupric azide powder were 
subjected to thermal analysis using a Rapid Screening Calorimetric Device (RSD). The 
thermogram for a 61 mg porous copper substrate containing 41 mg of cuprous azide is shown in 
Figure 4. It shows the cuprous azide decomposes at 166°C.  
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Figure 4. The Thermogram of cuprous azide on copper substrate. 
 
The RSD analysis of 7 mg of cupric azide powder is shown in Figure 5. The cupric azide 
decomposes at 212C.   

Figure 5. The Thermogram of cupric azide powder. 
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Summary 
 

This study explored the applicability of in-situ-generation of energetic copper azides 
from porous copper substrates. X-ray diffraction analysis established that under the present 
experimental conditions the reaction of porous copper with gaseous HN3 produces cuprous azide. 
Unlike what is reported in literature the cuprous azide formed on the porous copper proved to be 
stable and did not oxidize to cupric azide when washed with water and exposed to sunlight for 
two weeks.  

 
Optical microscopy data on the porous cuprous azide proved that not only the surface of 

the copper exposed to the gaseous HN3 but also the surface not directly exposed to HN3 converts 
to cuprous azide. This suggests that the gaseous HN3 fully penetrates through the pores into the 
other side of the copper and produces cuprous azide.  

 
Thermal decomposition studies on the porous cuprous azide suggest that the 

decomposition starts at 166 °C. 
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ABSTRACT 

 
This paper describes investigations carried out with new materials to influence the spectral ratio B/A of 
infrared decoy flare compositions. Formulations based on traditional oxidizer, potassium perchlorate, 
KClO4, were considered with tetracyanoethylene, C2(CN)4 and s-tricyanotriazine, C3N3(CN)3. For 
comparison phthalodinitrile C6H4(CN)2 was considered also. Due to high combustion temperatures (~ 
2900 K) and virtually no water content higher specific energies Eλ are available in B band (3.5 – 4.8 µm) 
compared to state-of the art compositions based on aromatic carboxy anhydrides and KClO4.  
In addition experimental compositions based on ammonium perchlorate-d4 and anthracene-d10 were 
investigated. Substitution of H by D leads to bathochromic shift of corresponding hydrogen species (HCl 
and H2O) and thus to an improvement of both B/A ratio and specific energy Eλ emitted in the B band. 
Radiometric data as well as thermochemical calculations and equilibrium composition of the 
compositions studied are presented. 
 
 
 
1. Introduction 

Aerial platforms such as fixed wing, rotary and 
jet-propelled aircraft are subjected to an ever in-
creasing threat by autonomous weapon systems 
such as surface-to-air (SAM) as well as air-to-air 
missiles (AAM). These missiles use electro opti-
cal sensors in the UV-VIS and IR range to sense 
and track their targets. 
 
To counter these threats aerial platforms make 
use of a variety of countermeasures. Beside pas-
sive techniques such as the signature manage-
ment, the use of expendable decoys has become 
the most important countermeasure option.  
 
Since the 1960ies pyrotechnic decoy flares are in 
use. These decoy flares often comprise pyro-
technic payloads based on magne-
sium/Teflon®/Viton® (MTV) which upon com-
bustion create an intense IR source that is in-
tended to imitate the signature of the platform to 
be protected. Figure 1 displays the main sources 
of radiation on a jet propelled aircraft. 
 
 

Since the introduction of MTV as payload in de-
coy flares missile designers have implemented 
several fixes to seeker heads in order to over-
come MTV based decoy flares. 
 

 
Figure 2 shows spectral intensity distribution of 
both MTV flare and kerosene flame. The shaded 
areas designate both A (1.8 – 2.5 µm) band and 
B (3.8 – 4.5 µm) band, Ref. [3]. 

Strahlrohrbleche: λmax @ 2 – 2,5  µm

Abgasfahne: λmax @ 3 – 5  µmAußenhaut: λmax @ 8 - 10 µm

λ: wavelength [µm]

Tail pipes : λmax @ 2 – 2,5  µm

Plume : λmax @ 3 – 5  µmSkin : λmax @ 8 - 10 µm

λ: wavelength [µm]

Strahlrohrbleche: λmax @ 2 – 2,5  µm

Abgasfahne: λmax @ 3 – 5  µmAußenhaut: λmax @ 8 - 10 µm

λ: wavelength [µm]

Tail pipes : λmax @ 2 – 2,5  µm

Plume : λmax @ 3 – 5  µmSkin : λmax @ 8 - 10 µm

λ: wavelength [µm]λ: wavelength [µm]

 
Figure 1.  Sources of radiation on a jet-

propelled aircraft after Ref. [1]. 
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2. Spectrally matched compositions 
 
Spectrally matched compositions are either 
based on pure temperature radiation or selective 
emission. 

 
Decoys based on temperature radiators are e.g. 
pyrophoric foils or red phosphorus coated plate-
lets. Due to unfavorable kinematical behavior 
these countermeasures are easily discriminated 
by advanced seekers.  
Favorable selective emitters for use in pyrotech-
nic payloads in descending order of band 
strength comprise: CO2 > FBO > HBO2 > HBO 
> CO > HCl (Table 1). Unfavorable selective 
emitters to be avoided in descending order of 
band strength are: HF > CH4 > H2O (Table 2). In 
addition any continuum by condensed matter in 
the flame deteriorates the spectral ratio. 
 
 
 
 
 

Table 1   Favorable Emitters  
 
Molecule λ [µm] Band strength 

[atm-1 cm-2] [2]
CO2 4.9       0.6 
 4.3 2700 
 2.7     67 
 2.0       1.6 
FBO 5.0 1760 
HBO2 4.94 1375 
 2.72   650 
HBO  4.45 1000 
CO 4.67   250 
 2.35       1.97 
 1.57       0.011 
HCl 3.47   155 
 1.77       3.52 
 
Typical specific energies, Eλ, of MTV payloads 
at static conditions are in the order of 100 [J g-1 
sr-1] in the B-band. Spectral payloads based on 
CO2 such as the one given below according to 
Posson [4] 
 
RC-1 
Potassium perchlorate   74 wt-% 
Benzene tetracarboxylic dianhydride,  
(BTCA)    26 wt-% 
 
typically display specific energies, Eλ in the or-
der of 25 [J g-1 sr-1] in the B band with a band 
ratio B/A of ~ 3.35 under static conditions [5] 
 
Table 2   Unfavorable Emitters  
 
Molecule λ [µm] Band strength 

[atm-1 cm-2] [2]
HF 2.53 389 
 1.29   12.3 
CH4 3.31 290 
 2.37 n.a. 
H2O 6.3 300 
 2.7 220 
 1.87   24 
 1.38   18 
 1.14     1 
The low specific energy for spectral composi-
tions compared to MTV is easily explained by 
the integral in the respective band for both 
curves in Figure 2.  
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Figure 2.  Spectral intensity distributions of 
both MTV flare and JP-8 flame at 
static conditions from Ref. [2] 
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General problems with spectrally adapted com-
positions are selective emissions from both 
water and/or hydrogen fluoride, HF that will 
further deteriorate the spectral ratio.  
 
In the case of carbon rich fuels it has been 
shown by Posson [4] and Webb [6] that it is thus 
necessary to take care of a low H/C ratio in order 
to suppress unwanted emission in the A band. 
Posson has proposed to use aromatic carboxy 
anhydrides as fuels such as benzene 
tetracarboxylic dianhydride, 1, ΔfH° = -953 kJ 
mol-1, benzophenone tetracarboxylic 
dianhydride, 2, ΔfH° = -799 kJ mol-1 and mellitic 
acid trianhydride, 3,  ΔfH° = -1146 kJ mol-1, (see 
Figure 4).  
 
 

 
 
Figure 4 Aromatic carboxy anhydrides 
 
 
Although these materials burn cleanly with 
KClO4 to give high amounts of CO2 and only 
low level H2O emission, the enthalpy of com-
bustion is quite low due to the large negative 
enthalpy of formation (vide infra). 
 
A further problem with payloads based on 
KClO4 are the condensed decompositions prod-
ucts KCl(l,s) and K2CO3(l,s) that deteriorate the 
spectral ratio by continuum emission. Thus it 
would be generally suitable to have an oxidizer 
that does not create condensed products upon 
combustion. 
 
In the case of boron based compositions hydro-
gen from e.g. ammonium perchlorate yields spe-
cies like HO-B=O or HBO. Nevertheless the H-
B and the OH vibrations occur in the A-band 
and thus also deteriorate the spectral ratio.  
A high emission level in the A-band now may 
lead to rejection of the decoy due to inappropri-
ate spectral ratio B/A. Likewise a reduced acqui-

sition range may also result due to too low radi-
ant intensity in the B band. 
 
In view of this the problems with current 
spectral compositions are: 
 
- Low specific energy of payloads, Eλ 
- False spectral ratio B/A ≥ 3. 
 
Thus improvements of current flare payloads 
seem necessary.  
In the following two approaches will be dis-
cussed that allow for improvement of spectral 
ratio B/A and selective increase in specific en-
ergy, E3.5−4.8µm of B band. 
 
 
2.1 Carbonitriles 
 
Compounds which bear the C≡N-function and 
have the general formula R-C≡N with R = ali-
phatic, olefinic, aromatic or heterocyclic group 
are designated carbonitriles. 
Posson already mentioned carbonitriles as po-
tential fuels in his disclosure on spectrally bal-
anced compositions [4]. Explicitly he referred to 
e.g. dicyanobenzene derivatives, malononitrile, 
CH2(CN)2, and cyanoguanidine, C2H4N4.  
 
He recognized nitriles as endothermal com-
pounds that may increase the radiation. Never-
theless he investigated a hydrogen rich nitrile, 
nitrilotriacetonitrile, NTAN, N(CH2CN)3, not 
really suitable to impart the required properties 
in terms of both B/A ratio and combustion tem-
perature. In addition Posson did not recognize 
that nitriles by virtue of their nitrogen content 
also enhance the combustion area as N2 acts as a 
flame expander. Finally the nitrile function as-
sists in attaining a non-sooting flame and thus 
suits the demands for spectrally adapted flames 
[7]. 
 
A series of payloads based on olefinic, aromatic 
and heteroaromatic nitriles have now been 
tested. The selected nitriles comprise, Tetra-
cyanoethylene, C2(CN)4, 4, s-Tricyanotriazine, 
C3N3(CN)3, 5 and Phthalodinitrile, C6H4(CN)2, 
6. 
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Tetracyanoethylene, 4, TCNE, has found ex-
perimental application in compositions for high 
temperatures and plasma generation [8]. It is a 
metastable compound (tends to polymerise at 
ambient temperature) with ΔfH° = + 607 kJ mol-

1, mp: 199 °C. 
 
s-Tricyanotriazine, 5, TCT, so far has not been 
considered as fuel in pyrotechnics. It has ΔfH° = 
+ 657 kJ mol-1, mp: 119 °C, dp.: 215 °C.  
 
As s-tricyanotriazine is the trimer of cyanogen, it 
is believed that it undergoes fragmentation to 
cyanogen at T > 200 °C 
 

N

N

N

CN

CN

NC

3 C2N2

 
Figure 4 Formal dissociation of com-

pound 5 to cyanogen 
 
Phthalodinitrile, 6, PDN, is mentioned in Pos-
sons disclosure, but has not been considered so 
far in pyrotechnic applications. It has ΔfH° = 
+281 kJ mol-1 and melts at 141 °C. 
 
The following compositions were considered to 
allow for complete oxidation (proportions in 
weight-%): 
 
⇒ NC-1 KClO4/Tetracyanoethylene 

(76.4/23.6) 
⇒ NC-2 KClO4/s-Tricyanotriazine (72.7/27.3) 
⇒ NC-3 KClO4/Phthalodinitrile (82.9/17.1) 
 
The theoretical overall equations yield: 
 
 
 

NC-1: 
 
0.552 KClO4 + 0.184 C2(CN)4 ⎯→ 1.103 CO2 + 
0.368 N2 + 0.552 KCl(s) 
 
NC-2: 
 
0.525 KClO4 + 0.175 C3N3(CN)3 ⎯→ 1.05 CO2 
+ 0.525 N2 + 0.525 KCl(s) 
 
NC-3: 
 
0.599 KClO4 + 0.133 C6H4(CN)2 ⎯→ 1.064 
CO2 + 0.266 H2O(l) + 0.133 N2 + 0.599 KCl(s) 
 
 
Table 3  Thermophysical properties of 

compositions 
 
parameter unit NC-1 NC-2 NC-3 
TMD g cm-3 2.092 2.062 2.166*) 
Exptl  ρ g cm-3 2.017 2.033 2.087 
ΔcH° kJ cm-3 11.449 11.217 11.564 
ΔcH° kJ g-1 5.474 5.439 5.337 

*) The density of phthalodinitrile was estimated 1.288 g 
cm-3 according to the method published by Ammon & 
Mitchell [9] 
 
As expected the properties of all compositions 
vary only in a narrow range. 
 
For comparison the reference composition RC-1 
based on BTCA/KClO4 (26/74) yields: 
 
TMD: 2.222 g cm-3, ΔcH°= 9,439 cm-3 and 4.248 
kJ g-1. 
 
The adiabatic flame temperature and equilibrium 
composition at 0.1 MPa was calculated with 
NASA CEA code [10]. The temperatures vary 
between 2771 – 2914 K, the  
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Table 4   Equilibrium composition 
 
Specie Unit NC-1 NC-2 NC-3 
Tc K 2914 2889 2771 
CO mol-% 21.12 19.19 15.53 
CO2  25.89 24.58 30.28 
HCl  -- --   1.61 
H2  -- --   0.61 
H2O  - --   8.14 
K    1.96   1.76   1.66 
KCl(g)  21.41 20.01 23.09 
N2  15.07 21.23   5.46 
O2    8.67   7.82   6.86 
CO2 is always the major fraction in the 
considered compositions. The radiometric data 
are shown in Table 5.  
 
Table 5  Radiometric data 

(mean values from 5 measurements) 
 
  NC-1 NC-2 NC-3 
ΔcH kJ g-1 5.474 5.439 5.337 
E3.5-4.8 µm J g-1 sr-1 42 51 30 
E1.8-2.5 µm J g-1 sr-1   9  11 12 
B/A - 4.67 4.64 2.50 
 
The combustion flame of all carbonitrile/KClO4 
systems investigated here yields a very bright 
pink - violet flame. 
 
Although B/A ratio is better for NC-1 the 
specific energy is not at its optimum. 
 
The TCT based composition NC-2 yields the 
highest specific energy, 51 J g-1 sr-1, in B band. 
This value is about twice as much as the value 
reported for RC-1. 
 
Although NC-3 is better in specific energy than 
RC-1 it has a worse spectral ratio B/A than NC-
1 and NC-2 and even RC-1.  
 
If the chemical stability of TCT is disregarded 
[11] this compound would be a top candidate 
fuel for high performance spectral flares. 
 
 
2.2 Deuterated Compounds 
 

It has been mentioned above that it would be 
ideal to have spectral flare compositions with a 
minimum amount of condensed combustion 
products only, in order to have a low level of 
continuum emission. In view of this metal free 
fuels and oxidizers would be suitable candidates.  
A powerful and metal free oxidizer is 
ammonium perchlorate (AP). Despite its 
complete gasification and the well understood 
combustion chemistry the intrinsic H2O 
formation deteriorates the spectral ratio.  
In a fictive reaction between AP and a hydrogen 
free carbon fuel with Y not taking part in the 
reaction 
 
x NH4ClO4 + CxYz ⎯→ x HCl + x 3/2 H2O + 
5/2 x CO2 + z Y 
 
for every mole CO2 0.6 moles H2O are evolved 
if the other hydrogen is released as HCl. 
In addition several beneficial emitters which 
require the presence of hydrogen to form under 
combustion conditions such as HBO and HOBO 
also display vibrations in the A band or out of B 
band and thus deteriorate the spectral ratio and 
may even reduce the effective acquisition range 
of a flare.  
 
In view of this one should completely avoid 
hydrogen in mentioned compositions. On the 
other hand hydrogen is known to facilitate the 
combustion of carbon monoxide [12] and is not 
substitutable in many binders without adversely 
affecting the processing behavior.  
 
An X-H stretching vibration can be described in 
first approximation as a harmonic oscillator. The 
vibration frequency ν is then determined by  
 

ν π μ= ⋅
1

2 c
k

 

 
with  
k = force constant of the bond between the 
atoms I and j and 
µ = the reduce mass given by the relationship 
 
1 1 1
μ

= +
m mi j
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with  
mi and mj= mass of the atoms or molecular 
fragments [13a]. 
 
If we now substitute hydrogen for deuterium in a 
molecule, the wavenumber decreases, i.e. the 
wavelength increases. Table 5 displays the 
vibration frequencies for a number of simple 
hydrogen compounds and there deuterated 
isotopomers.  
 
The band strengths of many deuterated 
molecules show similar values as the 
hydrogenated ones [14]. 
 
 
Table 5  Vibration wavelengths of H& D 

compounds after Ref. [13b] 
 
H-compound λ in µm D-compound λ in µm 
H2 2.28 D2 3.21 
H2O 2.73 HDO 3.67 
  D2O 3.74 
CH4 3.43 CD4 4.8 
HCl 3.34 DCl 4.66 
HF 2.41 DF 3.34 
H11BO 3.51 D11BO 4.31 
HO10,11BO 4.94 DO10,11BO 4.97 
HO10,11BO 2.72 DO10,11BO 3.69 
 
 
In view of this the substitution of hydrogen in 
fuels and oxidizers by deuterium should lead to a 
bathochromic shift of the corresponding com-
bustion flame and thus an improvement of spec-
tral ratio B/A. 
 
To test for the expected shift in radiometric data  
a series of compositions were considered 
 
DC-1 anthracene/NH4ClO4 (11/89) 
DC-2 anthracene-d10/NH4ClO4 (11/89) 
DC-3 anthracene/ND4ClO4 (11/89) 
DC-4 anthracene-d10/ND4ClO4 (11/89) 
 
The theoretical overall equations yield: 
 
 
 
 

DC-1: 
 
0.763 NH4ClO4 + 0.058 C14H10 ⎯→ 0.812 CO2 
+ 1.435 H2O(l) + 0.763 HCl + 0.382 N2 
 
DC-2: 
 
0.759 NH4ClO4 + 0.058 C14D10 ⎯→  0.812 CO2 
+ 0.466 HDO(l) + 0.645 HCl + 0.114 DCl + 
0.963 H2O(l) + 0.380 N2 
 
DC-3: 
 
0.741 ND4ClO4 + 0.056 C14H10 ⎯→ 0.785 CO2 
+ 0.388 HDO(l) + 0.111 HCl + 0.630 DCl + 
1.016 D2O(l) + 0.371 N2 
 
DC-4: 
 
0.736 ND4ClO4 +  0.056 C14D10 ⎯→ 0.781 CO2 
+ 1.384 D2O(l) + 0.736 DCl + 0.368 N2 
 
The calculations were performed with 
thermodynamic values taken from ref. [15] 
 
ΔfH°(H2O)  = -285 kJ mol-1 
ΔfH°(D2O)  = -295 kJ mol-1 
ΔfH°(HDO)  = -245 kJ mol-1 

ΔfH°(HCl)  =   -92 kJ mol-1 
ΔfH°(DCl)  =   -93 kJ mol-1 

 
Ternary formulations comprising anthracene 
ammonium perchlorate and nanodisperse silica 
have been considered as long duration delay 
compositions by Espagnacq recently [16]. 
Anthracene also has found application in black 
smoke compositions together with sulphur and 
KClO4 [17] and as carbon source in blackbody 
type flare compositions together with 
ammonium perchlorate, magnesium and HTPB 
for propelled flares [18]. 
Although proposed for long duration delays 
binary AP/ammonium perchlorate compositions 
still burn fast enough (~ 2 mm s-1) to be 
considered as experimental flare compositions to 
study the effects of deuteration.  
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Table 6  Thermophysical properties of 
compositions 

 
parameter unit DC-1 DC-2 DC-3 DC-4 
TMD g 

cm-3 
1.867 1.838 n.a.*) n.a.*) 

exptl ρ g 
cm-3 

1.357 1.786 1.822 1.879 

ΔcH° kJ 
cm-3 

9.21 10.31 n.a. n.a. 

ΔcH° kJ 
g-1 

4.98 5.61 5.50 5.63 

*) density of ND4ClO4 not available 
 
As D2O is slightly more exothermic than H2O 
the reaction enthalpy increases with rising 
fraction of deuterium. 
 
The adiabatic flame temperature and equilibrium 
composition at 0.1 MPa was calculated with 
NASA CEA code [10]. The temperatures do not 
vary. 
 
Table 7   Equilibrium composition 
 
Specie Unit DC-1 DC-2 DC-3 DC-4 
Tc K 2984 2984 2985 2986 
CO mol% 11.84 11.85 11.89 11.91 
CO2    8.35   8.34   8.32   8.31 
D2  --   0.14   3.76   5.33 
D2O  -- 0.731 20.18 28.51 
HCl  13.22 11.13   2.13 -- 
DCl  --   2.09 11.08 13.20 
HD  --   1.44   1.45 -- 
H2    5.43   3.84   0.14 -- 
HDO  --   7.58   7.56 -- 
H2O  28.23 19.95   0.72 -- 
N2    9.13   9.13   9.15   9.15 
 
Expectedly H2O and D2O make up the major 
component for the respective compositions. 
HDO is present in amounts nearly up to 8 mol-
%. 
 
The deuterated compositions were stored in a 
dry box under argon (5.0) and over phosphorus 
pentoxide granules (Siccapent, Merck KGaA D-
64293 Darmstadt Germany), to avoid 
rehydrogenation with atmospheric moisture.  
 

Table 8  Radiometric data of payloads 
 
  DC-1 DC-2 DC-3 DC-4 
ΔcH kJ g-1 4.98 5.61 5.50 5.63 
E3.5-4.8 

µm 
Jg-1 sr-1 34 33 39 44 

E1.8-2.5 

µm 
Jg-1 sr-1 25 18 14 12 

B/A - 1.36 1.83 2.79 3.67 
 
The combustion flame of anthracene/AP system 
yields an transparent light orange flame with 
bright tips. 
 
The radiometric investigations of DC-1 – DC-4 
yield different spectral ratios. The completely 
undeuterated composition DC-1 yields B/A = 
1.36. The following compositions DC-2, DC-3 
and DC-4 show an increasing band ratio with 
decreasing amount of H2O and increasing 
amount of both DCl and D2O and temporarily 
present HDO.  
This behavior matches nicely with the theory 
expressed above. 
 
3. Experimental and radiometric 

investigation 
 
The compositions were made from potassium 
perchorate, reagent grade purchased from 
TROPAG, Hamburg/Germany, tetracyanoethyl-
ene, # T880-9, 98 %, phthalodinitrile, # 17,171-
9, and anthracene-d10,# 17,659-1, 98 Atom-% D, 
all Sigma Aldrich Chemie GmbH D-82018 
Taufkirchen/Germany. s-Tricyanotriazine was 
synthesised according to Ref. [19] and ammo-
nium perchlorate-d4 was synthesised from aque-
ous ND3 and DClO4 (see §.5.). 
 
The materials were passed through 45 µm sieve 
and mixed dry in a mortar. The pale powders 
were consolidated in a 19 mm die with a 
pressure of 12 MPa to give strands with length 
of twofold diameter. The strands were painted 
with Kleiberit PU varnish purchased from 
Klebchemie M.G. Becker GmbH & Co. KG, D-
76356 Weingarten/Germany.  
 
To the top side of the strand was attached an 
electric bridgewire-igniter folded in a 
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quickmatch. The strand was placed between 
steel splint pins arranged in rectangular 
geometry on a brass cylinder 100 mm in 
diameter and 100 mm in height. 
 
The compositions were burned in a test tunnel at 
a constant air speed of 3 m s-1 placed underneath 
a suction fan that would carry away the 
combustion products from the reaction zone. 
The radiometric measurements were carried out 
with a two-channel pyroelectric radiometer type 
Rkp 576 with RM 6600 Datalogger, Fa. Polytec, 
D-76337 Waldbronn/Germany. The radiometer 
was calibrated with a 1000 K blackbody type SR 
32 CI Electro Optics Systems, Haifa/Israel. 
Two band pass filters were used purchased from 
Laser components, D-82140 Olching/Germany. 
Type A: 1.8 – 2.5 µm, 5 % cut-off wavelength, 
Type B: 3.5 – 4.8 µm, 5-% cut-off wavelength. 
 
4. Summary 
 
It could be shown that hydrogen free 
carbonitriles yield superior specific energy in B 
band when applied as fuels in spectral flare 
compositions based on traditional oxidizer 
KClO4. In addition the band ratio B/A under 
static conditions is improved in comparison to a 
traditional BTCA/KClO4 formulation. 
It has been shown, that the application of 
deuterium helps to shift the spectral ratio in 
anthracene/ammonium perchlorate pyrolants. 
Successively increasing the deuterium content 
while going from NH4ClO4/C14H10 to 
ND4ClO4/C14D10 leads to an increase in specific 
energy in B band with declining specific energy 
in A band. 
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ABSTRACT 
 

 Three consecutive waves of flame propagation were observed over a bed of nano-
aluminum powder reacting with a counter flow oxidizer of a specified O2/Ar mixture.  The 
conditions are such that the critical Peclet number is exceeded assuring a continuous flame front 
is present with no fingering instabilities.  Each wave displayed significantly different 
characteristics.  The velocity of the oxidizer, thickness of the aluminum bed, diameter of the 
nano-particles, and oxygen content in the oxidizer were varied to give insight into the 
mechanisms associated with nano-aluminum combustion.  Results indicate that the velocity of the 
oxidizer increases the flame length and light intensity, but has no effect on the spread rate of the 
flame for the first wave.  The thickness of the bed has no effect on any property of the first wave, 
but with the thinnest bed, no flame front for the second mode is observed underneath.  The spread 
rate of the first wave varies inversely squared with the diameter of the particles used.  The oxygen 
content in the oxidizer has a power law dependence for both the spread rate of the first wave and 
the downward velocity of the second wave.  The third wave occurs for most conditions and 
consists of cellular flames traveling in all three dimensions through the bed. 
 
 
Introduction 
 
 Because aluminum powder is widely 
used in solid rocket propellants and explosives, 
its combustion properties have been studied 
extensively.  Experiments have been performed 
with aluminum particles on the micron scale for 
many years, and recently there has been a 
significant interest in combustion of particles on 
the nano-scale.  Nano-aluminum (nAl) powders 
release energy more quickly due to the higher 
specific surface area and smaller length scales.   
 Burn rates of aluminized solid rocket 
propellants in strand burning studies [1] and 
hybrid rocket motors [2] are shown to increase 
up to 100% when nAl is used instead of micron 
sized aluminum.  Studies of aluminum dust 
clouds in air show an increase in laminar flame 
speed with increased concentrations of nAl 
[3,4].  Thermite reactions between aluminum 
and molybdenum trioxide on the nano-scale, 
called a metastable intermolecular composites 
(MICs), can have burn rates up to 1 km/s [5,6].  

This is attributed to the decreased burn times 
and lower ignition temperatures of the nano-
sized particles.  To gain a better understanding 
of the fundamental mechanisms governing the 
combustion of nAl particles, flame spread over a 
bed of nAl particles is examined.   

Flame spread is a field of combustion 
that has had considerable attention because of its 
application to fire safety.  Theoretical modeling 
of flame spread over a solid fuel in an opposed 
oxidizer flow was first studied by deRis [7] in 
1968.  The deRis model differentiated between 
the flame spreading mechanisms of a thick and 
thin fuel.  The spread rate of a thick fuel is 
dependant on oxidizer velocity and independent 
of the thickness of the bed, while that of a thin 
fuel is dependant on the thickness of the bed and 
independent of oxidizer velocity.  These results 
were confirmed with experiments by Fernandez-
Pello et al. [8] over sheets thin paper sheets and 
thick PMMA.  Oxygen content in the oxidizer 
was also varied increasing the spread rate  
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significantly with increasing oxygen content for 
both thin and thick fuels.   

At sufficiently low oxidizer velocities 
over thick fuels, however, the spread rate 
becomes independent of oxidizer velocity.  This 
is attributed to the buoyancy flow inducing an 
oxidizer flow that sufficiently feeds the flame.  
In microgravity experiments the buoyancy flow 
is non-existent and the flame spread continues to 
decrease in speed and separates into flamelets 
[9-12].  The flamelets or “fingers” result from 
limited O2 mass transport to the flame front.  
These fingers were reproduced at 1g with filter 
paper [13] using a top plate to inhibit buoyant 
flows at low oxidizer flows.  Below a critical 
Peclet number, fingers could be produced and 
their dimensions well controlled.   

A similar experiment was done over 
beds of nAl particles, and also resulted in the 
formation of fingers [14].  Trends similar to the 
filter paper experiment were noticed in terms of 
finger width and the distance between fingers 
when varying with top plate height and Peclet 
number.   Furthermore, the particle diameter was 
varied influencing both the spread rate and 
finger dimensions.   

A major difference between a bed of 
nAl and a solid fuel is the occurrence three 
consecutive modes of propagation that occur.  
The first wave is a surface reaction counter-flow 
to the oxidizer, the second is a wave traveling 
both co-flow and perpendicularly downward 
relative to the oxidizer flow through the bulk of 
the bed, and the third wave consists of small 
cellular flames propagating randomly through 
the bed.  Fingers were also present without a top 
plate [14,15] in ambient conditions (no forced 
flow), which has never been seen for other fuels. 

This study focuses on nAl flame spread 
above the critical Peclet number in order to 
obtain a continuous flame front for the first 
wave.  The bed is viewed from the top and 
underneath to fully grasp the mechanisms 
associated with all three waves.  Specifically, the 
effects of oxidizer velocity (vox), bed thickness 
(hbed), particle diameter (dp), and oxygen content 
(%O2) on the characteristics of each reaction 
wave are examined. 
 
 

Experimental Setup and Approach 
 

 The experimental apparatus consists of a 
copper bed holder (1 in Fig. 1), copper gas 
diffuser (2 in Fig. 1), and an aluminum bracket 
(3 in Fig. 1), which holds the quartz top plate (4 
in Fig. 1).  To prevent lateral flow over the bed, 
copper shims were placed along the sides (5 in 
Fig. 1).  The top plate rests on the shims, thus, 
the height of the shims also determines the 
height of the top plate.  A volume of 3.81 × 6.35 
× 0.635 cm is cut out of the copper bed holder 
and acts as the bed for the nAl.  A 0.32 cm ledge 
is on the bottom of the bed where the quartz 
bottom plate (6 in Fig. 1) rests.  Copper bed 
shims with thicknesses of 0.08 cm were created 
to adjust hbed.  The gas diffuser, flow system, 
copper bed holder, and ignition source are 
described in detail in [14].  
 

 
Figure 1: Experimental apparatus consisting 

of 1) copper bed holder, 2) copper gas 
diffuser, 3) aluminum top plate bracket, 4) 

quartz top plate, 5) copper side shims, and 6) 
quartz bottom plate. 

 
The camera setup is shown in Fig. 2.  

For visualization of the top surface, one of two 
cameras was used depending on vf.  The top 
surface camera is shown as 1 in Fig. 2.  For all 
cases, except with an oxidizer flow having an 
oxygen content above 40% by volume, a Pulnix 
TMC-6700-CL was used at 30 frames per 
second with a shutter time of 1/30 of a second.  
For the cases with oxygen content above 40% a 
Vision Research, Phantom 5.1 was used.  For 
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cases with 60% and 80% oxygen content, the 
camera was run at 150 frames per second with a 
shutter time of 6300 μs.  For the case with 100% 
oxygen the camera was run at 300 frames per 
second with a shutter time of 3100 μs.  A Sony 
DCR-TRV8 Digital Video Camera was used to 
view the wave from underneath (2 in Fig. 2). A 
mirror was used (3 in Fig. 2) to reflect the image 
towards the camera.  Depending on the light 
intensity of the reaction waves, different 
apertures and optical density filters were used to 
adjust the exposure without saturation. 

 
Figure 2: Camera setup consisting of 1) 
camera for top surface, 2) camera for 

underneath, and 3) mirror for reflection of 
image from underneath. 

 
A pre-measured mass of nAl powder 

was placed in the bed and distributed uniformly.  
To create a smooth top surface, a glass surface 
was used to lightly press the powder into the bed 
as shown in Fig. 3.  

 

 
Figure 3: Copper bed holder with nAl in bed 

and pressed lightly to have a smooth top 
surface. 

 
Four different sized particles were used 

having diameters of 38 (Technanogy Materials 
Development), 50, 80, and 120 nm (latter three 
from Nanotechnologies, Inc.).  The oxide 
passivation layers are 3.1, 2.1, 1.9, and 1.8 nm, 
respectively.  An SEM micrograph of the 80 nm 
nAl in Fig. 4 shows the approximate spherical 
shape and the uniformity of the particles. 

 
Figure 4: SEM micrographs of 80 nm 
aluminum particles manufactured by 

Nanotechnologies, Inc. 
 
Results and Discussion 
 

A recent study of the fingering regime 
[14] showed that in a counter-flow oxidizer of 
20% O2 and 80% Ar mixture, fingers were not 
present at or above a critical oxidizer Peclet 
number (Pecrit) of 16.  Peclet number was 
defined as voxhtp/DO2 where htp is the height of 
the top plate and DO2 is the diffusion coefficient 
for oxygen.  This study focused flame spread 
with continuous fronts over a bed of nAl 
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powder.  The four parameters that were varied 
for this study were vox, hbed, dp and %O2.  The 
baseline experiment had vox = 20 cm/s, O2% = 
20%, and hbed = 0.32 cm.  Each experiment had a 
top plate height (htp) of 0.4 cm, except when 
varying dp, giving the baseline experiment a Pe 
of 32, double that of Pecrit. 

   The flame spread over a bed of nAl 
differs from other flame spread studies in that 
there are three waves that occur consecutively as 
reported in [14].  For the baseline study the three 
waves are shown in Fig.5.   
 
 

 
 

Figure 5: Three consecutive waves in baseline run with velocity (vox) of 20 cm/s and oxygen concentration 
(%O2) of 20%. 

 
 

 
When viewing the reaction from 

underneath the first wave cannot be seen 
indicating that the reaction takes place only on 
the top surface.  This first wave propagates at a 
faster velocity than both the second wave and 
the cellular flames of the third wave.  The 
second wave propagates through the bulk of the 
material both co-flow to the oxidizer and 
perpendicularly downward through the bed at a 
relatively slow rate.  When viewed from 
underneath, the second wave is seen after a 
certain time delay (tlag).  This time delay is 
dependant on both the hbed and the percent O2 in 
the oxidizer.  The third wave consists of cellular 
flames propagating randomly through the bed of 
aluminum.  From underneath these cellular 
flames closely follow the second wave as shown 
in Fig. 6.  The cellular flames have a brighter 
intensity indicating a higher temperature than 
both the first and second wave.  After the 
baseline case was fully reacted the products 
were gray in color and the smooth top surface 
formed a lightly packed shell.  

 

 
 

Figure 6: View from bottom of nAl bed for 
the baseline run with with oxidizer velocity 
(vox) of 20 cm3/s and oxygen concentration 

(%O2) of 20%. 
For all of these studies, except the effect of 
particle diameter, the 38 nm nAl was used. 
 
Changing Flow Rate of Oxidizer 
 
 Figure 7 shows how vf (of the first 
wave) depends on vox.  Data from [14] has been 
included to show where the fingering occurs and 
how it affects vf.   Because the data points in the 
fingering regime were taken with an htp of 0.2 
cm, the values for vox had to be adjusted to what 
the vox would be for the same Pe at htp of 0.4 cm.  

1st wave 
vf vf 

2nd wave 3rd wave cellular 
flames 
moving 
randomly 
through bed 

vox

vf 

vox
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Figure 7: Flame front velocity (vf) vs. oxidizer 
velocity (vox) including data from [14] in the 

fingering regime. 
 
 The effect of vox is only apparent in the 
fingering regime.  Once a continuous front is 
formed vf becomes independent of vox.    If an 
assumption is made that all of the oxygen is 
consumed at the front, a global mass balance can 
be performed  
 

2OstoicAl Γ=Γ μ  (1) 
 

where ΓAl is the mass consumption rate of 
aluminum, μstoic is the stoichiometric coefficient 
and 

2OΓ is the mass consumption rate of oxygen.  
This can be written as 
 

hvOdv oxoxstoicbfAl ρμρ 2%=  (2) 
 

where db is the depth of the burn.  According to 
Eq. 2, the only explanation for the front velocity 
not depending on the vox is that db increases by 
the same proportion.  This is a possibility, but 
measuring db was not performed in this 
experiment.  There are other characteristics of 
the flame that were measured that do change as 
vox increases that give further insight.     
 Figure 8 shows how the flame length 
(Lf) and maximum flame intensity (If) depend on 
the oxidizer velocity.  The flame length is the 
determined by finding the average distance from 

where the pixel intensity first exceeds 10% of 
the maximum intensity (flame front) to where it 
falls below 10% of the maximum (back end of 
the flame).  All of these were viewed at the same 
camera aperture setting to allow for comparison.  
Both variables increase linearly with vox.   

0.5

1

1.5

2

2.5

3

3.5

0.7

0.75

0.8

0.85

0.9

0.95

0 10 20 30 40 50

Flame Length
Max Intensity

Fl
am

e 
L

en
gt

h,
 L

f (c
m

)

M
ax Intensity, If  (arb. units)

Oxidizer Velocity, v
ox

 (cm/s)  
Figure 8: Flame length (Lf) and maximum 
intensity of flame (If) vs. oxidizer velocity. 

 
 The increase in Lf indicates that there is 
some blow-by of the oxygen that is consumed 
behind the front for a certain distance.  The 
flame is essentially “stretched out” as vox 
increases.  This occurs because of the high 
advective velocities not allowing enough time 
for the oxygen to diffuse down to the bed right 
at the front.  Pictures of the flames are shown in 
Figure 9. 
 
 
 
 
 
 
 
 

Figure 9: Flame lengths (Lf) varying with 
oxidizer velocity (vox); a) 10 cm/s, b) 20 cm/s, 

c) 30 cm/s, d) 40 cm/s, e) 48 cm/s. 
 
 Not only does the flame surface increase 
with a faster vox, the light intensity also increases 
indicating a higher temperature flame.  A higher 
flame temperature should increase the heat 
transfer forward into the preheat zone and 
increase the flame speed, but the flame must also 
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propagate against the faster vox.  These two 
components cancel each other and vf remains 
constant.  
 Oxygen concentration measurements 
were taken at the back end of the apparatus with 
a gas chromatograph to check the assumption 
that all of the oxygen was consumed.   At vox of 
20 cm/s, there was 0.8% oxygen concentration 
(96% reduction) in the exhaust gases.  It is 
therefore reasonable at this condition to assume 
all of the oxygen is consumed.  At vox of 48 
cm/s, there was 3.1% oxygen concentration 
(85% reduction).  The blow-by, in this case, is 
not all consumed by the front or behind the 
front.  The total amount of oxygen consumed, 
however, is still more than double the amount 
consumed in the 20 cm/s case due to the higher 
vox.  Equation (2) can be modified to include the 
oxygen blow-by and flame length 
 

( ) hvOO

dxxdv

oxoxstoicoutin

L

bfAl

f

ρμ

ρ

22

0

%%               

)(

−

=⋅∫ (3) 

 
where the flame front is at x = 0. 
 
 
Changing the Bed Thickness 
 
 The spread rate of the first wave was 
constant as the bed thickness was varied as 
shown in Figure 10.  These experiments were all 
obtained with an oxygen content of 20% by 
volume and vox of 20 cm/s. 
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Figure 10: Flame front velocity (vf) vs. bed 
thickness (hbed) with oxygen concentration 

(%O2) of 20% and oxidizer velocity (vox) of 20 
cm/s. 

 
 From observations underneath the 
surface, the first wave is not visible even at the 
thinnest hbed.  Again, this first wave appears to 
be a thin surface reaction.  The second wave 
does show some differences as hbed becomes 
thicker.  With a thicker bed the light intensity of 
the second wave remains bright for a longer 
period of time due to the increasing amount of 
nAl powder that is burned. The cellular flames 
in the third mode are more abundant and travel 
at a faster velocity through the bed for the 
thinner beds.  Moreover, viewed from 
underneath, the flame front appears different for 
the case for the thinnest hbed of 0.16 cm than for 
the other cases.  A second wave front is not 
visible for this case, only the cellular flames as 
shown in Fig. 11.  
 

Figure 11: Different flame structure seen 
from underneath for bed thickness (hbed) of 
0.16 cm and 0.4 cm. 

tbed = 
  0.16 cm

tbed = 
  0.40 cm 

vf vf 
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A measurement of the time it takes for 

the flame to be visible from underneath, tlag, 
increases with hbed.  However, the average 
velocity through the bed, calculated by dividing 
hbed by tlag, remains constant with increasing hbed 
as shown in Fig. 12. 
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Figure 12: Time lag (tlag) and average velocity 
through the bed (vbed) vs. bed thickness (hbed). 
 
 
Changing Particle Size 
 
 One of the main advantages of 
aluminum powder on the nano-scale is the fast 
reaction rates that are achieved because of the 
high surface to volume ratios (S/V).  Since the 
reaction rate is highly dependant on the particle 
size, so should be vf.  Figure 13 shows the 
dependence of vf on particle size.  These 
experiments were performed with an htp of 0.2 
cm and vox of 20 cm/s.  The 38 nm particles do 
have a significantly higher oxide passivation 
layer and are packed at a lower packing density 
than the other particles due to their inherent low 
pouring density. 
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Figure 13: Flame front velocity (vf) vs. 

diameter of particle (dp). 
 
 The spread rate has a 1/dp

2 dependence.  
According to [16] the reaction is diffusion-
controlled with a 1/dp dependence and 
kinetically controlled with a 1/dp

1/2 dependence 
for a homogeneous reaction.  A homogeneous 
reaction between nAl and H2O is shown to have 
a 1/dp dependence in [17].  This experiment 
suggests that the simplified model in [16] needs 
modification for a heterogeneous flame spread 
reaction.   
 
 
Changing Oxygen Concentration 
 
 Oxygen concentration was varied from 
5% to 100% by volume while hbed, vox, and htp 
remained constant at the baseline values.  Figure 
14 shows how vf of the first wave depends on 
%O2. 
 

vf = 6358.1(dp ) -2.1 
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Figure 14: Flame front velocity (vf) vs. oxygen 
percentage (%O2) in oxidizer. 

 
The oxygen percentage in the oxidizer 

affects vf significantly, increasing it three orders 
of magnitude over the range of oxygen 
percentages.   This increase is significantly more 
than the decrease in burn time of nAl seen in a 
shock tube experiment with increasing oxygen 
percentage [18].  The particle burn times varied 
linearly ( 220%9.2 2 +⋅−= Otburn ) unlike the 
power dependence shown in this experiment.   
For micron aluminum, however, the particle 
burn time did have a slight power dependence 
(exponent of -1.3) on oxygen content [19].   

At about 60% oxygen, vf exceeds vox and 
at 100% vf is more than triple vox.  This suggests 
that vox is insignificant at high oxygen 
concentrations.  For all cases, the first reaction 
wave was not visible from underneath indicating 
it is purely a surface reaction.  The light 
intensity did increase significantly with 
increasing %O2 indicating higher reaction 
temperatures although quantitative 
measurements were not made.  The second and 
third waves were drastically changed as %O2 
changed as well. 
 
Increasing to 40% Oxygen 
 
 As %O2 increased from the baseline to 
40% the second wave grew in initial light 
intensity, but faded out quicker.  After the 
second wave propagated back to the ignition 
side, a quenching front followed.  This 

quenching front shadowed the wave front visible 
from underneath.  Cellular flames followed the 
wave front underneath as they did with the 
baseline case, but stayed much closer to the front 
and were less prevalent.  The shape of the front 
underneath was a parabola, but its curvature was 
opposite that of Fig. 11.  The underneath front 
speed did increase from the baseline case.  The 
cellular flames of the third wave were practically 
non-existent from the top.  The combustion 
products were similar in color and structure to 
that of the baseline case. 
 
Increasing to 60% and 80% Oxygen 
 
 When increasing %O2 up to 60% or 
80% the second wave behaved similar to the 
40% case with an increase in velocity.  The third 
wave, however changed significantly.  Cellular 
flames were present in the center of the bed that 
had a larger diameter than the baseline case and 
significantly more light intensity indicating a 
much higher reaction temperature.  These 
cellular flames moved randomly through the bed 
and were seen from underneath as well.  More of 
the bed was oxidized with the 80% O2 case than 
with the 60% O2 case, but they had similar 
characteristics.  A picture of the cellular flames 
for the 80% O2 case can be seen in Fig. 15.  The 
products from these two cases were similar to 
the baseline and 40% O2 case except where this 
third wave was present.  In the vicinity of the 
third wave thin white columns were formed, 
perhaps agglomerated alumina.  This indicates 
that the reaction temperature was above 
alumina’s melting point of 2054°C. 

 
Figure 15: Image of third reaction wave for 

oxygen concentration of 60% or 80%. 
 

vf = 0.004(%O2 ) 2.1 
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Increasing to 100% Oxygen 
 
 At 100% oxygen the second wave 
appeared significantly different than any other 
case, and no third wave was present.  The wave 
was a continuous front that propagated co-flow 
to the oxidizer flow.  The light intensity of the 
second wave was similar to that of the third 
wave in the 60% and 80% case.  The view from 
underneath showed the second wave just as it 
was seen from the top.  This indicates the wave 
is reacting with the whole depth of the bed 
simultaneously.  The products formed after this 
second wave were distinct from any other cases.  
Agglomerated white spheres of alumina with 
diameters of about 0.5 cm were left adhering to 
the bottom quartz plate.  The spheres were about 
1.0 cm apart from each other and the rest of the 
bottom plate had an alumina film on it.  An 
image of the products is shown in Fig. 16.   

 
Figure 16: Solid products after run with 

100% oxygen.  Shows agglomerated spheres 
of alumina and an alumina film on the quartz 

bottom plate. 
 

The tlag was measured for increasing 
O2% and a vbed was calculated.  Just like the first 
wave, the velocity through the bed increased 
with a power dependence as shown in Fig. 17.  
These velocities are two orders of magnitude 
less than vf. 
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Figure 17: Velocity downward through the 
bed (vbed) vs. oxygen percentage in the 

oxidizer. 
 
Decreasing to 10% Oxygen 
 

Decreasing the oxygen percentage 
below the baseline case shows drastically 
different results.  At an O2% of 10% the light 
intensity of the first wave decreases significantly 
indicating a lower temperature reaction.  The 
second wave propagated about half way back 
through the bed before it was not visible 
anymore indicating quenching.  However, after 
about a 40 second delay, the third mode 
appeared on the top surface and was similar to 
the baseline case.  Underneath small, low 
intensity cellular flames were randomly 
appearing throughout the bed and no front was 
visible.  The products were similar to the 
baseline case.   
 
Decreasing to 5% Oxygen 
 

For the 5% case there was no second or 
third wave and no reactions were visible from 
underneath.  The products for this case were 
distinct from any other case in that no color 
change was apparent.  The bed remained black 
and the top surface was no longer smooth like 
the baseline case.  These black products are the 
result of a low temperature reaction (low light 
intensity first wave) not fully reacting the nAl 
particles. 

1.4E-6(%O2)2.8 
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The flame structure of the first wave 
was thin relative to the baseline case and had a 
low light intensity.  The aperture was opened 
seven f-stops from the 10% and baseline case in 
order for the full front to be visible.  Bright spots 
appeared and disappeared along the front 
indicating local hot spots.  A wavy pattern was 
also observed indicating an instability in the 
system, but no fingers were present.  Figure 18 
shows an image of the front. 

 
Figure 18: Image of first reaction wave for 

5% oxygen, 95% argon in oxidizer. 
 
 
Thermogravimetric Analysis (TGA) 
  

A thermogravimetric analysis was 
performed on the particles in an environment of 
21% oxygen and 79% argon.  The percent of 
originial weight as a function of temperature is 
shown in Fig.19.    
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Figure 19: Thermogravimetric (TGA) results 

for nAl powder in 21% oxygen and 79% 
argon. 

 
Three measurements were made.  The 

first measurement analyzed the weight gain from 
room temperature to 850°C starting with 
unreacted nAl.  From the figure, two weight gain 
regimes are observed.  This gives evidence that a 
change in the polymorph structure of the 
alumina passivation layer occurred, similar to 
what was studied in [20], which hindered 
diffusion of oxygen to the aluminum surface.  A 
41% overall weight gain was observed and the 
nAl became gray in color similar to the products 
of the baseline case. 

A second measurement was made 
starting with unreacted aluminum where the 
TGA was halted after reaching 540°C (end of 
regime I).  There was a 28% weight gain, 
confirming a reaction occurred, but the nAl was 
still black in color, similar to the products of the 
5% oxygen run.  This shows the ability for nAl 
to react at low temperatures and a visible 
difference between the polymorph alumina 
structures.  Furthermore, it gives an explanation 
for the black products in the 5% run. 

A third measurement was made (shown 
by the dashed line in Fig. 19) starting with the 
particles that had been reacted through regime I.  
The percent weight starts at 128% because it is 
graphed relative to the initial weight before any 
reaction occurred.  There is no reaction present 
until the initial temperature of regime II is 
reached (540°C).  The alumina polymorph that 
was formed during the second measurement 
remained on the particles and did not allow any 
oxygen to diffuse to the aluminum surface in the 
temperature range for regime I.  Once the 
temperature reached 540°C, the alumina 
structure changed and the weight gain followed 
the same trend as the first measurement in 
regime II.   
 
 
Comparing Oxidizer Velocity Change to Oxygen 
Percentage Change 
 
 According to Eq. 2, the mass 
consumption rate, or volumetric flow rate, of 
oxygen controls the spread rate of the flame if 
the nAl properties are constant.  Therefore, the vf 
and %O2 can be adjusted to different values that 
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give the same volumetric flow rate of oxygen 
entering the system and, thus, should lead to the 
same spread rate. However, according to Fig. 20 
this is not true. 
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Figure 20: A comparison of the flame front 

velocity (vf) vs. volumetric flow rate of oxygen 
for either varying the velocity of the oxidizer 

(vox) or oxygen content (%O2). 
 
 Figure 20 shows that with the same 
amount of oxygen per unit time being fed to the 
flame front, drastically different results occur.    
For example, fingering is only seen when vf is 
decreased to achieve a lower volumetric flow 
rate of oxygen.  When %O2 is decreased no 
fingers are present, but vf is significantly slower. 
 These two different scenarios occur 
because of the role of advection and diffusion of 
oxygen to the reaction front.  For the case with 
vox = 5 cm/s and %O2 = 20% the advection of 
oxygen is small relative to the diffusion due to 
the slow vox and high %O2.  In this case, the 
oxygen’s time scale for lateral diffusion is 
greater and its concentration gradient from the 
fresh mixture to the front is relatively large.  
This allows for growth of the fingering 
instability.  The opposite is true for the vox = 20 
cm/s and %O2 = 5% case.  Since the flow is 
advected at a high velocity over the reaction 
front, it does not have sufficient time to diffuse 
laterally to form a finger.  Furthermore, since 
there is less of a concentration gradient from the 
fresh mixture to the flame front, its diffusional 
velocity is decreased.  

 At higher flow rates vf increases 
drastically due to the increased %O2.  Overall, 
the ability for oxygen to diffuse to the surface is 
the controlling factor when examining vf.  For a 
given amount of oxygen per unit time, if the 
concentration is higher, the flame front velocity 
will be faster. 
 
 
Thick or Thin? 
 
 Examining Fig. 10 and 7 shows that vf is 
independent of both vox and hbed when not in the 
fingering regime.  This is counter to what deRis 
[7] theorized in his model for thick and thin 
fuels.  Fernandez Pello et al. [8] did show 
independence from both in the experiments with 
thick fuels at low oxidizer flow rates, but that 
was attributed to buoyancy inducing a flow to 
feed the flame.  In this case, buoyancy is not 
present because the top plate height is low 
enough to inhibit any flow as proven by the 
presence of fingers at a low flow rates.  The 
flame spread over a bed of nAl can be thought of 
as a thin fuel resting on top of a bed of non-
participating fuel.  The full bed does not react 
until the second wave propagates through. 
 
 
Conclusions 
 
 Flame spread with a continuous front 
was examined over a bed of nAl particles to gain 
a better understanding of the fundamental 
mechanisms governing the combustion of nano-
aluminum particles.  A counter-flow oxidizer 
varied in both velocity and oxygen content and 
the bed of fuel varied in thickness and particle 
size. 
 The velocity of the oxidizer did not have 
any effect on the spread rate of the first wave.  
The length of the flame and the light intensity 
increased.  The increase in length of flame, or 
“stretching” of the flame, indicated that only a 
given amount of oxygen has time to react at the 
front for a given velocity of the oxidizer.  The 
rest is blown-by and consumed for a certain 
distance behind the front.  In the case with vox = 
48 cm/s about 3% of the oxygen was completely 
blown-by and not consumed.  The increase in 
light intensity indicates the flame does become 
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hotter.  This hotter front would be expected to 
increase the spread rate, but its effects are 
cancelled out by the faster oxidizer velocities 
hindering the spread rate. 
 The thickness of the bed had no effect 
on the first combustion wave.  The second wave 
did take longer to reach the bottom of the bed 
but it traveled at a constant velocity.  The flame 
structure of the second wave from underneath 
disappears with the thinnest bed and only 
cellular flames are visible.   
 The first wave’s flame front velocity is 
independent of both the oxidizer velocity and the 
bed thickness.  This is due to the fact that the 
reaction is occurring on a thin surface resting on 
a non-participating bed of fuel. 
 The particle diameter has a significant 
effect on the first combustion wave.  The spread 
rate varies with a 1/dp

2 dependence.  The faster 
spread rates found with smaller particles is 
attributed to the decreasing surface to volume 
ratio.  This is different from any particle size 
dependence found in [16]. 
 Oxygen content has a significant effect 
on the first combustion wave as well.  The 
spread rate has a (%O2)2 dependence and 
increases 3 orders of magnitude when increasing 
from 5%-100% oxygen.  The velocity for the 
second wave to travel through the bed has a 
(%O2)2.8 dependence.   
 Characteristics of the three waves 
change drastically at different oxygen contents.  
At 100% oxygen the third wave is not present.  
The second wave has an extremely high light 
intensity and travels through the bulk of the bed 
uniformly.  The products of combustion are 0.5 
cm diameter spheres of alumina agglomerated 
together and adhered to the bottom quartz plate.  
These spheres indicate the second wave 
exceeded the melting temperature of alumina.   
 At 60% and 80% oxygen the third 
wave’s cellular flames are similar in light 
intensity to the second wave at 100%.  They are 
bigger in diameter than the any other cellular 
flames seen.  In the vicinity where they were 
propagating the solid products are thin columns 
of agglomerated alumina.   
 At 5% oxygen only the first wave occurs 
and it has significantly low luminosity.  The 
wave travels at a low velocity through the bed 
and has a wavy pattern indicating the onset of an 

instability.  The high advective force of the 
oxidizer does not allow these fingers to occur.  
The time scale for lateral diffusion is too small 
and the low concentration gradient slows down 
diffusion velocities.  At the same flow rate of 
oxygen, however, fingers were noticed [14] with 
20% oxygen due to the low advective flows and 
high concentration gradients allowing time for 
lateral diffusion to feed the finger promote 
growth. 
 The reaction with 5% oxygen was a low 
temperature reaction as indicated by the black 
products.  The same products were noticed when 
nAl was run in a TGA and stopped after 25% 
weight gain at 540°C.  The black products 
indicate that a polymorph of the oxide layer is 
such that it cannot be seen.  After running the 
TGA up to 850°C the products were gray in 
color similar to runs at higher oxygen contents.   
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ABSTRACT 

An experimental study on the combustion 
behavior and conversion efficiency of 
nanoaluminum and liquid water has been 
conducted.  The major objectives of this study 
were to characterize the burning process at high 
pressures and to quantify the conversion 
efficiency of aluminum-water and aluminum-
water-poly(acrylamide-co-acrylic acid) mixtures 
under well-controlled operating conditions.  
Chemical efficiencies were found to range from 
78 to 90% and were nearly independent of 
pressure beyond 10 atm.  Steady-state burning 
rates of the mixtures were measured as a 
function of pressure, aluminum particle 
diameter, composition, and equivalence ratio.  
For 38 nm particles, the burning rate followed a 
D-0.5 dependence up to 3.5 MPa indicating the 
importance of kinetics in the combustion 
process.  Beyond 3.5 MPa, the burning rates 
appeared to be nearly independent of pressure 
perhaps suggesting the transition from 
kinetically-controlled to diffusion-controlled 
combustion.    
 
 

INTRODUCTION 
Thermodynamically, metals can react 

with liquid water to produce exothermic 
reactions [1-4].  Reactions between Al and water 
or other oxidizers occur in many explosive and 
propulsion systems.  In large-scales systems, 
fundamental aluminum combustion 
characteristics can be subsumed and difficult to 
capture the intrinsic nature of the reaction [5-7].  
Many fundamental studies on Al/O2 and Al/air 
combustion air exist in the literature [8-14], but 
few have been devoted to the Al-H2O reaction 
[15-21], and even less using nanosized 
aluminum [22-24].  

Micron-sized Al particles demand long 
combustion times and require high ignition 
temperatures.  The possibility of increasing the 

reactivity of metal particulates, thereby lowering 
ignition temperatures and shortening reaction 
times could greatly enhance existing uses of 
metal powders as well as to produce new 
methods for their use in combustion systems.  
Therefore, nano-sized particles are desirable 
since they offer shortened ignition delay, 
decreased burn times, more complete 
combustion, higher specific surface area, and the 
ability to act as gelling agents for liquids 
replacing inert or low energy gelling agents.  
The focus of this study was to simplify and 
isolate the aluminum-water reaction in order to 
understand the combustion process of nano-
aluminum (nAl) within quasi-homogeneous 
mixtures of nAl and liquid water having no other 
oxidizers present.  Another example of 
experiments related to nanoenergetics is 
metastable intermolecular composite (MIC) 
systems [25].  These systems are also two-
component systems employing metals reacting 
with metal oxides (e.g., nAl and MoO3). 

Due to the large amount of hydrogen 
produced, Al-water systems may be applied to 
energy conversion technologies such as thermal 
electrics for direct power generation, underwater 
explosives and propulsion, heat engines such as 
gas-turbines, Sterling and Rankine cycle engines 
for power generation and propulsion, and 
multifunctional thrusters for power and 
propulsion.  From equilibrium calculations, the 
exothermicity of the water reaction (2860K) 
with aluminum only exceeds the vaporization 
temperature (2700K) for pressures below 1.5 
atm.  For both air and water oxidizing systems 
suggest that the temperature is high enough that 
aluminum might burn in the vapor phase at one 
atmosphere since the flame temperature exceeds 
the boiling temperature of aluminum, just as is 
the case for a liquid hydrocarbon droplet.  
However, as the pressure is increased, the 
vaporization temperature of aluminum exceeds 
the adiabatic flame temperature for liquid water 
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at a pressure.  At elevated pressures, the 
combustion process would be predicted to occur 
at the particle surface typical of a heterogeneous 
surface reaction, much like occurs in boron or 
carbon particle combustion.  

   Ivanov et al. [19,20] investigated the 
effect of pressure on ultrafine aluminum metal 
powders (UFP) in a mixture of water in the 
presence of a thickening agent, polyacrylamide 
(3%).  The specific surface area of their particles 
ranged from 5 to 50 m2/g.  In their experiment, 
they mixed UFP aluminum with distilled water 
and added the thickening agent at equivalence 
ratios of 0.67 and 1.0.  They reported that the 
mixture would not ignite without including the 
polyacrylamide thickening agent in the mixture.  
The mixture was filled into 10 mm tubes and 
ignited with an electrical coil inside of a 
constant pressure vessel with argon as the 
atmospheric gas.  Mixture compositions ranged 
from 40 to 55% (by mass).  At the maximum test 
pressure of 7 MPa, the maximum burning rate of 
the mixture was found to be approximately 1.5 
cm/s.  Ivanov et al. did not report packing 
densities of each sample; therefore, mass-
burning rates could not be determined.  
Shafirovich et al. investigated the combustion 
behavior of 80 nm nAl-water mixtures also with 
a polyacrylamide gelling agent [26].  They 
found that 80 nm nAl-H2O mixtures yielded a 
combustion efficiency of ~50%. 

In our previous study [27] on the 
combustion behavior of nano-aluminum (nAl) 
and liquid water was the first reported self-
deflagration on nAl and liquid water without the 
use of any additional gelling agent.  Steady-state 
burning rates were obtained at room temperature 
(~25 oC) using a windowed vessel for a pressure 
range of 0.1 to 4.2 MPa in an argon atmosphere, 
particle diameters of 38 to 130 nm, and overall 
mixture equivalence ratios (φ) from 0.5 to 1.25.  
The pressure exponent at room temperature was 
0.47, which was independent of the overall 
mixture equivalence ratio for all of the cases 
considered. 

The aim of this research was to characterize 
the burning process of nAl-H2O mixtures with 
and without the presence of a gelling agent in a 
high-pressure optical vessel and to quantify the 
chemical conversion efficiency in these mixtures 
by measuring the amount of hydrogen produced 

under well-controlled operating conditions in a 
closed bomb.   

  
 

EXPERIMENT 
Two experiments were used in this 

investigation.  The first is an optical pressure 
vessel, which is used to determine the steady-
state linear and mass burning rates under 
constant pressure conditions.  The second, a 
constant volume closed chamber, was used to 
contain the combustion products of the mixture 
and measure the amount of gaseous hydrogen 
produced from the Al-H2O reaction at various 
initial pressures.  

 
Optical Pressure Vessel 

The burning rates of nAl mixtures with 
liquid water were obtained using an optical 
pressure vessel under well-controlled operating 
conditions, as shown schematically in Fig. 1.  
The chamber, constructed from 316 stainless 
steel, is equipped with four optical viewing ports 
each having a 15.2 × 2.54 cm field of view.  The 
61-cm long chamber has an inner diameter of 22 
cm and a  
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Figure 1.  Schematic diagram of windowed 
pressure vessel. 

 
total free volume of 23 liters to minimize the 
pressure variation caused by the generation of 
gaseous combustion products during an 
experiment.  The optical chamber was brought 
to the desired initial pressure using argon as the 
pressurant gas by regulating the inlet and 
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exhaust valves.  The continuous purge of argon 
kept the product gases free from the viewing 
area.  The base plate has six feedthrough ports to 
provide pathways into the chamber for 
electrical-signal and gas lines.  One of the 
optical viewing ports was backlit using an 
optical diffuser.  The opposite viewing port of 
the diffuser was used for real-time recording of 
the burning process with a digital video camera.  
Sample Preparation 

The 38-nm nAl particles used in the 
present study were supplied from Technanogy 
with an active aluminum content of 54.3% (by 
weight).  The 50, 80, and 130 nm particles were 
supplied by Nanotechnologies, Inc.  Particle 
densities (Table 1), inclusive of the oxide 
coating, were measured using a pycnometer and 
had values near 3 g/cm3 (compared to bulk Al of 
2.7 g/cm3).  The nAl particles were mixed 
manually in small batches with distilled water 
(oxidizer) in a sealed plastic bag.   

For tests including the poly(acrylamide-
co-acrylic acid) or “Poly-A” (Sigma-Aldrich, 
MW=5,000,000, CAS Number 009003069), the 
oxidizer preparation was slightly different.  
Three weight percent of Poly-A was added to 
the distilled water and well mixed prior to 
introducing the nAl.  After sufficient mixing, the 
water became gel-like.  The active aluminum 
content corresponding to the respective nAl 
particles was balanced with the water content 
(97%, by wt) in the oxidizer as specified by the 
desired stoichiometry and mixed with the 
aluminum in the exact same manner.  The 
mixture was then loaded into a quartz tube with 
a 10 mm O.D. (8 mm I.D.) × 75 mm length.  A 
small ignition booster was placed atop the 
strand.  The sample was loaded in the pressure 
vessel immediately after packing to avoid any 
loss through vaporization or slow, low 
temperature reactions.  A more detailed 
description of the mixing process can be found 
in Ref. [27]. 

 
Table 1. Characteristics of Aluminum Particles
Particle 

Diameter 
[nm] 

Oxide Layer 
Thickness 

[nm] 

Active 
Aluminum 

Content [%]

Particle 
Densityc 
[g/cm3] 

Surface 
Area 

[m2/g]

38a 3.1 54.3 3.205 54.1 
50b 2.1 68.0 3.008 41.2 

80b 1.6 84.0 - 25.8 
80b 1.9 81.0 3.076 26.5 
80b 2.7 74.0 - 26.1 

130b
 2.2 84.0 - 16.5 

aManufactured by Technanogy, LLC 
bManufactured by Nanotechnologies 
cMeasured using a pycnometer 

 
The instantaneous pressure was monitored using 
a Setra 206 pressure transducer.  Ignition was 
obtained by resistance-heating of the booster 
propellant with a nichrome wire that was 
threaded through the booster.  A data acquisition 
board was used to record the pressure transducer 
output at a sampling rate of 1000 Hz.  The 
position and time of the regressing luminous 
front were tracked using the video recorder.  
From these data, the burning rate was 
determined using a curve fit to position vs. time 
[28].  

It was found that packing density has a 
significant impact on linear burning rate as 
shown in Fig. 2.  Therefore, mass-burning rate 
per unit area is presented to account for any 
packing density variation.  The linear burning 
rate decreases by nearly 51% for a packing 
density increase of ~ 32%, whereas the mass 
burning rate per unit area changes less than 10-
12%, which is within the scatter of the data. 
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Figure 2. Mass and linear burning rates as a 
function of packing density at φ=1.0 and P = 
3.5 MPa. 
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Closed Bomb Chamber 
A closed bomb chamber was designed 

and fabricated to perform combustion tests 
coupled with gas chromatography to determine 
the hydrogen produced from the reaction 
between nAl and water.  The chamber, 
constructed from 316 stainless steel with a free 
volume of 156 cm3

, is capable of sustaining 
pressures beyond 35 MPa.  It is equipped with 
11 access ports.  A PCB fast-response sensor 
(111A22) and a static Setra 206 diaphragm 
transducer were used to monitor the pressure in 
the vessel.  The nAL-H2O mixture was placed 
into a quartz sample cup, weighed, and installed 
in the closed vessel.  A coiled nichrome wire 
was submerged in the loose powder to serve as 
the ignition source.  The chamber was sealed 
and purged with argon 2-3 times to remove any 
additional air.  The chamber was brought to the 
selected initial pressure by a final filling with 
argon gas.  A 10 VDC voltage was supplied to 
the nichrome coil, which initiated the reaction 
and the instantaneous pressure was recorded 
using a Genesis Nicolet MultiChannel Data 
Acquisition system at a sampling frequency of 
5000 Hz. 

 
Chemical Efficiency Determination 

To quantify the chemical efficiency, an 
Agilent micro gas chromatograph (MicroGC 
3000) was used to measure the hydrogen 
concentration in the combustion chamber after 
each test.  Coupling the GC measurements with 
the experimental hydrogen calibration curve, the 
experimental gaseous hydrogen concentration 
was determined.  The overall chemical 
efficiency, ηchem, was calculated by the 
following equation 
 

theor2

meas2
chem ]H[

]H[=η  

 
where [H2]meas is the hydrogen concentration 
from the GC results and  [H2]theor is the 
theoretical hydrogen produced based upon the 
balanced chemical reaction. 

The theoretical hydrogen concentration 
was calculated by using only the gas-phase 
species in the products in the following assumed 
reaction. 

 
2Al(s) + 3H2O(l) + Ar(g) → Al2O3(s) + 3H2(g) + Ar(g) 
 
Using the above-mentioned method, high 
temperature dissociation is neglected.  
Therefore, any available H atoms are assumed to 
form molecular hydrogen. Also, since the 
amount of Poly-A was less than a fraction of a 
percent in the over mixture, its products were 
neglected.  Figure 3 and typical pressure-time 
profiles for nAl-H2O mixtures combusting in the 
closed bomb.  All mixtures had an approximate 
total mass of 1.0 gm with various initial 
pressures.  The curves were offset by the 
respective initial pressure to easily compare 
peak pressure and pressurization rates. For 
elevated pressures, the initial pressurization rate 
appeared to be constant.   
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Figure 3. Pressure-time profiles of several 
closed bomb tests with various initial 
pressures and constant initial mixtures mass 
of ~ 1.0 gm. 
 
However, for the atmospheric case, the 
pressurization rate was orders of magnitude 
slower leading to lower chemical efficiencies.    
The measured maximum temperature is much 
less than that calculated equilibrium pressure 
using the constant uv case in the NASA 
Chemical Equilibrium Applications Program 
(CEA) [29].  This decrease is due to the large 
amount of heat loss to the surroundings. 
 
 

RESULTS AND DISCUSSION 
The burning rates as a function of 

pressure (0.1 to 15.3 MPa), overall mixture 
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equivalence ratio (0.5 to 1.25), nominal particle 
size (38 to 130 nm), and composition (3% Poly-
A in oxidizer) for nano-sized aluminum particles 
were obtained using two experimental systems: 
(1) an optical pressure vessel to characterize the 
linear and mass burning rates; and (2) a closed 
bomb to retain the combustion products and 
measure the amount hydrogen produced.  Figure 
4 presents a series of video images 
demonstrating the normal deflagration of a 
stoichiometric 38-nm nAl-H2O mixture at 3.65 
MPa.  The onset of ignition is represented by 
t=0s.   

After approximately 0.10s, normal 
deflagration was observed and the flame steadily 
propagated downward until the reactants were 
consumed.  A visible flame appeared attached to 
the burning surface indicating ignition at or near 
the surface. 
 

Time [s] 
      0               0.10           0.23           0.33           0.50  

Figure 4.  Captured images of a 
stoichiometric 38-nm diameter nAl/H2O 
mixture combusting at 3.65 MPa. 
 
Depending upon the mass-burning rate per area, 
a significant fraction of the alumina remained in 
the tube.  The intense luminosity shown in Fig. 3 
indicates the emmision from the hot alumina 
above the propagation front.  Figure 5 shows 
typical examples of trajectory curves (x vs. t 
plots), obtained from such images as those in 
Fig. 3.  As seen in the figure, the data produced 
highly linear curves of x vs. t, and hence steady-
state burning rates were achieved.  The 
steadiness is also an indication of the uniformity 
in the packing density throughout the quartz 
tube. 
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Figure 6 shows the measured burning 
rates as a function of pressure for stoichiometric 
38-nm diameter nAl-water mixtures.  For the 
pressures below 3.5 MPa [27], the pressure 
exponent of 0.47 in the burning-rate formula 
[28] suggests an overall first-order chemical 
reaction process for pressures.  Perhaps this 
pressure exponent can be attributed to the 
collision of the water molecules on the particle 
surface (or another surface reaction), consistent 
with the adiabatic flame temperature being 
below the aluminum vaporization temperature.  
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Figure 6. Effect of pressure on linear burning 
rate for a stoichiometric 38-nm diameter nAl-
H2O and nAl-H2O-Poly-A mixtures. 

 
According to Wang et al. [30], for thermite 
reactions, where the products are predominately 
condensed-phase, the combustion is independent 
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of ambient pressure when beyond 1 atm.  In the 
present experiment, the reaction products 
contain significant amounts of Al2O3, which 
may cause the pressure exponent to be lower 
than that of a mixture with purely gas-phase 
products.  Once the pressure exceeds 3.5 MPa, 
the pressure dependence on mass and linear 
burning rates disappears.  The pressure 
independence may be caused by the transition 
from kinetically-controlled to diffusion-
controlled combustion. 

The mass-burning rate per unit area 
(Fig. 7) maintained the same trends as the linear 
burning rate reaching a maximum of ~8 g/cm2-s 
at a pressure of ~11 MPa.  The oxide products 
for the two leanest mixtures appeared to have 
powder-like structure.  In contrast, the products 
for all of the other mixtures clearly had melted 
and formed a continuous, although porous, 
condensed-phase product. 
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Figure 7.  Effect of pressure on mass burning 
rate per area for a stoichiometric 38-nm 
diameter nAl/H2O and nAl-H2O-Poly-A 
mixtures. 
 
As shown in Fig. 7, the burning rates were not 
affected by the addition of Poly-A in the reactive 
mixture.  Burning rates were also obtained as a 
function of aluminum particle diameter as 
shown in Fig. 8.  Four different diameters were 
investigated: 50 nm, 80 nm, 130 nm, and 5 μm.  
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Figure 8.  Burning rate as a function of 
aluminum particle diameter. 
 
Ignition of the 5-micron aluminum particles was 
not achieved for the pressures and type of 
ignition system used in this study.  These results 
were anticipated since the specific surface area 
of micron-sized particles is relatively small, and 
thus, the mixture is less gelled.  In addition, the 
rate of energy delivery from the igniter was not 
rapid enough to heat up the micron-sized 
aluminum to its ignition temperature, and 
consequently, much of the energy from the 
igniter was expended to vaporize the water 
without reacting with the aluminum.  Another 
contributing factor is that micron-sized 
aluminum particles need much higher 
temperatures (~2000 K) than nAl (~900 K) to 
ignite [23,24] even though having larger active 
aluminum content.  In contrast, nAl particles 
have the ability to absorb large amounts of water 
on the surface (thus gelling and improving the 
mixedness of the mixture) as well as to heat up 
quicker (smaller heat capacity).  Decreasing the 
particle size from 130 to 50 nm resulted in a 
2.57 times increase in burning rate.  A linear 
relationship of the burning rate with respect to 
particle diameter was obtained, indicating the 
prevalence of a diffusion-controlled process for 
nano-sized particles, which is further confirmed 
by the slope change in the burning rate plots 
(Fig. 6) at these pressures. 
 
Chemical Efficiency 

The chemical efficiency, ηchem, is a very 
important parameter for characterizing nAl-
mixtures.  Burning rates by themselves may not 
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be adequate since they do not quantify the 
degree of reaction of these systems.  In simple 
two-component mixtures such as these, it is not 
very difficult to measure the combustion product 
species, especially in aluminum-water systems.  
For stoichiometric proportions, the only product 
species that exist neglecting dissociation are 
alumina and hydrogen gas.  Thus, the quantity of 
hydrogen gas is a direct measurement of the 
completeness of the reaction.  Figure 9 shows 
the product species mole fractions and adiabatic 
flame temperature as functions of equivalence 
ratio at a pressure of 3.5 MPa.  The results were 
calculated using the NASA Chemical 
Equilibrium Applications Program (CEA) [29].   

The solid amorphous aluminum oxide, 
Al2O3(a), is present until around φ = 0.6, which 
is a result of the adiabatic flame temperature 
being lower than the melting temperature of 
alumina.  When the flame temperature exceeds 
the melting point of Al2O3 (~φ = 0.7), the solid 
aluminum oxide changes phase and liquid Al2O3 
becomes the dominant product. 
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diameter nAl-H2O at P = 3.65 MPa. 
 
For fuel rich conditions, aluminum was present 
and steadily climbed until ~φ = 1.2 where it 
continued to remain constant.  As expected, at φ 
= 1, the atomic hydrogen is at a maximum and 
tails off in both the fuel lean and fuel-rich 
conditions indicating that maximum dissociation 
occurs at the peak temperature.  Using the 
simple balance equation for aluminum-water, 
75% (by vol) of hydrogen gas is produced for 1 
mole of aluminum.  The equilibrium 

calculations, which include dissociation, indicate 
a slightly lower hydrogen production of  ~71% 
(by vol).  The remaining major species present 
due to dissociation is atomic H (~2.5%).  In our 
calculations, the hydrogen efficiency is 
calculated based upon the simple ideal estimate.  

Figure 10 shows the dependence of 
chemical efficiency on pressure and mixture 
composition.  For pressures ranging from 10 to 
130 atm, ηchem was independent of pressure for 
nAl-H2O and nAl-H2O-Poly-A mixtures.  The 
efficiency for the Poly-A mixtures decreased 
approximately 8% at a pressure of 80 atm, which 
may be caused by a slight variation in oxide 
layer thickness or mixedness of the reactants.  
Table 2 contains the chemical efficiencies for 
fuel-lean conditions (φ = 0.67) for the 38 nm 
nAl-H2O mixtures.  The increased ηchem with 
pressure may be caused by various phenomena 
such as increased vaporization temperature and 
slightly better interaction between the fuel and 
oxidizer.   
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Table 2. Chemical efficiency for nAl-H2O 

mixtures at φ = 0.67 
P [atm] Chemical Efficiency [%] 

39.5 68.4 

68.9 73.7 

122.3 82.9 
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The effect of particle diameter and gelling agent 
(Poly-A) at stoichiometric conditions and P = 
3.1 MPa on the chemical efficiency is given in 
Fig. 11. 

Depending on the stoichiometry and 
particle diameter, the condensed-phase products 
varied in structure and color.  For lean mixtures, 
low-initial pressure, and large diameter particles, 
the solid products were grayish and formed large 
agglomerates.  In contrast, for higher pressure 
and larger particle diameters, the condensed-
phase products appeared whiter and consisted of 
very fine powder-like particles.  It was found 
that the particle diameter has a strong effect on 
the amount of hydrogen generated during 
combustion changing from ~ 27% (by vol) for 
130 nm particles to ~80% (by vol) for 38 nm 
particles.  This increase is expected since 
complete combustion has a greater chance with 
smaller particles due to the reduced heat loss to 
the surroundings for faster burning particles.  
Furthermore, the chemical efficiency (62%) of 
80 nm particles was not affected by the presence 
of Poly-A in the oxidizer and was higher than 
published data by Shafirovich et al. [26], which 
was approximately 50%. 
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Figure 11.  Chemical efficiency of nAl-H2O 
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particle diameters at φ=1 and P = 3.1 MPa. 

 
This discrepancy may be attributed to mixing 
techniques and pressure since Shafirovich’s 
results were at 1 atm.  Mixing can have 
significant effects on performance.  Several 
parameters can affect the aluminum-water 
reaction in terms of burning rate or chemical 
efficiency such as particle diameter, active 
aluminum content, and oxide layer thickness.  

These parameters must be well-controlled to 
accurately characterize their behaviors. 
 
 

SUMMARY AND CONCLUSIONS 
The combustion and chemical efficiency 

of nano-aluminum (nAl) and liquid water has 
been characterized for nAl-H2O and nAl-H2O- 
poly(acrylamide-co-acrylic acid) mixtures for a 
broad range of pressure, mixture composition, 
and particle size.  The major conclusions of this 
work are as follows: 

 
1. Linear and mass burning rates were found 

to obey a P-0.5 burning rate power law up 
to 3.5 MPa.  Beyond 3.5 MPa, the burning 
rate was independent of pressure; 
therefore, the combustion process appears 
to transition from kinetically-controlled to 
diffusion-controlled at 3.5 MPa. 

2. The 3% (by wt) addition of 
poly(acrylamide-co-acrylic acid) gelling 
agent to the oxidizer did not significantly 
affect the burning rates or chemical 
efficiencies of the mixtures containing 38 
and 80 nm particles. 

3. The chemical efficiency of stoichiometric 
38 nm Al with water was found to range 
from 78 to 90%.  The efficiency appeared 
to be independent of pressure beyond 10 
atm. 

4. Chemical efficiencies decreased from 80 
to 27% with aluminum particle diameters 
increasing from 38 to 130 nm indicating 
particle quenching possibly due to greater 
heat losses and greater non-homogeneity 
in the fuel-oxidizer mixture. 
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Nanopowders 
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Recent advances and developments in the area of nanoenergetic materials have allowed for their 
application into several different products, including electric matches, percussion primers, and additives 
into conventional high explosives.  Production and scale-up are still limited to small batches in order to 
prevent any accidental ignition of this type of energetic materials.  Nanoenergetic materials based on 
reactive nanopowders e.g. (Al-Fe2O3, Al-CuO, Al-MoO3, Al-Bi2O3) can be ignited by several different 
stimuli including heat, friction, impact and electrostatic discharge.  Ignition by heat, friction and impact, 
are relatively easy to mitigate during the processing of these materials, however, electrostatic discharge is 
by far more complicated and has not been well understood. Due to the small particle size and very high 
surface area of involved nanopowders, electrostatic charge can easily build-up on the particle during 
various processing steps and ultimately result in ignition by a discharge.  This study has investigated the 
inherent static charge present on nanoscale powders.  This charge was found to be dependent on both 
surface area and physio-chemical characteristics of the powders.  The type of liquid processing media, as 
well as grounding of equipment used, has a noticeable effect on the build-up of powder charges.  
Susceptibility of nanoenergetic mixtures to ignition by electrostatic discharge was also investigated for 
several nanothermite systems.  This susceptibility was found to be dependent on the following 
parameters: type of metal oxide present in the mixture, liquid processing media, surface-functional 
particle coating, presence of binder in the mixture, relative humidity of the testing environment, 
agglomerate size of the nanoenergetic material, and physical arrangement of the powder. 



796 

 



53 

Compositional Factors Affecting the Ballistic Properties 
of 

Magnesium-Fluorocarbon (MTV) Igniters 
 

S.M.Caulder, J.R.Leon and L.Luense 
Naval Surface Warfare Center 

Indian Head Division (Code R11) 
101 Strauss Avenue 

Indian Head, MD 20640-5053 
U. S. A. 

 
 

Abstract 
 

 NSWC-Indian Head manufactures magnesium-fluorocarbon (MTV) powders as ignition 
compositions for the igniters of various rocket and missile motors.  During the 1991-1995 
timeframe, several MTV igniter assemblies exhibited higher-than-normal pressures and rise-
rates; some of the affected assemblies exhibited rupture.  To explain these lot-to-lot high-
pressure variations, a number of characterization studies and chemical analyses were carried out 
on the as-manufactured MTV as well as the individual ingredients that comprise these ignition 
compositions.  The results of chemical and physical analyses as well as closed-bomb tests were 
correlated with the result s of the particle-size and surface-area measurements on the individual 
ingredients and MTV compositions.  These results will be discussed and used to explain the 
ballistics that resulted from the various MTV igniters tested. 
 
 

Introduction 
 

 The Indian Head Division of the Naval Surface Warfare Center (NSWC) manufactures 
magnesium-fluorocarbon ignition powder, commonly referred to as MTV (magnesium-Teflon-
Viton) to support several missile programs.  The MTV agglomerates are composed of 54 wt-% 
magnesium and 30 wt-% Teflon coated with 16 wt-% Viton.  The Teflon (Halon) is a blend of 
coarse (G-10) and fine (G-80) particle-diameters.  In order to obtain the required ballistic and 
processing characteristics, a 1:1 mixture of the Halon G-10/G-80 is used.  The MTV powder 
becomes a component of the igniters for various rocket motors. 
 In 1991 Indian Head manufactured two lots of MTV powder for use in the MK 305 Mod 
0 igniter.  The first lot, IH91C-203-001, performed satisfactorily during closed-bomb and igniter 
tests.  However, the second lot, IH91H-203-004, exhibited high pressure rise-rates during closed-
bomb tests.  Two of the igniters also cracked when they were test-fired. 
 A new lot of MTV, IH95G-303-001, was manufactured in 1995 with the same lots of 
magnesium and Teflon ingredients as were used in the 1991 MTV lots.  However, a different lot 
of Viton was used in the 1995 MTV lot.  Closed-bomb tests of this MTV powder also gave 
higher than normal pressure rise-rates, and two igniters manufactured from this 1995 MTV lot 
also ruptured. 
 Characterizations and chemical analyses of the 1991 and 1995 MTV lots, other MTV 
lots, and the respective ingredients used in their manufacture revealed that drums labeled as 
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containing the larger particle-size polytetrafluoroethylene compound Halon G-10 actually 
contained the much finer Halon G-80 compound.  This inadvertent use of the finer particle-size 
Halon G-80 instead of the coarser Halon G-10 significantly increased the MTV powder surface-
area, thereby increasing the pressure rise-rate (dp/dt) of the MTV igniters. 
 It was verified through tracking documents and surface-area measurements that MTV lots 
IH95G-303-001 and IH91H-203-004 contained a high concentration of fine-particle Halon G-80.  
As one result, it became important to verify that this error was the sole cause of the high pressure 
rise-rate.  It also was necessary to know to what extent small changes in the surface-area of the 
magnesium component affected the pressure rise-rate.  Finally, knowledge was required 
regarding how the pressure rise-rate was affected as the ratio of the Halon G-10/Halon G-80 
component was varied in the MTV powder. 
 
 

Experimental 
 

Density Analysis 
 The densities of the MTV powders and of their magnesium, Viton and Halon constituents 
were measured with a Micromeritics AccuPyc 1330 Helium gas-displacement pycnometer.  The 
objective of the density analysis was to determine the homogeneity of small quantities of MTV 
within the bulk MTV lot and to compare the measured densities with the theoretical calculated 
density (TMD).  Density also was used as one parameter for comparing the reproducibility of 
different lots of MTV powder. 
 
Heat-of-Explosion Analysis (HOE) 
 HOE was determined by water calorimetry using a Parr bomb with an Argon atmosphere.  
The heat liberated was used to assess the performance and compositional fidelity of the MTV 
product. 
 
Closed-Bomb Pressure Test 
 A 12-gram sample of each MTV powder was fired in a 90-cm3 instrumented impulse 
bomb and the pressure vs. time was recorded.  The pressure rise-rate was determined by 
calculating the slope of the pressure-time record between 500 and 1,000 psi.  Maximum pressure 
also was recorded. 
 
Surface-Area Analysis 
 A Micromeritics Gemini 2360 Multi-Point Surface-Area Analyzer was used to measure 
the surface areas of the MTV powders and their ingredients. 
 
Diagnostic Small-Scale Mixes of MTV Powders 
 Five MTV mixes were prepared at the Indian Head Pilot Plant using equipment similar to 
that used in the manufacture of production lots.  Two separate lots of magnesium having 
differing surface-areas were used.  The ratio of Halon G-10/G-80 was varied to determine its 
effect upon the pressure rise-rate. 
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Results and Discussion 
 

 Halon G-10, lot 84-M-2394, has remained constant throughout the life of the program 
and is still available for use.  In contrast, the Halon G-80 lot has been changed three times.  
Available lots of Halon G-10 and G-80 were subjected to surface-area measurements to ascertain 
whether variations in surface-area could be contributing to the high dp/dt problem.  The G-10 
used in both small-scale and production mixes had a surface area of 2.7986 m2/g.  In comparison, 
the G-80 had a surface-area of 3.4933 m2/g.  In the course of performing this analysis, it was 
discovered that some of the drums of Halon G-80 had been incorrectly labeled as Halon G-10.  
In fact, it was verified that one of these drums had been used for mix IH95G-303-001.  The only 
question remaining was whether the same error had occurred during the production of lot 
IH91H-203-004.  It now had been confirmed that two of the MTV lots had been incorrectly 
formulated.  However, it remained to be verified that this error was the sole cause of the high 
pressure rise-rate.  To investigate further, the effects of changes in the magnesium surface-area 
and of variations in the Halon G-10/Halon G-80 ratio on pressure rise-rates also needed to be 
known.  Table 1 presents the small-scale mix matrix used to test each of these variables.  All five 
mixes were made at the Indian Head Pilot Plant using equipment similar to that used in 
production.  The results of the closed-bomb tests on the five mixes are shown in Table 2 and 
Figure 1. 
 
 
 

Table 1.  Small-Scale Mix Matrix 

 
 
 
 

Table 2.  Pressure Rise-Rates of Small-Scale Mixes (psi/sec) 

 
 
 
 As expected, Mix 358, a composition using only Halon G-80, produced a rise-rate in 
excess of 1,000,000 psi/sec, whereas a correct composition of 15% Halon G-10 and 15% Halon 
G-80, Mix 359, significantly decreased, by approximately 60%, the resultant rise-rate.  
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Replicating the standard Mix 359, but substituting magnesium with a 42% smaller surface area, 
Mix 360, produced a 26% drop in pressure rise-rate from the standard composition.  Again 
replicating Mix 359 except for using a Halon G-10/Halon G-80 ratio of 16:14, Mix 407, 
produced a 17% drop in pressure rise-rate.  Further increasing the Halon G-10 amount to 20% 
(and thereby decreasing Halon G-80 to 10%), Mix 408, produced a 39% drop in rise-rate. 
 

 
 

Figure 1.  Pressure Rise-Rates of Small-Scale Mixes 
 
 
 Surface-area and closed-bomb measurements were made on five production MTV mixes, 
two of which had caused their respective MTV igniters to rupture.  Surface-area and 
corresponding closed-bomb results from the production MTV are presented in Table 3 and 
Figure 2.  These data show that a correlation exists between MTV surface-area and pressure rise-
rates.  However, one other factor, the homogeneity of the MTV agglomerates, also was observed 
to affect the burning-rate in addition to the surface area.  When only large Halon particles were 
used as in IH05XMF85, the rise-rate showed a lower dp/dt even though the surface-area was 
higher than for two of the other mixes.  This is due to the magnesium not being in contact with 
the Halon G-10 in the form of an agglomerate. 
 
 

Table 3.  MTV Surface-Area and Pressure Rise-Rate Data 
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Figure 2.  MTV Surface-Area vs. Pressure Rise-Rate 
 
 

Conclusion 
 

 Closed-bomb measurements have shown that small deviations in the ratio of the coarse-
to-fine polytetrafluorethylene (Halon) ratio (i. e.; G-10:G-80) can greatly affect the ballistic 
properties of an MTV igniter. 
 The improper labeling of a Halon drum led to the manufacture of MTV igniters 
containing all fine particles of Halon G-80.  This resulted in a higher burning-surface area, thus 
causing igniter over-pressurization and case-rupture.  Surface-area measurements of the 
magnesium and Halon, as well as the MTV powders used in the manufacture of the MK 305 
Mod 0 igniter, can be used to predict the probability for igniter case-cracking or rupture. 
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Using Fiber Optics to determine Detonation Velocity during Surveillance 
Testing of the Sparrow MK 38 MOD 2 Fuze Booster* 

 
 

INTRODUCTION 
 
Fiber optics is used today on a wide variety of test systems because of their fast response and low cost.  
Fiber optic cables can transfer large amounts of data over long distances with very low signal loss and, 
therefore, are ideal for detonation velocity measurements.  Detonation velocity has been measured by 
several different and useful test methods, but probably the most common is the use of High Speed 
photography.  However, even with very High Speed photography it can be difficult to accurately measure 
the exact time when initiation occurs.  Another drawback of High Speed photography is that it is 
expensive and time consuming to set up the equipment and reduce the data.  In contrast, the small size of 
fiber optics and their low cost makes them ideal for obtaining detonation velocity measurements.  
 
The data collected from the fiber optic signals during the output function tests of energetic materials can 
be used to determine if aging trends are occurring between samples.  An aging trend may occur because 
of the way in which the samples were stored and may be specific to either a lot or manufacturer of the 
explosive material.  Time and environmental conditions can and will affect the aging process of energetic 
materials.  The aging of energetic materials begins to occur as soon as it is manufactured and the changes 
may occur very slowly over many years, therefore, it may not be noticed until the material does not 
perform as originally designed.  Ideally, samples of the energetic material should be subjected to 
detonation velocity tests when it is manufactured and then again at specified intervals to look for aging 
trends.  If this was performed, a more accurate service life could be obtained.  
 
Some of the main things that can affect aging of energetic materials are heat, moisture, shock, packaging 
materials and storage conditions.  If we are to observe these effects on energetic materials we need more 
than just a pass or fail criteria to properly examine their current condition.  What we need is variables data 
to look for aging trends.  The data collected from these one shot devices will not only help determine the 
current condition of the energetic materials but the long term service life will be more easily established. 
 
One of the options for determining detonation velocity is the use of fiber optics.  Fiber optics can be used 
to provide useful data when performing output functioning tests on a wide variety of energetic materials.  
Through the use of fiber optics placed along the firing train as well as at the top and bottom of the test 
sample, in this case a Fuze Booster, the entire detonation process can be easily monitored.  However, 
there are some precautions that have to be used when collecting and analyzing the data.  One of the most 
important is that the equipment used to initiate and monitor the signals from the fiber optics must be able 
to collect the reaction of the detonation with sufficient speed to ensure the data is beneficial.  In order to 
accomplish this, NSWC Crane, along with Applied Research Associates Inc., has designed and built both 
a stationary and portable test set.  Both test sets provide everything needed to function the energetic 
material test samples and collect the detonation velocity using glass fiber optics.  
 
 

BACKGROUND 
 
This paper presents the results from the FY 05 Quality Evaluation (QE) testing of the 
MK 38 MOD 2 Fuze Booster that used fiber optics to measure detonation velocity during the output 
function tests. 

                                                 
* Approved for public release; distribution unlimited. 



630 

 
To initiate and collect the detonation velocity during the output functioning test NSWC Crane used what 
we call our Energetic Material Functioning Test Set (EMFTS).  The EMFTS is used to test a large variety 
of energetic materials such as transfer leads, fuze boosters, safety-arming devices, burster charges, card 
cap tests, and both large and small-scale cook-off tests.  The EMFTS consists of a comprehensive high-
speed  (1 nanosecond, 8-bit resolution) data acquisition and analysis system.  It has a controller with 
timing and sequencing capability along with safety/interlock circuitry.  The EMFTS control console 
enacts all supporting roles required for conducting the test event, including the detonation initiation, 
transducer signal conditioning, signal recording, chamber control, event sequencing, safety monitoring, 
temperature control, and data reduction.  The instrument suite supporting the EMFTS consists of pressure, 
temperature, strain, and fiber optic velocity-of-detonation sensors.  The test set has two video monitors 
which can monitor both the inside and outside of the test chamber.  The test set also contains a printer to 
print the test data immediately or it can be stored on compact disk for future use.  A photograph of the 
stationary EMFTS Console is shown in Figure 1. 
 

 
 

Figure 1. Energetic Material Functioning Test Set Console 
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The EMFTS is used in conjunction with our Ballistic Ordnance and Observation Measurement (BOOM) 
test chamber.  The BOOM Chamber is a self-contained 1-pound explosive weight test chamber with a 
pollution abatement ventilation system.  The firing lines enter into the chamber from the right side and the 
fiber optic cables from the left side to minimize any cross talk.  The valves used to open and close the 
chamber are air activated.  They allow outside air to enter the chamber, exit through the air filtration 
system, and vent outside as clear air.  The interior of the test chamber has replaceable steel panels and a 
table where samples can be set-up and tested.  A photograph of the BOOM Chamber and Air Filtration 
System is shown in Figure 2.  
 

 
 

Figure 2. Ballistic Ordnance and Observation Measurement (BOOM) 
Test Chamber With Air Filtration System  

 
In addition NSWC Crane and Applied Research Associates Inc. have designed and built a Portable 
Energetic Materials Functioning Test Set (PEMFTS) similar to the stationary test set shown previously.  
This PEMFTS includes an equipment sequencer, explosive initiator firing system, fiber optic 
light-to-voltage converters, high-speed digitizers, patch panel, and a backup power unit.  It also has a 
video recorder and audio intercom built into the test set.  This allows the console operator to record the 
test set-up and monitor the test site during testing while keeping both audio and video contact with the 
remote test cell.  The intercom allows for constant audio contact between the test operator and console 
operator so that they can communicate at all times during the set-up, testing of firing lines and fiber optic 
cables.  Using the intercom is a much safer operation because it allows the test operator to operate hands 
free without the use of a RF radio transmitter.  The PEMFTS computer program uses Labview custom 
software to provide the test operator with all the desired features in a package that is easy for field 
technicians to utilize.  
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The test set has everything built into a high impact portable shock resistant cabinet, with wheels and 
handles so that it can be easily taken to the field and set up immediately without interconnecting all of the 
equipment.  The PEMFTS includes all the equipment necessary to conduct on site field tests and is shown 
in Figure 3. 

 

   
 

Figure 3. Portable Energetic Material Test Set 
 
Placing fiber optic cables along the firing train as well as at the top and bottom of the Fuze Booster allows 
us to monitor the detonation process.  Each glass fiber cable used to collect data is cut, polished, and 
checked to verify that the glass fiber optic cable is able to receive a light source signal of sufficient 
amplitude before each test sample is initiated.  A typical sample of the 0.040 diameter glass fiber optic 
cable is shown in Figure 4. 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 

 
Figure 4.  Fiber Optic Cable 
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If the fiber optic cable is not properly cut and polished then the light signal will not be sufficient to obtain 
a signal with enough amplitude so that it will be easily observed over any background noise.  
Additionally, each fiber optic cable must be placed into the same position on each test sample if the 
detonation velocity data is to be consistently collected for each test sample.  If the fiber optic cable is not 
placed in the same location each time this can affect the detonation velocity measurements and the 
comparison of test data between test samples will become very difficult. 
 
Both the stationary and portable test sets use a portable Igniter Tester for checking whether sufficient 
firing current is available in a circuit to fire the EBW detonator.  The Igniter Tester is attached to the end 
of the firing line and used to verify that both the firing line and the firing unit are functioning properly 
before testing begins.  A neon bulb on the portable Igniter Tester should flash when a fire pulse is 
provided with an adequate current to fire the RP-87 EBW detonator.  If the neon bulb does not flash when 
a fire pulse is sent from the EMFTS then the firing line should be replaced.  After replacing the firing line 
the firing circuit should be rechecked to verify it is operating properly.  This check of the fire pulse and 
firing line is performed before each sample is output functioned.  The Igniter Tester, Model TA-10B, is 
shown in Figure 5. 
 
 

Figure 5. 
 Igniter Tester TA-10B  

Figure 6. 
Fiber Light Box 

 
 
Each test set also has a portable high-intensity strobe Fiber Light Box, which is shown in Figure 6.  The 
Fiber Light Box is capable of producing a pulsed light source that is used to check the integrity of each of 
the six glass fiber optic cables and the three-nanosecond response time light-to-voltage converters before 
every sample is tested.  
 

OBJECTIVE 
 
The objective of this evaluation is to evaluate the stockpile quality, reliability and serviceability of the 
MK 38 MOD 2 Fuze Booster.  This is accomplished by collecting data on major test parameters specified 
in the Fuze Booster specification.  This data is then compared with acceptance data and previous QE data, 
whenever it is available, to establish aging trends and service life limits.  The QE program also provides 
failure analysis and recommendations when failures or abnormal changes occur which could affect the 
condition of the stockpile. 
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The QE program uses detonation velocity data and depth-of-dent measurements, along with any other 
previous data taken from chemical analysis of the CH-6 explosive compound within the MK 38 MOD 2 
Fuze Booster, to determine if the Fuze Booster still meets specification requirements.  The last quality 
evaluation of the MK 38 MOD 2 Fuze Booster using fiber optics was performed in FY 05 in report 
OED/C-05-110 (1). 

 
DESCRIPTION OF MK 38 MOD 2 FUZE BOOSTER 

 
The MK 38 MOD 2 Fuze Booster is used on the Sparrow Guided Missile.  It is basically an amplifying 
explosive charge that is placed between the MK 33 MOD 0 Safety-Arming Device (SAD) initiating 
element and the warhead.  The MK 38 MOD 2 Fuze Booster contains a CH-6 composition with 97.5% ± 
50% RDX and approximately 1.50 ± 0.15% calcium sterate and 0.05 ± 0.10% graphite and 0.50 ± 0.10% 
Polyisobutylene.  The density is between 1.59 and 1.62.  It is a high explosive developed as a replacement 
for Tetryl and is used in applications where an increased resistance to high temperature is required or a 
greater output is required than can be obtained from Tetryl.  
 
The CH-6 explosive compound used in the MK 38 MOD 2 Fuze Booster is similar to the CH-6 used by 
many other types of Fuze Boosters on several missile programs.  Although CH-6 has a long history of 
stability it can be affected by both heat and exposure to several different types of environmental 
conditions.  If one or all of these conditions exist it can change the chemical characteristics of the CH-6 
explosive compound and this will change the output performance and detonation velocity of the Fuze 
Booster.  
 
The total explosive weight of the MK 38 MOD 2 Fuze Booster is 44 grams or 0.097 lbs.  It was 
developed to replace the MK 38 MOD 1 Fuze Booster, which contains 50 grams of CH-6.  Both Fuze 
Boosters function basically the same except for the higher cook-off resistance of the MK 38 MOD 2 Fuze 
Booster and its smaller explosive quantity. 
 
The function of the MK 38 MOD 2 Fuze Booster is to: (1) remain stable during shipping, storage, and 
missile flight environments; and (2) upon receipt of an explosive impulse from the SAD, explode with 
sufficient force to cause warhead detonation. 
 
The MK 38 MOD 2 Fuze Booster is located between the Sparrow Missile MK 33 MOD 0 SAD and 
Warhead.  It can be initiated by the output force from the MK 26 MOD 0 Transfer Lead Assembly (TLA) 
or by the MK 33 MOD 0 SAD.  The Fuze Booster is a secondary explosive charge attached to the output 
end of the SAD.  The SAD contains a safe-arming mechanism with an out-of-line explosive train.  This 
allows the Sparrow Missile SAD to maintain the warhead in a SAFE condition during storage, handling 
and captive flight.  After the Missile is launched and safe separation has occurred, the SAD reaches its 
fully armed condition and remains in a ready state awaiting a fire pulse to initiate the SAD.  When a fire 
pulse from the missile is sent to the SAD, the fire pulse causes the internal explosive firing train within 
the SAD to initiate.  The explosive output force from the SAD causes the CH-6 explosive compound 
within the MK 38 MOD 2 Fuze Booster to initiate and transfer the Fuze Booster’s explosive force to the 
missile warhead which causes a high order initiation of the warhead to occur. 
 
The MK 38 MOD 2 Fuze Booster is contained in a metal housing with holes along the outside perimeter 
in order to meet cook off requirements.  Inside the metal housing is a plastic cup containing the pressed 
CH-6 explosive pellet.  The plastic cup is held in place by a rubber silicone adhesive.  The Fuze Booster 
has a threaded end, with a plastic shock ring, so that it can be attached to the MK 33 MOD 0  
Safety-Arming Device.  The output end of the MK 38 MOD 2 Fuze Booster contains an identification 
plate with the manufacture, contract number, lot number and load date. 
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The MK 38 MOD 2 Fuze Booster with the plastic shock ring and the identification plate are shown in 
Figure 7. 
 

 
Figure 7.  MK 38 MOD 2 FUZE BOOSTER 

 
The service life parameters of the MK 38 MOD 2 Fuze Booster are based on the design and the limiting 
factors that could potentially restrict the service life.  They are: 1) failure of the device to remain safe to 
handle, transport, and install, 2) failure of the device to initiate the warhead during in-service use due to 
degradation of the energetic materials within the Fuze Booster and degradation of the energetic materials 
caused by either the plastic housing or silicone adhesive.  All of these parameters can possibly be affected 
by environmental conditions such as moisture, temperature, vibration and shock.  As the explosive 
compound within the Fuze Booster ages it can potentially affect either the handling safety or output 
performance. 
 
An overview of the safety, reliability and performance parameters of the MK 38 MOD 2 Fuze Booster is 
defined in MIL-STD-85464 Military Specification (2) as well as additional QE specific evaluation 
techniques.  The structural parameters defined in the specification include attributes such as maintaining 
integrity of the disk closure seal and condition of the explosive compound.  The explosive output 
parameter defined in the specification includes a minimum depth-of-dent requirement.  If this requirement 
is meet than the Fuze Booster should provide an appropriate output force to initiate the warhead. 
 
The explosive output function test consists of a high order detonation in accordance with the specification 
for the MK 38 MOD 2 Fuze Booster.  This device is classified as a type 1.1 mass detonation explosive 
device and would be lethal to anyone if not output functioned in an approved test cell.  The safety of the 
test operator should be stressed during both the set-up and output function of the Fuze Booster.  A 
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Standard Operating Procedure, OED/CR4053-SS-I-9467 (3) was prepared which provided step-by-step 
instructions on how to set-up and safely perform the output function test.  The Standard Operating 
Procedure also specified the proper ordnance grounding and shielding needed to protect both personnel 
and equipment. 
 

MK 38 MOD 2 SAMPLE IDENTIFICATION 
 

The FY 05 Quality Evaluation contained 35 Air Force test samples that were all over 20 years old.  The 
test samples had been exposed to a variety of environmental conditions such as transportation vibration, 
shock, long term exposure to storage conditions, missile flight vibration and exposure to both hot and 
cold in-service temperatures.  All samples were first subjected to both a visual and radiographic 
inspection.  Afterwards they were all subjected to an output function test. 
  
All 35 of the MK 38 MOD 2 Fuze Boosters were output functioned against cold rolled steel dent blocks.  
The steel dent blocks were 5 inches square X 1.5 inch thick and all were within the Rockwell hardness of 
70 to 95.  After the Fuze Booster was output functioned on the steel dent blocks, a depth-of-dent 
measurement was taken from the dent produced in each steel dent block.  The output force from the Fuze 
Booster is obtained by measuring the depth-of-dent produced in the steel dent block.  The depth-of-dent 
measurement is then compared to the minimum specification requirement to determine if the sample met 
the requirement.   
 
The specification requirement for the MK 38 MOD 2 Fuze Booster is that it should produce a minimum 
depth-of-dent of 0.125 inch in the steel dent block.  The data from the depth-of-dent measurements 
indicated that all 35 of the samples had met the minimum depth-of-dent specification.  
 
All 35 samples used in this evaluation were tested either at hot, cold, or ambient temperature conditions.  
The lot number, manufacturer, manufactured load date, detonation velocity, depth-of-dent measurement 
and the Rockwell Hardness are all identified in Table 1. 
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Table 1.  SPARROW MK 38 MOD 2 SAMPLE IDENTIFICATION 
 

Dent 
block  # Lot # Mfr MFG 

Load Date
Detonation 

Velocity Depth of Dent Rockwell 
Average 

U.S. AIR FORCE:  AMBIENT TEMPERATURE UNITS 
2 RRS86J001-002 RRS Sep-86 7100 0.1370 82 
3 RRS86J001-002 RRS Sep-86 7273 0.1360 82 
4 RRS86J001-002 RRS Sep-86 7203 0.1380 84 
5 RRS86J001-002 RRS Sep-86 6717 0.1450 82 
1 TOS92G002-001 TOS Jul-92 7454 0.1310 82 

U.S. AIR FORCE:  +145ºF TEMPERATURE UNITS 
31 RSL86E001-002 RSL 1986 7368 0.1410 84 
56 RSL86E001-004 RSL 1986 6861 0.1340 78 
44 RRS86K001-004 RRS Oct-86 7214 0.1545 80 
53 RRS86K001-005 RRS Oct-86 7454 0.1380 82 
52 RSL88B002-001 RSL 1988 7467 0.1355 82 
27 RSL88B002-001 RSL 1988 6871 0.1330 83 
49 RSL88B002-002 RSL 1988 7191 0.1340 82 
45 RSL88B002-003 RSL 1988 7055 0.1355 79 
58 RSL88B002-003 RSL 1988 7479 0.1315 81 
38 RRS89E001-002 RRS 1989 7285 0.1385 81 
2 RRS91E001-001 RRS May-91 7011 0.1340 83 

11 RRS91E001-001 RRS May-91 7405 0.1380 86 
57 RRS92K001-001 RRS 1992 7393 0.1380 80 
48 RRS93K001-001 RRS Oct-93 7417 0.1345 82 

U.S. AIR FORCE:  – 65ºF TEMPERATURE UNITS 
34 RRS86J001-002 RRS Sep-86 7417 0.1380 82 
39 RRS86J001-002 RRS Sep-86 7492 0.1415 82 
51 RRS86K001-004 RRS Oct-86 7368 0.1410 76 
41 RSL86E001-002 RSL 1986 7214 0.1375 83 
46 RSL86E001-004 RSL 1986 7077 0.1370 80 
60 RRS86E001-005 RRS 1986 7393 0.1315 81 
33 RSL88B002-002 RSL 1988 6935 0.1390 84 
35 RSL88B002-003 RSL 1988 7778 0.1350 83 
42 RSL88B002-001 RSL 1988 7237 0.1385 82 
30 RSL88B002-001 RSL 1988 7632 0.1380 83 
55 RSL88B002-001 RSL 1988 7344 0.1380 82 
54 RRS89E001-002 RRS 1989 7134 0.1395 83 
50 RRS91E001-001 RRS May-91 7454 0.1450 83 
43 RRS91E001-001 RRS May-91 7529 0.1380 82 
59 RRS92K001-001 RRS Oct-92 7296 0.1310 79 
47 RRS93K001-001 RRS Oct-93 7226 0.1360 80 

Reynolds Rocket Systems (RRS) 
Stresau Laboratory Incorporated (RSL) 
Technical Ordnance Incorporated, South Dakota (TOS) 
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TEST RESULTS 
 
The visual examination revealed that some of the MK 38 MOD 2 Fuze Booster identification plates were 
hard to read.  This is a latent manufacture defect and did not affect the output performance of the Fuze 
Booster.  Some of the Fuze Booster’s end caps were either loose or not attached to the booster housing 
when the samples were remotely disassembled from the MK 33 MOD 0 Safety-Arming Device.  This 
occasionally occurs during the disassembly process and can create a safety problem for disassembly 
personnel.  However, this it is not a safety problem during assembly and it does not affect in-service 
usage. 
 
The radiographic examination revealed that some samples indicated minor cracks in the CH-6 explosive 
compound.  The minor cracks did not create a safety problem for either handling or storage and the 
detonation velocity data was within the acceptable range.  Therefore, performance was not affected by the 
minor defects. 
 
The output function test was conducted on all 35 samples.  Five samples were tested at ambient 
temperature.  Fourteen samples were tested at +145ºF and 16 samples were tested at – 65ºF after being 
temperature conditioned for eight hours.  The output function test used an RP-87 Explosive Bridge Wire 
(EBW) detonator to initiate a MK 8 MOD 0 Explosive Lead, which initiated a MK 16 MOD 0 Explosive 
Lead, which then initiated the MK 38 MOD 2 Fuze Booster.  The RP-87 EBW detonator is used during 
set-up and testing because it is significantly safer to store, handle, and connect to the firing lines and it has 
been approved as a replacement for the MK 71 MOD 0 detonator that is used in the MK 33 MOD 0 SAD.  
The RP-87 EBW detonator also uses less sensitive secondary explosives compared to the primary 
explosives used in the MK 71 MOD 0 detonator and requires a much higher voltage to initiate.  The 
RP-87 EBW detonator, explosive leads and detonation velocity of the Fuze Booster were monitored by 
placing fiber optic cables along each part of the firing train during the output function test.  The fiber 
optic cables were used to verify that each component within the firing train functioned and each Fuze 
Booster was initiated in the same manner.  The measurements taken from the fiber optic cables were then 
used to verify the detonation velocity of the firing train and Fuze Booster.  The data from these 
measurements are also useful in failure analysis if defects are encountered during the test.  Another 
consideration is that ignition delays are hard to identify in a firing train that has several different 
components.  Therefore, each component needs to be monitored to ensure that all initiate at the proper 
velocity in order to cause a high order reaction to occur.  Without the use of fiber optic instrumentation, it 
is very difficult to determine what part of the firing train did not function properly.  However, the output 
functioning test must be set-up in the same manner as specified in the weapon specification for each 
sample or this can affect the collection of the test data.  If the test set-up is not properly aligned, this will 
affect the output performance and detonation velocity measurements.  If this happens, it can present 
difficulties when trying to compare the test data between past and present test samples. 
 
The fire pulse voltage used to initiate the RP-87 EBW detonator is monitored and is used to trigger the 
EMFTS so that it can record the fire pulse and each component within the firing train.  Upon ignition of 
the RP-87 EBW detonator by the firing system the reaction propagates down the firing train.  As the 
reaction from the initiated RP-87 EBW detonator takes place it causes the MK 8 MOD 0 Explosive Lead 
to initiate.  When the MK 8 MOD 0 Explosive Lead, monitored by Fiber Optic # 1, functions high order it 
causes the MK 16 MOD 0 Explosive Lead, monitored by Fiber Optic # 2, to initiate.  The output from the 
MK 16 MOD 0 Explosive Lead, monitored by Fiber Optic # 3, causes the MK 38 MOD 2 Fuze Booster to 
initiate and produce a dent in the steel dent block.  The light signals produced from each part of the firing 
train travels through Fiber Optic cables # 1 through # 3.  The emitted light is collected by the fiber optic 
cables and is sent to the light-to-voltage converters.  The EMFTS receives the converter signal and 
displays it on the computer monitor.  The monitor displays the output pulse voltage signal in a plot as a 
function of time.  The average propagation detonation velocity is then calculated by dividing the distance 
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between each fiber optic placed along the firing train by the difference in time.  All components used to 
initiate the Fuze Booster during the output functioning test and each of the three fiber optic cables used to 
monitor the firing train during the output function test are shown in Figure 8 of the test set-up. 

 
1. Lead Holder 6. Aluminum Barrier F1. Fiber Optic Cable 
2. Explosive Lead MK 8 Mod 0 7. Fuze Booster, MK 38 Mod 2 F2. Fiber Optic Cable 
3. Detonator (RP-87 EBW) 8. Steel Dent Block F3. Fiber Optic Cable 
4. Spacer 9. Support Blocks  
5. Explosive Lead, MK 16 Mod 0   

 
Figure 8.  Output Functioning Test Set-Up 
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A typical detonation velocity graph of the data collected during the output function test is shown in  
Figure 9.  The graph below shows the input trigger pulse used to fire the RP-87 EBW detonator and the 
output pulse from the functioning of the RP-87 EBW.  The Fuze Booster detonation velocity is measured 
between Fiber Optic cable # 2 and Fiber Optic cable # 3.  The detonation velocity data from the Fiber 
Optic cables, shown in Table 1, indicated that the average detonation velocity for the 35 samples was 
between 6717 m/s and 7778 m/s. 
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Figure 9.  Detonation Velocity Graph 
 
 

DATA ANALYSIS 
 
An analysis of the test data is needed to provide a correlation between the different test samples.  Based 
on the test results, a determination can be made to see if any of the abnormalities seen during either the 
visual or radiographic inspection has affected the output performance of the Fuze Booster.  The minor 
visual and radiographic defects did not affect either the depth-of-dent or the detonation velocity 
measurements. 
 
Normally, a quality evaluation is performed at ambient temperature.  However, during this evaluation, 
samples were also exposed to both hot and cold temperatures to determine if the samples were still able to 
perform after being exposed to in-service usage.  The oldest samples tested were 19.5 years of age and 
showed no significant difference in the depth-of-dent measurements between the hot, cold and ambient 
samples.  Therefore, no problems are anticipated within the next five years and from a functional 
standpoint, the Fuze Booster is continuing to meet specification requirements. 
 



641 

The detonation velocity data was graphed as a histogram with a normal curve to show the frequency 
distribution of the data.  Figure 10 is a dual histogram that compares the MK 38 MOD 2 data to 
detonation velocity of other Fuze Booster test data.  This shows a consistency among the detonation 
velocity measurements taken previously from other Fuze Boosters with CH-6 and a concentrated range 
between 6750 to 7550 microseconds.  The dotted lines on the graph represent the range between 6000 and 
8500 microseconds.  This is the range where you would expect to see a high order detonation of the Fuze 
Booster to occur.  If a low order detonation should occur the detonation velocity would be slower and this 
should be obvious in the detonation velocity measurements. 
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Figure 10.  Dual Histogram of Detonation Velocity 
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CONCLUSIONS 
 
Fiber optics can be used successfully to determine detonation velocity on a wide range of energetic 
materials.  The low cost and ease of preparation make their use ideal for this type of application.  The 
benefits of collecting additional test data to verify the operation of all the different types of components 
used in the firing train can be very helpful in determining the true cause of any defects or anomalies that 
may occur when these items are subject to output functioning tests.  
 
The visual inspection performed on the MK 38 MOD 2 Fuze Booster revealed that some identification 
plates were hard to read.  Additionally, some end caps were either loose or removed from the MK 38 
Mod 2 Fuze Booster housing.  This usually occurs during disassembly and is not a safety problem during 
the assembly processes.  The safety or in-service use would not have been hampered.  However, if the end 
cap is removed from the Fuze Booster, the booster pellet can fall from the booster and become a safety 
hazard to personnel during break down and disassembly.  Therefore, it recommended that the 
deboostering of the SAD or TLA should be performed remotely because of the potential for accidental 
initiation of the exposed booster pellet. 
 
The radiographic inspection revealed that some minor cracks were present in the explosive compound but 
none of the minor defects encountered would have created a safety problem for either handling or storage.  
Any observed cracks in the explosive compound can potentially affect the performance of the energetic 
material, however, no differences were observed.  Overall, none of the visual or radiographic defects 
prevented any of the 35 samples from performing their normal operation and would not have caused a 
safety problem or a mission failure to occur. 
 
The output function test data indicated that the detonation velocity data obtained from the fiber optic 
cables showed that the detonation velocity was within the expected range for the MK 38 Mod 2 Fuze 
Booster.  Through the use of fiber optic cables placed along the firing train, we were able to monitor 
when each detonator and explosive lead operated to properly function the Fuze Booster.  Through the use 
of fiber optics additional data is now available to ensure that the Fuze Booster has been initiated in the 
same manner for each test sample.  The detonation velocity data along with the depth-of-dent 
measurements from the output function test revealed that all 35 samples functioned successfully and all of 
the depth-of-dent measurements were within specification. 
 
Overall, none of the visual or radiographic data or output function and detonation velocity data indicated 
any significant change in the overall performance of the MK 38 Mod 2 Fuze Booster.  This means that 
there has been no major shift in the operation or condition of the Air Force stockpile since the last 
evaluation, and the stockpile should still be considered as Serviceable, Condition Code A. 
 
In this paper we have discussed the benefits of using fiber optic when performing output functioning tests 
of the MK 38 Mod 2 Fuze.  Through the use of adding fiber optics to the output function test additional 
data can be obtained to determine the current condition of these one-shot devices.  If fiber optics are 
placed along the firing train as well as at the top and bottom of the test sample the entire detonation 
process can be easily monitored and if a defect occurs it is much easier to locate the cause of the defect.  
By comparing the detonation velocity data taken from the fiber optic signal on a previously successful test 
to the detonation velocity signal taken from an unsuccessful test you will have test data that will help 
isolate the cause of the defect.  It may be that the rise time of the firing pulse took too long before the 
detonator was initiated or any other part of the firing train took longer than expected to initiate.  The fiber 
optic test data comparison provides information that will be helpful to determine the true cause of the 
failure.  If fiber optics is not used and a failure occurs, it is extremely difficult to identify the exact 
component within the firing train that caused the defect.  Further work needs to be performed using fiber 
optics to monitor the detonation velocity process of a wide range of energetic materials.  The velocity data 
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obtained can be beneficial in determining the output performance of the energetic materials and in 
establishing a better service life assessment. 
   

RECOMMENDATIONS 
 
The MK 38 Mod 2 Fuze Booster end cap can become loose or removed and pose a safety hazard for 
personnel during disassembly.  Therefore, if the Fuze Booster is removed from either the TLA or SAD 
the process should be performed remotely in an approved secured facility. 
 
The use of fiber optics can verify that the detonator and explosive leads used to initiate the Fuze Booster 
can be monitored to ensure that each item within the firing train has initiated successfully to cause the 
MK 38 MOD 2 Fuze Booster to output function high order.  Fiber optics should continue to be used 
during the next Quality Evaluation scheduled for FY 10.  The next evaluation should also include the 
requested 30 samples to ensure that the stockpile is fully represented by as many manufacturers and lots 
as possible.  The stockpile of MK 38 MOD 2 Fuze Boosters should continue to be retained as serviceable 
Condition Code A. 
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ABSTRACT 
 
In FY 04 NSWC Crane was tasked by the AIM-9M Sidewinder Joint Surveillance Program to project 
serviceability of the MK 14 MOD 0 Explosive Lead to 25 years using Heat Flow Microcalorimetry 
(HFM).  The MK 14 Explosive Lead is a secondary explosive which is attached to the output end of the 
MK 13 MOD 2 Safety-Arming Device and is used to initiate the acceptor charge in the WDU-17/B 
Warhead of the Sidewinder Missile.  The MK 14 Lead contains 820 milligrams of RDX composition  
CH-6.  The microcalorimetry test facility at Crane was used to obtain the accelerated aging factor.  Using 
the accelerated aging factor, the test samples were aged to 25 years and then performance tested.  During 
FY 02 surveillance tests, thicker closure discs and discolored enamel were found.  The FY 04 evaluation 
also assessed the affect of these anomalies on performance. 
 
The objective of HFM analysis is to determine extremely slow aging degradation, shelf life and long-term 
stability and compatibility of explosives under various environmental stimuli.  HFM analysis was used to 
estimate the aging affect of temperature on the MK 14 Leads.  Using this analysis, aging affects due to 
temperature can be accelerated.  The analysis consisted of placing the MK 14 leads in a stainless steel 
sample holder and into a heat flow calorimeter.  Heat flow output was measured at 60º C, 70º C and 80º C 
using three MK 14 Leads at a time in order to obtain measurable heat flow output.  Two different lots 
were evaluated and produced comparable heat flow results.  Using the Arrhenius plots, the temperature 
affect on the rate of degradation was tabulated.  Based on a storage temperature of  25º C, the output 
function units were then aged to 25 years by conditioning them at a higher temperature (70º C) for a 
shorter duration (36.35 days). 
 
Explosive output function was conducted on the units after they were aged to 25 years and depth of dent 
and firing time were measured.  The output function results indicated that all MK 14 MOD 0 Explosive 
Leads are currently serviceable and are projected to remain serviceable for 25 years at normal storage 
temperature. 
 
Objective 
 
The objective of this testing was to project serviceability of the MK 14 MOD 0 Explosive Lead to 25 
years using Heat Flow Microcalorimetry (HFM) and assess the affect of thicker closure discs and the 
cause and affect of discolored enamel found during previous testing.  Explosive output function tests were 
then performed to demonstrate reliability. 
 

                                                 
* Distribution Statement A: Approved for Public Release; Distribution Unlimited. 
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Item Description 
 
The MK 14 Lead is a secondary explosive in the Sidewinder missile firing train.  The RDX composition 
CH-6 explosive charge is pressed into a copper alloy cup in two increments and sealed by crimping a 
copper alloy closure disc to the input end. The input end of the lead assembly is coated with blue enamel 
and then finished with a coat of moisture-proof clear varnish. The lead assembly is approximately 1/3 
inch diameter by 1/3 inch wide. Figure 1 shows the drawing for the MK 14 Lead. 

 
Figure 1 

MK 14 MOD 0 Lead 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
The lead assembly is then bonded into a steel assembly housing.  The lead assembly must be flush or 
below the surface of the housing. The housing is approximately one inch diameter by 3/8 inch wide.  
Figure 2 shows the lead in the housing. 
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Figure 2 

MK 14 Lead in Housing 
 
 
 
 
 
 
 
 
 
 
 
 
 
Thermal Analysis 
 
Eighteen samples were assessed with Heat Flow Microcalorimetry (HFM).  Nine units were assessed 
from RSS-D-1177 manufactured by Reynolds Systems Incorporated in 1977 and nine units were assessed 
from RSS-13-82 manufactured by Reynolds in 1982.  The objective of HFM analysis is to determine 
extremely slow aging degradation, shelf life, and long-term stability and compatibility of explosives 
under various environmental stimuli.  HFM analysis was used to estimate the aging effect of temperature 
on the MK 14 leads.  Using this analysis, aging affects due to temperature can be accelerated. 
 
The method for heat flow calorimetry is based on the measurement of the production (or consumption) of 
heat that accompanies chemical and physical transitions from almost any material or composition.  The 
amount of heat produced is directly or indirectly proportional to the rate of degradation of the ordnance.  
The extremely high sensitivity of this method makes it possible to carry out measurements at the lowest 
possible temperatures, closer to the real operation and storage conditions and to detect very slow (aging) 
reactions.  Based on the kinetic rate law, the temperature dependent Arrhenius Equation is used to derive 
the induction period rate constant. 
  
The analysis consisted of placing the MK 14 leads in a stainless steel sample holder and into a heat flow 
calorimeter.  Heat flow output was measured at 60° C, 70° C and 80° C using three  MK 14 leads (from 
the same lot) at a time in order to obtain measurable heat flow output.  Figures 3 through 5 show the 
samples and sample container. 
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     Figure 3        Figure 4              Figure 5 
  Three Leads, Container, Lid       Three Leads In Container      Sealed Container 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Three (3) units from RSS-D-1177 and three (3) from RSS-14-82 were evaluated at each of three 
temperatures, 60° C, 70° C and 80° C.  The two different lots produced comparable heat flow results and 
are considered homogeneous.  Based on the Arrhenius plots, the temperature affect on the rate of 
degradation was tabulated.  Table 1 shows computations for heat flow at various temperatures 
extrapolated from the RRS-14-82 data at 60° C, 70° C and 80° C.  Table 2 shows the equivalent aging at 
various temperatures compared to ambient (25° C). 
 

Table 1 
RRS-14-82 Arrhenius Data for 60° C, 70° C and 80° C with Extrapolations to 25° C 

 
°F °C 1/T°K HR LN(HR) Fitted 
77 25 0.0033539 0.0183 -4.0017 -4.0017 
86 30 0.0032986 0.0364 -3.3120 -3.3120 
95 35 0.0032451 0.0710 -2.6446 -2.6446 
104 40 0.0031933 0.1355 -1.9986 -1.9986 

122 50 0.0030944 0.4647 -0.7664 -0.7664 

140 60 0.0030016 1.4500 0.3716 0.3917 

158 70 0.0029141 4.5900 1.5239 1.4824 

176 80 0.0028316 12.0600 2.4899 2.5113 

            
  LN K = -EA/R*(1/T°K)+LN A  
  R = 1.98712 CAL/°/MOLE  
  Ea = (R*SLOPE) = -24778 CALORIES/MOLE  
  PRE-EXPONENTIAL = 2.66E+16 1/SEC  
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Table 2 
Increased Aging at Various Temperatures Compared to Ambient (25° C) 

 

°F °C 
Acceleration 

Factor 
10 years 
(days) 

20 years 
(days) 

25 years 
(days) 

77 25 1.00 3650.00 7300.00 9125.00
86 30 1.99 1831.23 3662.46 4578.08
95 35 3.88 939.54 1879.07 2348.84
104 40 7.41 492.42 984.85 1231.06

122 50 25.41 143.63 287.26 359.07
140 60 79.30 46.03 92.05 115.07
158 70 251.03 14.54 29.08 36.35
176 80 659.57 5.53 11.07 13.83

 
During the FY 02 QE eight samples manufactured by Caelus (1-CCI-0381) and one sample manufactured 
by Reynolds (RRS-14-85) contained a closure disc that was thicker (0.006 to 0.007 inch) as compared to 
0.004 inch for the normal discs.  The tolerance for the closure disc is 0.003 to 0.004 inch (drawing 
1778055).  Figure 6 shows a comparison of the thicker and normal discs.  Figure 7 shows that this 
anomaly can be seen with X-ray.  The unit to the left with a thicker closure disc has a visible thin light 
line due to the thicker disc (see yellow arrow).  The unit to the right with a normal closure disc does not 
have a light line (see white arrow). 

 
                                                                                                              Figure 7 
                           Figure 6                                                           X-ray of MK 14 Lead Assembly 
               Back of Closure Discs                                          
 
 
 
 
 
 
 
 
 
 
    Thicker       Normal 
                                                                           Thicker          Normal 
 

 
During the FY 02 QE one sample manufactured by Reynolds (RRS-14-79) was found to have an unusual 
crimp and enamel as shown in Figure 8 below.  Figure 9 shows a normal unit.   
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      Figure 8                  Figure 9 
     Rounded/Knurled Crimp               Normal Crimp 
 
 
 
 
 
 
 
 
 
 

Based on a storage temperature of 25° C, 19 samples were temperature conditioned at 70° C for 36.35 
days to artificially age them to 25 years.  These samples included 17 with thicker closure discs, one with a 
normal closure disc and one with discolored enamel.  
 
Explosive Output Test.  
 
After accelerated aging to 25 years explosive output function was conducted on these 19 samples 
(including 17 with the thicker closure discs, one with a normal closure disc and one with discolored 
enamel).  All MK 14 leads were functioned with S-A devices that had failed telemetry requirements but 
are serviceable in respect to explosive components and other requirements.  The configuration was 
identical to how the MK 13 S-A Device and MK 14 Lead are assembled in the missile.   
 
The reaction time of the entire explosive train (including the MK 71 Detonator, MK 8 Lead, MK 16 Lead 
and MK 14 Lead) was measured.  The time was measured from the capacitor discharge until the MK 14 
Lead initiated (indicated by a shock accelerometer mounted on the holding fixture).  The reaction times 
ranged from 80 to 144 microseconds. 
 
Depth of dent was measured in a 2.5 x 2.5 x 1.5 inch thick steel dent block.  The hardness ranged from 
Rockwell B83 to B91.  The depth of dent ranged from 0.153 to 0.214 inch. 
 
STATISTICAL ANALYSIS 
 
 Overview – Analysis of Variance (ANOVA) and Chi Square analysis of key data was performed to 
determine any significant difference at the 95 percent confidence level.  The output function results were 
compared to FY 02 data to determine if the closure disc thickness, discolored lead and/or temperature 
aging an additional 25 years had any affect on the units.  The summary statistics are shown in Tables 3 
and 4 below. 
 
Reaction Time  
 
The reaction time of the FY 04 units was not significantly different from the FY 02 units.   
Table 3 shows the summary statistics. 
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Table 3 
Explosive Reaction Time (microseconds) Comparison 

 

 
 
Depth of Dent  
 
The depth of dent of the FY 04 units were in the same range as the FY 02 units and no explosive output 
degradation from thicker discs, discolored enamel or aging was evident. Table 4 shows the summary 
statistics. 
 

Table 4 
Explosive Reaction Time (microseconds) Comparison 

 

 
  
DISCUSSION AND CONCLUSIONS 
 
Enamel Evaluation  
 
The discolored enamel was evaluated with Optical Microscopy, Scanning Electron Microscopy, Fourier 
Transform Infrared Spectroscopy and Gas Chromatography/Mass Spectrometry.  Laboratory evaluation 
of the enamel paint discoloration indicates that the discoloring and blistering of the blue paint was most 
likely caused by solvent (toluene) that was entrapped either under or in the paint.  The toluene did not 
allow the paint to fully cure nor adhere to the metal surface. Two potential source of the toluene exist: 1) 
the sealant used during assembly of the lead and 2) the paint mixture.   
 
This condition did not affect the safety or performance of the MK 14 Lead.  This unit was artificially 
temperature aged to 25 years and the explosive functioned normally.  
 
Thicker Closure Discs  
 
X-ray analysis revealed 17 of 18 lot 1-CCI-0381 units had thicker closure discs.   
Two of the thermal analysis samples from lot RRS-14-82 also had thicker closure discs.   
 
This condition did not affect the safety or performance of the MK 14 Lead.   
The  1-CCI-0381 units were artificially aged to 25 years and the explosive functioned normally. 
 

Output Function Data Mean Standard 
Deviation 

FY 02 (all normal leads) 86.1 12.7 
FY 04 (temperature aged additional 25 years 
Includes 17 leads with thicker closure discs  

and 1 lead with discolored enamel) 

92.2 19.5 

Output 
Function Data 

Sample 
Size 

Data 
Range 

Mean Standard 
Deviation 

All FY 02 22 0.117 to 0.212 0.160 0.024 
All FY 04 19 0.153 to 0.214 0.183 0.019 
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Thermal Analysis  
 
Heat Flow Microcalorimetry resulted in determining heat loss at 60° C, 70° C and 80° C.  Using the 
Arrhenius equation, heat loss was extrapolated to 25° C.   Using the correlation factor between ambient 
(25° C) and 70° C heat loss, the 1-CCI-0381 units and the unit with the unusual enamel condition were 
artificially aged an additional 25 years by subjecting them to a 70° C temperature for 36.35 days. 
 
Artificially aging the units 25 years did not affect the safety or performance of the MK 14 Lead.  All of 
units that were artificially aged to 25 years were subjected to an explosive output test and all functioned 
normally. 
 
Explosive Output Function  
 
Nineteen units including 17 units with thicker closure discs, one with a normal closure disc and one with 
the unusual enamel condition were output functioned.  All 19 were first temperature aged an additional 25 
years. 
 
All 19 units initiated high order with reaction times and dent depths comparable to the units output 
functioned in FY 02.  The results indicate that the MK 14 MOD 0 Lead will remain serviceable for an 
additional 25 years under 25° C (77° F) storage conditions.  Results also indicate that the thicker closure 
discs and unusual enamel condition will not significantly affect performance.    

 
RECOMMENDATIONS AND IMPACT 
 
The MK 14 MOD 0 Explosive Lead service life was recommended to be extended to 38 years.  
This is 10 years past the age of the oldest MK 14 MOD 0 Leads and results in the ability to 
continue to use the MK 14 MOD 0 Leads with the MK 13 MOD 2 S-A until at least FY 15. 
 
The use of Microcalorimetry can help determine the long-term aging of the explosive material.  
Through the use Microcalorimety to artificially age the samples and output functioning 
afterwards, the service life of the energetic material can be extended.  With Microcalorimety 
additional data can be obtained to help determine the service life of these materials in normal 
storage conditions and at elevated temperatures. 
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ABSTRACT 
 
In this paper, a finite element numerical model is employed to study the mechanical response of Fibrous 
Monolith Composite (FMC) material systems. Energetic Material phases are considered for both the fiber 
reinforcement and the surrounding matrix phases.  The typical FMC microstructure identified through a 
representative unit cell (RUC) is first modeled using robust meshing algorithms.  Properties consistent 
with those of energetic materials are then assigned to the matrix and fiber phases.  Detail stress, strain and 
deformation fields induced by mechanical and thermal loads are established. 
 
A stress induced microcracking non-linear model is employed as part of an incremental and iterative 
hierarchical modeling scheme, aiming at studying the evolution of damage in brittle matrix in FMCs 
subjected to uniaxial tension. Non-linear stress-strain curves are obtained through parametric studies. 
Degradation of the in-plane effective properties of the unit-cell is studied throughout the simulations. 
Damage induced macroscopic elastic anisotropies are observed throughout the simulations.  
 
 
INTRODUCTION 
 

Fibrous Monolith Composites (FMCs) 
have been developed in recent years primarily 
due to improved advanced processing 
technologies [1-4]. FMCs are fabricated using a 
multi-step process. The term “monolith” has 
been in fact used to distinguish these classes of 
high-end multi-scale composites exhibiting high 
density from other Ceramic Matrix Composite 
(CMC) systems often characterized with micro-
porosity and large scale voids [1, 4, 5]. The 
manufacturing process of FMC systems are 
described in greater details by Baskaran et al. 
and Knittel [2, 3]. 

FMCs possess many excellent 
mechanical properties such as high strength and 
toughness. The forming and co-extrusion 
fabrication process of FMC systems allows for  
a broad material combination, and therefore 
permits tailoring of properties for specific 
applications [6]. FMCs also exhibit great 
thermal and chemical stability. In comparison to 
conventional CMCs, FMCs could also be 
fabricated at competitive cost relative to CMCs. 
Another advantageous feature is their 
formability derived from the multi-step 
fabrication process described in [2, 3]. In light of 
the above, FMC material systems have emerged 
as an exciting new class of structural ceramics. 
The promising application areas of FMC 
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material system include: wear applications, 
applications to reactive structures, and 
applications to high temperature composites [1, 
6].  

The typical microstructure of FMC 
material system is shown in Fig. 1a. As shown 
in the above figure, FMC microstructure 
demonstrates repeated hexagon-shaped sub-
structures, which are consisted of a fiber 
reinforcement phase and a matrix phase. This 
unique microstructure is determined by its 
fabrication process described in [1, 3, 6]. Based 
on the geometric features of FMC 
microstructure, it is idealized to the identically 
repeated hexagons as illustrated in Fig. 1b. 
According to the symmetry of the microstructure 
indicated by the nearest planes of symmetry in 
the above figure, a Representative Unit Cell 
(RUC) is extracted out of the entire 
microstructure. The dimension of RUC can be 
controlled by five selected parameters, which are 

xa , ya , f
xa , f

ya , and m
xa . The details of 

RUC together with the aforementioned 
dimension control parameters are shown in Fig. 
2a. 

By varying the above dimension control 
parameters and using different combinations of 
material properties, one can carry out extensive 
parametric studies on the linear response of the 
material system. This task has been 
accomplished in reference [7]. The purpose of 
this study is to extend the analysis of FMC 
material system beyond the linear response well 
into the non-linear stress-strain regime. Finite 
Element Method (FEM) is chosen for the 
simulations in this study. Robust mesh 
generation algorithms have been developed for 
the Finite Element (FE) studies of the FMC 
material system. 

The non-linear response of an FMC 
material system is monitored in this study by 
implementing a subcritical stress-induced 
microcracking model. This stress induced 
microcracking continuum model was first 
developed by Charalambides and McMeeking [8, 
9]. The model relates the material properties 
with the current microcracking density state 
based on the results of Budiansky and O’Connel 
[10]. The microcracking density is defined as a 
function of the current stress state through an 

effective stress measure. The governing 
microcracking law is founded on the results 
presented by Fu and Evans [11]. Previous work 
by Kuhn et al. and Haan et al. [12, 13] employed 
the above microcracking model in a plain weave 
composite ceramic matrix composite (CMC) 
system to study the matrix damage evolution and 
non-linear response of such system. This work 
attempts to extend the application of the 
microcracking model to the FMC material 
system.  
 

MICROCRACKING SIMULATIONS  
 

The microcracking continuum model 
employed herein is represented by a 
microcracking law which relates the current 
state of stress to the current state of 
microcracking damage. The model is capable of 
accounting for two different types of 
microcracking, occurring under either subcritical 
or supercritical conditions [5, 12, 13]. The 
details of the microcracking continuum model 
are reported elsewhere [8, 9, 12, 13]. 

In order to reveal the non-linear 
response of resultant macroscopic stress 

∞σ with respect to applied strain ∞ε , a strain 
controlled secant incremental loading scheme is 
designed for the simulations. Iterative method is 
used to obtain converged microcracking density 
field. The initial state of the FMC unit cell is 
assumed to be unloaded and residual stress free.  
Remote strain is applied on the unit cell 
incrementally up to a certain level. The loading 
scheme can be expressed as ∞∞∞

+ Δ+= iii εεε 1 . 
The boundary value problem formulation 
together with the loading at a certain loading 
step i are shown in Fig. 2b. At loading step i, 
loading ∞

iε  is applied to the FMC unit cell. An 
iterative scheme is then used to achieve the 
converged microcracking density field. First, 
micro-stress field is obtained based on the 
applied loading. Second, equivalent stress is 
calculated through ijije σσσ = . Third, the 

non-linear equation as reported in references [8, 
9, 12, 13] is solved to derive the field of 
microcracking density. At the next iteration with 
the same applied loading, these three steps are 
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repeated. However, the material properties used 
in this iteration are the degraded properties 
calculated through the property degradation law, 
based on the microcracking density field from 
the previous iteration. This iterative calculation 
will continue until the microcracking density 
field reaches a converged state. Then, an 
incremented loading ∞

+1iε  is imposed on the unit 
cell to obtain the next corresponding 
microcracking field.  

All the simulations in this study are 
carried out in a non-dimensional environment. 
The characteristic length cL  is chosen to be the 
length xa of the unit cell as shown in Fig. 2a. 
Therefore, the non-dimensionalized length 

0.1//ˆ === xxcxx aaLaa . Other spatial 
variables were normalized with respect to cL . 
The moduli of different micro-constituents 
within the FMC material system are normalized 
with respect to the characteristic modulus cE , 
which is chosen to be the modulus of matrix mE . 
The characteristic stress cΣ is selected to be the 

matrix microcracking initiation stress m
cσ . 

The normalized dimension control 
parameters and material properties are 
summarized in Table 1. In this table, hat (^) 
notation is used to denote the non-dimensional 
values, consistent with the approach described in 
the previous paragraph.  

 
 

Table 1 Dimension control parameters and material properties used for the simulations 
 

Dimension Control Parameters 

xxx aaa /ˆ =  1.0 

xyy aaa /ˆ =  1.0 

x
f

x
f

x aaa /ˆ =  0.45 

x
f

y
f

y aaa /ˆ =  0.47 

x
m

y
m

y aaa /ˆ =  0.33 

Material Properties 

Parameters Description Matrix Fiber 
Ê  Normalized Modulus 1.0 5.0 
ν  Poisson’s Ratio 0.3 0.24 

i
ciσλ  iλ Microcracking Rate, i

cσ  Critical 
Microcracking Stress 

0.1~1.0e4 5.0 

i
sε  Saturation Microcracking Density 0.1~0.5 0.3 

 
 

The non-linear response of subcritical 
microcracking material may be mainly 
controlled by two corresponding material 
properties sε  and cλσ , which are the saturation 
microcracking density and the product of 
microcracking rate and microcracking initiation 
stress, respectively. Parametric studies are 
carried out over a broad range of the above 

parameters. The resulting non-linear stress-strain 
curves obtained through the parametric study are 
illustrated in Fig. 3. Five non-linear stress-strain 
curves are plotted in every graph, corresponding 
to different magnitudes of the parameter cλσ . A 
line representing the linear response of the same 
unit cell is included in every graph as a reference. 
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For each non-linear curve, a total of 100 
strain increment steps are applied to achieve the 
final remotely applied strain of 0.4ˆ =∞ε . For 
all material systems considered herein, 
microcracking damage initiation was shown to 
occur at levels higher than 2.0ˆ =∞ε . In order to 
minimize computational time, all simulations 
started at .1,2.0ˆ ==∞ iiε  The remaining strain 
was evenly applied incrementally through the 
rest of the loading steps. Consequently, the 
increment of strain is 99/)2.00.4(ˆ −=Δ ∞ε , 
which indicated that the maximum applied 
remote strain was 0.4ˆ =∞ε . 

The initiation of microcracking is a 
function of the critical microcracking stress of 
the matrix material cσ and the distribution of 
micro-stresses.  However, in this study, all stress 
results are normalized with respect to the matrix 
critical microcracking stress cσ . The unit-cell 
microstructure is maintained the same, as well. 
Therefore, the initiation of microcracking is 
independent of the parameter sε  and cλσ . This 
is manifested in Fig. 3. For every combination of 

sε  and cλσ , the onset of microcracking 
occurred at the same remote loading position. 
From the numerical simulation results, 
microcracking initiates at the normalized strain 
of 507.0ˆ =∞ε  and the resultant normalized 
stress of 706.0ˆ =∞σ .  

If the material of the entire unit-cell only 
consists of matrix material, microcracking will 
occur at the normalized strain of 

0.1/ˆ == ∞∞
cεεε , and the normalized stress 

of 0.1/ˆ == ∞∞
cσσσ . The phenomenon that 

microcracking occurred at a lower remotely 
applied stress and strain within a heterogeneous 
material system manifests the high stress 
concentration and non-uniform distribution of 
unit-cell micro strain caused by the fiber/matrix 
heterogeneity. This phenomenon can be 
witnessed more clearly through the damage 
contours illustrated later on.  
 

NON-LINEAR STRESS-STRAIN CURVES 
 

Some level of non-linear response is 
apparent in each of the graphs shown in Fig. 3. 
For the case of 1.0=sε , there is a brief non-
linear response shown on the stress-strain curves 
for all magnitudes of cλσ . Then the stress-
strain curves resume a linear relationship. For 
the cases of 2.0=sε  and 3.0=sε , the stress-
strain curves also demonstrate a three-stage 
response, which is linear, non-linear, and again 
linear response. This is indeed consistent with 
the employed damage evolution model. 

As expected, at low applied strains, the 
micro stresses in both the fiber and matrix 
phases remain below the respective first critical 
microcracking stress in each phase. As such, no 
micro-cracking occurs in either the matrix or 
fiber phases and thus the composite response 
remain linear. 

As the applied strain increases, so do the 
micro stresses in each constituent phase. At a 
critical level of applied strain, damage initiates 
in either the matrix or fiber phase which induces 
the first evidence of composite non-linearity 
exhibited by the stress/strain curves shown in 
Fig. 3. With further applied load increases, the 
micro damage evolves and spreads over a wide 
region in each micro constitution. Such highly 
non-linear damage evolution processes are 
reflected on the macro-scopic response of the 
FMC system as the non-linear composite regime. 
Once each micro-constituent exhausts its 
damage ability, the damage zones are saturated 
which reverts each micro-constituent phase to 
respond linearly governed by the reduced 
degraded moduli. This phase is associated with 
the resumption of composite linearity exhibited 
by each stress-strain curve in Fig. 3. 

As the microcracking saturation value of 
sε  increases, the non-linear response becomes 

more pronounced. As cλσ  increases, the stress-
strain curves are more prone to demonstrate a bi-
linear form. At relatively high levels of 
saturation microcracking density, there is no 
apparent stage of resumption of linearity within 
the selected range of remotely applied loading. 
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This can be easily identified from the graphs 
corresponding to 5.0=sε  in Fig. 3. 

EFFECTIVE PROPERTY DEGRADATION 
 

In Fig. 3, only the stress-strain curves of 
different combinations of sε  and cλσ are 
reported. According to the microcracking law, 
the material micro-damage has a direct impact 
on the degradation of material properties. 
Therefore, the illustration of the degradation of 
material properties will expose the influence of 
micro-damage on macroscopic response from a 
different perspective. The non-linear stress-
strain curves are plotted together with the 
effective elastic properties of the unit-cell under 
different saturation microcracking densities in 
Fig. 4. For all the graphs illustrated in Fig. 4 the 
value of the parameter cλσ  is determined to be 
1.0. The methodology employed herein to 
calculate the effective properties of unit-cell is 
discussed in detail in [15]. 

For all cases shown in Fig. 4, the 
effective elastic properties remain constant up to 
the elastic limit, at which point microcracking 
starts to happen. This point, as mentioned early, 
corresponds to the normalized strain of 

507.0ˆ =∞ε  and resultant normalized stress of 
706.0ˆ =∞σ . Once loading increases beyond 

this value, micro-damage initiates within the 
matrix phase, and therefore, leads to the 
decrease of effective elastic properties. As 
illustrated clearly in the graphs in Fig. 4, the 
degradation of effective elastic properties 
becomes more pronounced at a higher saturation 
microcracking density level sε . This is 
consistent with the fact that higher level of sε  at 
a material point represents higher concentration 
of microcrack and thus represents lower capacity 
to sustain loading.  

As indicated in Fig. 4, after the initiation 
but before the saturation of microcracking, the 
curve of degraded material properties along the 
loading direction (x direction) and that of the 
transverse direction (y direction) do not match 
with each other. This is indicative of the damage 
induced anisotropy as a result of which the in-

plane effective elastic properties xÊ  and yÊ  are 
different. The degradation rate of the effective 
elastic properties along x direction is faster than 
that along y direction. This phenomenon 
suggests that microcracking has more impact on 
the material properties along the loading 
direction than its orthogonal counterpart.  

DAMAGE ZONES 
 

The stress-induced microcracking and 
its effect on the non-linear response of matrix 
material properties of FMC material system has 
been explored through the studies on property 
degradation curves presented above. There also 
exists a necessity to present contours of 
microcracking density, so that the formulation 
and evolution of the micro-damage within the 
unit-cell can be visualized more clearly. 

As shown in Fig. 5, the contours of 
microcracking density ε  within an RUC of 
FMC material at three carefully selected points 
on the stress-strain curve for a unique saturation 
microcracking density level 3.0=sε  is 
illustrated. Similar contours for different levels 
of  sε  are reported elsewhere [19]. This figure 
offers great insights into the micro-damage of 
the matrix material of FMC material system. At 
the load point “a”, microcracking damage 
initiates in the matrix material. As clearly 
displayed in the contours shown in Fig. 5b, 
damage initiates at the interface between the 
matrix and fiber material. This result is intuitive, 
since interface is the place where stress 
concentration happens. At the load point “b”, the 
contours illustrated in Fig. 5c show that the 
microcracking damage in matrix propagates 
outward from the initiation place in the direction 
perpendicular to the direction of remotely 
applied loading, forming a damage band. This 
feature is similar to a propagating mode-I crack. 
The contours shown in Fig. 5d correspond to the 
load point “c”. At this point, the damage band 
has become broader, indicating the evolution of 
microcracking damage. Consequently, the 
loading-bearing capacity of the matrix material 
is significantly reduced.  

We should realize that there are other 
synergistic events such as delamination and 
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frictional fiber pull-out, which may happen 
together with microcracking within the remotely 
applied loading range. However, in this study, 
we do not take them into consideration. 

CONCLUSIONS 
 

This work presents the simulation of the 
damage-induced non-linear response of the 
energetic matrix material phase within the 
Fibrous Monolith Composite (FMC) system. 
Numerical simulations are designed and carried 
out on a Representative Unit Cell (RUC) of the 
energetic FMC system. The numerical model 
incorporates a microcracking continuum model, 
which relates the material properties with the 
current stress field through the parameter of 
microcracking density ε . A strain controlled 
secant incremental and iterative scheme is 
employed aiming at obtaining the relationship 
between the remotely applied strain ∞ε and 
resulting stress ∞σ .  

Extensive parametric studies are 
performed for the two material damage 
parameters sε and cλσ . A wide range of non-
linear stress-strain curves are obtained based on 
the simulation results. Meanwhile, the effective 
properties are computed at each loading step, 
accounting for the evolving micro-damage. All 
systems considered exhibit linear-non linear-
linear stress/strain profiles. The initiation and 
distribution of micro-damage is studied and 
illustrated through the contours of microcracking 
density at three representative points on the 
stress-strain curve.  

The parametric studies suggest that 
deliberate constituent selection may be used to 
design the FMC micro-structure as needed to 
meet specific composite requirements. 
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Figure 1:   (a)  Typical microstructure of fibrous monolith composite (FMC) material system reported in [1, 
6].  (b)   Idealized repeated hexagon representation of FMC microstructure. 
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Figure 2:   (a)  A representative unit Cell (RUC) extracted from the idealized FMC microstructure 
with geometry  dimension control parameters.  (b)  Boundary value problem formulation on a 
representative unit cell (RUC) of loading step i. 
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Figure 3:   Non-linear stress-strain curves of the FMC unit-cell for parametric studies on sε  and 

cλσ .  The properties listed in the figure are those of the matrix phase. The fiber properties are 
listed in Table 1. 
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Figure 4:   Non-linear stress-strain response and degradation of effective material properties. The 
properties listed in the figure are those of the matrix phase. The fiber properties are listed in Table 
1. 
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Figure 5:   (a) Different sampling loading points along the non-linear stress-strain response curve.   (b) 
Contours of microcracking density ε  corresponding to loading point “a”.  (c) Contours of microcracking 
density ε  corresponding to loading point “b”.  (d) Contours of microcracking density ε  corresponding to 
loading point “c”. 
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ABSTRACT 
 

The detonation behavior of a mixture of ammonium nitrate (AN) and aluminum (Al) powder was 
investigated experimentally in order to understand the influence of the properties of Al powder on this 
behavior. The detonation velocity increased with a decrease in the Al particle size, and the detonation 
velocity of a mixture with flaked Al was higher than that of a mixture with atomized Al for the same 
particle size. Electron microscopic photographs suggested that the contact situation between the particles 
of Al and AN is related to the detonation. Moreover, the blast wave pressure obtained with atomized Al 
increased with a decrease in the Al particle size, while that obtained with flaked Al was constant. The 
addition of Al increased the shock sensitivity of AN. However, it was found that the properties of Al 
powder had no influence on the sensitivity. 
 
 
INTRODUCTION 

Many studies have been conducted on the 
influence of aluminum (Al) on energetic material 
systems 1–6, and it is known that Al increases the 
explosion power and sensitivity. Since ammonium 
nitrate (AN) is a major component of commercial 
explosives, several studies have been conducted 
on the mixture of AN and Al 1,2. They indicate that 
the properties of AN or Al influence the 
detonation of the mixture. However, the reaction 
mechanisms of Al in an AN mixture have not yet 
been elucidated 3,4. 

This study investigate the detonation 
behavior of a mixture of AN and Al powder in 
order to understand the influence of the properties 
of Al powder on this behavior. For this purpose, 
the detonation velocity, blast wave pressure, and 
shock wave initiation sensitivity of the mixture are 
measured experimentally. 
 

EXPERIMENTAL 
Samples 

In Japan, Al powder is used in two 
forms—flaked Al and atomized Al. Flaked Al is a 
brilliant silvery powder that comprises small flat 
plates. Atomized Al is whitish gray powder that 
consists of spherical or potato-like grains 7. This 
study used both forms of Al powder manufactured 
by Yamaishi Metals. Six types of flaked Al with 
an average particle size of 30–294 μm ware used. 
Each type of the flaked Al contained 1 weight % 
stearic acid. Six types of atomized Al with an 
average particle size of 9.5–48 μm were also used. 
The Al powders are listed in Table 1. 

Commercially available AN powder was 
used in all tests. The average particle diameter 
was 140 μm, bulk density was 0.93 g/cm3, water 
content was 0.10 weight %, and purity was more 
than 99 weight %. 
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Table 1. Particle properties of Al samples. 

Al Sample Form 
Average Particle Size 

[μm] 
Specific Surface Area 

[m2/g] 
YP-2000 Flaked 30 4.21 

P-300  54 3.29 
P-200  75 3.02 
P-120  150 1.05 
P-100  157 1.46 
P-50  294 0.23 

VA-2000 Atomized 9.5 0.55 
VA-1000  18 0.43 
VA-500  23 0.33 
VA-350  28 0.29 
VA-200  46 0.16 
VA-150  48 0.13 

 
 
Measurement of Detonation Velocity 

In order to measure the detonation 
velocity, the mixture was manually loaded into a 
carbon steel tube by tapping. The inner diameter 
of the tube was 16.1 or 21.5 mm. Its wall 
thickness was 2.6 or 2.7 mm and length was 300 
mm. The loading density of the mixture was 
0.92–0.98 g/cm3. All shots were boosted with 5 or 
10 g of Composition C-4 with a density of 1.4 
g/cm3 and initiated with a No. 6 electric cap. The 
detonation velocity was measured using four 
ionization pin probes. Each probe was mounted in 
drill holes at intervals of 50 mm along the tube 
axis. The velocity was calculated based on the 
distance of the probes and the arrival time 
difference of the shock wave by using linear 
least-squares fits. 
 
Measurement of Blast Wave Pressure 

To measure the blast wave pressure, the 
mixture was manually loaded into a round-bottom 
glass flask by tapping. The outer diameter of the 
flask was 50.0 or 65.0 mm. Its  wall thickness 
was ca. 1.5 mm and inner volume was ca. 61 cm3 
or 119 cm3. The loading density of the mixture 

was 0.95–1.1 g/cm3. All shots were boosted with 
1.0 g of Composition C-4 with a density of 1.3 
g/cm3 and initiated with the No. 6 electric cap. 
The blast wave pressure was measured using four 
quartz pencil probes (PCB Piezotronics, model 
137A) placed at 1.25–1.66 m from the center of 
the flask. The flask was suspended 1 m above the 
ground, and the probes were mounted at the same 
height. In order to evaluate the pressure, powder 
TNT was used as the reference. The loading 
density of TNT was 0.8 g/cm3, and it was initiated 
without the booster. The case and measurement 
setup were the same as those used for the AN/Al 
mixture. 
 
Measurement of Shock Wave Sensitivity 

To determine the shock wave initiation 
sensitivity, the minimum shock wave pressure 
required for the detonation of the mixture was 
measured by a gap test. The shock wave was 
generated using a pentolite booster and a PMMA 
pressure attenuator and initiated with the No. 6 
electric cap. The sample mixture was loaded into a 
PVC tube with an inner diameter of 31.8 mm, wall 
thickness of 3.1 mm, and length of 50 mm. The 
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loading density was 0.89–0.95 g/cm3. The booster 
was loaded into an identical PVC tube with a 
length of 30 mm, and the loading density was 1.6 
g/cm3. The sample tube was placed on a steel 
square witness plate, with a side of 100 mm and a 
thickness of 2.0 mm. The shock wave pressure 
donated to the sample was base on the delay time 
from the upper to the bottom end of the PMMA 
attenuator and the Us-Up fitting data of PMMA by 
Deal 8. The setup for the gap test is shown in 
Figure 1. The dependence of the shock wave 
pressure on the thickness of the PMMA attenuator 
is shown in Figure 2. 

 

Figure 1. Gap test setup. 
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Figure 2. Dependence of shock wave pressure 
on thickness of PMMA attenuator. 

RESULTS AND DISCUSSIONS 
Effect of Al Content 

Since the reaction of Al powder during the 
detonation was not clear, the detonation velocity 
was measured with different Al contents in order 
to determine the ratio of the mixture. Figure 3 
shows the result obtained for 75 μm flaked Al in 
the 21.5 mm tube. The detonation velocity was 
influenced by the ratio. The velocity of a 10 
weight % Al mixture was the highest, and this 
ratio was used in this study. 
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Figure 3. Effect of Al content on detonation 
velocity of AN/Al mixture at a charge diameter 
of 21.5 mm. 
 
 
Influence on Detonation Velocity 

The detonation velocities at the charge 
diameters of 16.1 mm and 21.5 mm are shown in 
Figure 4 and 5, respectively. In both cases, the 
results shows that the velocity increased with a 
decrease in the Al particle size. Furthermore, the 
velocity of the mixture with flaked Al was higher 
than that of the mixture with atomized Al for the 
same particle size. 
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Figure 4. Effect of Al particle size on 
detonation velocity of AN/Al mixture at charge 
diameter of 16.1 mm. 
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Figure 5. Effect of Al particle size on 
detonation velocity of AN/Al mixture at charge 
diameter of 21.5 mm. 

 
 

In order to discuss this result, the contact 
situation between the particles of Al and AN was 
observed by using an electron micro scope 
(KEYENCE Real Surface View Microscope 
VE-7800). Photographs of the mixtures are shown 
in Figure 6. The particles of flaked Al with a size 
of 54 μm covered the surface of the AN particles 
(Figure 6-a). In constant, the particle of atomized 
Al with a size of 46 μm dotted the AN particles 
(Figure 6-b). The contact areas between AN and 

flaked Al were larger than those between AN and 
atomized Al. Consequently, the detonation 
velocity obtained with flaked Al was higher than 
obtained with atomized Al. When the particle size 
of atomized Al was relatively small (9.5 μm, 
Figure 6-c), the Al particles were scattered on the 
surface of AN, and the detonation velocity was the 
same in the case of both atomized Al and flaked 
Al. 

 
 

   
Figure 6. Electron microscopic photographs of AN/Al mixtures: 

(a) with flaked Al (particle size: 54 μm) 
(b) with atomized Al (particle size: 46 μm) 
(c) with atomized Al (particle size: 9.5 μm) 
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Influence on Blast Wave Pressure 
Figure 7 shows peak overpressures at 

scaled distances. TNT data was used for quadric 
fitting on the log-log scale, and the peak 
overpressure was expressed in terms of the scaled 
distance of TNT, as shown in Equation 1. 
 

( ) 956.6)(log204.6log762.3log 2 +−= RRPTNT  

(Eq. 1) 
 
where PTNT denotes the peak overpressure of TNT 

and R denotes the scaled distance. Figure 8 shows 
the TNT equivalency of each mixture calculated 
using Equation 1. The TNT equivalency of the 
mixture with atomized Al decreased with an 
increase in the Al particle size, while that of the 
mixture with flaked Al was constant at ca. 100%. 
This result may be attributed to the thinness of the 
particles of flaked Al, which was below the 
micrometer range even in the case of the largest 
particle, and therefore, the total energy released 
between the detonation and afterburning reactions 
remained constant in the case of flaked Al. 
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Figure 7. Peak overpressure of AN/Al mixture at scaled distance. 
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Figure 8. Effect of Al particle size on TNT equivalency of AN/Al mixture. 

 
 
Shock Wave Initiation Sensitivity 

The result of the gap test is shown in 
Table 2. Although the AN/Al mixture was 
significantly more sensitive to the shock wave 
than only AN, it was found that the size or form of 

Al powder had no influence on the shock wave 
initiation sensitivity. This result may suggest that 
the initiation of the detonation of the mixture was 
related only to the presence of Al and not to its 
form or size. 

 
Table 2. Gap test result of shock wave initiation sensitivity of AN/Al mixture. 

Gap Length [mm] 

5 10 35 40 45 50 55 

Shock Pressure [GPa] 
Al Type Form 

Average Size 
[mm] 

8.2 6.5 2.1 1.6 0.85 0.034 0.025 

YP-2000 Flaked 30    H N   

P-100  157     H H N 

P-50  294     H N  

VA-2000 Atomized 9.5   H H N   

VA-350  28    H N N  

VA-150  48   H N N   

AN only 9 - H N      

H: Holed, N: No damage 
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CONCLUSIONS 
The detonation of the AN/Al mixture was 

influenced by the properties of Al powder. The 
detonation velocity increased with a decrease in 
the Al particle size. Further, the detonation 
velocity of the mixture with flaked Al was higher 
than that of the mixture with atomized Al for the 
same particle size. Electron microscopic 
photographs suggested that the contact situation 
between the particles of Al and AN was related to 
the detonation. 

The blast wave pressure obtained with 
atomized Al also increased with a decrease in the 
Al particle size, while the obtained with the flaked 
Al was constant. This may be attributed to the 
thinness of flaked Al. 

The addition of Al increased the shock 
sensitivity of AN. However, it was found that the 
properties of Al powder had no influence on the 
sensitivity. 
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ABSTRACT 
 
In order to investigate the spontaneous ignition behaviors of nitroglycerine (NG) and NG with 

diphenylamine (DPA) or ethylcentralite (ECL), the thermal analysis of NG was performed under heating 
and isothermal conditions in O2, air, or N2 atmosphere. Under the heating condition, two heat releases of 
NG were observed at approximately 416 K and 436 K with the presence of O2. The amount of heat 
release at the lower temperature was dependent on the partial pressure of O2. In N2, no heat release was 
observed around those temperature ranges. Under the isothermal condition, induction period of heat 
release of NG was shortened with the presence of O2. FT-IR spectrum indicated that the concentration of 
nitric ester group decreased and the concentration of hydroxyl group increased with increase in the 
storage time. From the thermal analyses of NG and NG with DPA or ECL, DPA and ECL seemed to 
stabilize NG, and DPA showed more stabilization effect than ECL. 
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1 INTRODUCTION 
Nitroglycerine (NG) finds a fit in many 

applications. For instance, NG is a main 
ingredient of dynamites and smokeless 
gunpowder such as a double base propellant or as 
a triple base propellant. And it is used as 
sublingual tablets for angina and cardiac infarct. 
However, nitric ester containing NG tend to 
spontaneously ignite during the storage, which 
causes the serious accidents. The spontaneous 
ignition of nitric ester has been reported even in 
recent years [1]. 

Generally, it is believed that the spontaneous 
ignition of nitric ester was caused by the reaction 
between nitric ester and NO2 [2, 3] which was 
generated from the O-NO2 bond scissions and/or 
the hydrolysis. Therefore in order to stabilize 
nitric ester against the spontaneous ignition, 
diphenylamine (DPA) or ethylcentralite (ECL) 
which can trap NO2 was used as a stabilizer in the 
smokeless powder [4] and those stabilizers 
practically worked OK. 

On the spontaneous ignition mechanism of NC, 
the authors reported that NC hardly released the 
reaction heat without atmospheric O2 even if NO2 
exists in the system [5-7]. In this way, we 
suggested that atmospheric O2, rather than NO2, 
directly contributed to heat release of NC. 
Consequently, the autoxidation, which is 
propagated by atmospheric oxygen, might be 
conducive to spontaneous ignition of nitric esters. 
However, the spontaneous ignition behavior of 
NG had not been investigated yet. 

Moreover, the previous study reported that DPA 
had the high effect on the spontaneous ignition of 
NC but that had low effect on that of mixture of 

NC and NG [8]. And it might suggest that the 
spontaneous ignition mechanisms as well as 
stabilization mechanisms for NC and NG are 
different from each other.  

Therefore, the purpose of this study is to 
investigate the spontaneous ignition behavior of 
NG and stabilization behavior of the general 
stabilizers. 
 
2 EXPERIMENTAL 
2.1 SAMPLE  

2.5mL of distilled water was added into 0.5mL 
of 10wt.%NG/ ethanol (NOF corp.) in the glass 
vessel. The mixture was let stand until highly-pure 
NG separated. The NG was separated into the 
other glass vessel using micro syringe. Small 
amount of water and ethanol in the NG were 
removed under vacuum condition. 

 
2.2 C-80 

Heat flux calorimeter C-80 (SETARAM) was 
used to observe the thermal behavior of NG 
(50±1mg) under the heating condition (heating 
rate: 0.2K·min-1, temperature range: 323-573 K) 
or the isothermal condition (designated 
temperature: 393K). As the atmospheric gases, O2, 
air, and N2 (Tomoe Shokai Co., Ltd.) were used. 
And, as the sample container, a 3.9mL of inconel 
vessel (RIGAKU Co., Ltd.) was used.  

 
2.3 FT-IR SPECTROSCOPY 

Fourier transform infrared spectroscopy 
(FT-IR) study was carried out for NG after 
isothermal storage at 373K in O2 (Tomoe Shokai 
Corp., Ltd.) at regular 1-hour intervals. The 
amount of NG was 50±1mg, and the isothermal 
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temperature was 373 K. A 3.9mL of stainless 
vessel was used as the sample container. 

 
2.4 ARC 

Using accelerating rate calorimeter (ARC, 
Arthur D Little Inc.), the induction period of NG 
and NG with DPA or ECL, was measured in 
isothermal condition at 373K. The amount of NG 
was 50±1mg, and the amount of stabilizer was 
2.0±0.1mg. 
3 RESULTS AND DISCUSSION 
3.1 EFFECT OF THE TYPE OF 
ATMOSPHERE 

When the heat release behavior of NG was 
observed in O2, air, or N2 atmosphere, the thermal 
stability of NG was dependent on the partial 
pressure of O2 under heating condition as 
summarized in Table1. The decomposition 
temperature was observed at approximately 414 K 
in O2, 426 K in air, and 428 K in N2. And, the 
amount of heat release was 3560 Jg-1 in O2, 3190 
Jg-1 in air, and 2910 Jg-1 in N2, respectively. The 
decomposition temperature decreased and the 
amount of heat release increased with partial 
pressure of O2. 

An increase of partial pressure of O2 changed 
the behavior of heat flow against the temperature 
as shown in Fig.1. In the presence of oxygen, two 
exothermic peaks were observed. In O2, first heat 
release was observed at 414 K and then, second 
one was observed at approximately 420 K. Also in 
air, firstly slight heat release was observed at 
approximately 410 K and then, larger one was 
observed at 426 K. On the other hand, in N2, only 
one heat release was observed at 428 K. These 
results indicated that the heat release at 

approximately 410-415 K was caused by reactions 
regarding to atmospheric oxygen. 

During isothermal storage at 393K, induction 
period was shortened, and amount of the heat 
release was increased with the presence of O2. The 
induction period was observed at 4.8 h in O2, 7.4 h 
in air and 24.1 h in N2 as shown in Fig.2 and 
Table2. And, the amount of heat release was 2410 
Jg-1 in O2, 2450 Jg-1 in air, and 2040 Jg-1 in N2, 
respectively.  
 
3.2 FT-IR SPECTRUM CHANGE OF NG 

In O2 atmosphere, the concentration of nitric 
ester group decreased and the concentration of 
hydroxyl group increased with increase in the 
storage time as shown Fig.3. Before isothermal 
storage, the absorption bands were observed at 
1625-1660cm-1 for ONO2 antisymmetric 
stretching vibration, at 1255-1300cm-1 for ONO2 
symmetric stretching vibration, and at 833-870 
cm-1 for N-O bond pi bond stretching vibration. 
After isothermal storage, those absorptions 
decreased, and the absorption band was observed 
in 3600cm-1 for O-H stretching vibration. 
 
3.3 STABILIZATION EFFECT OF DPA AND 
ECL 

The ARC analysis under isothermal condition 
showed that DPA and ECL stabilized NG, and 
DPA had more stabilization effect than ECL as 
shown in Fig.4. NG with each stabilizer released 
the heat at approximately 13.3 h for DPA and at 
approximately 8.3 h for ECL whereas NG without 
the stabilizer released the heat approximately 4 h. 
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4 CONCLUSIONS 
In order to investigate the spontaneous ignition 

behaviors of NG and NG with DPA or ECL, the 
thermal analysis of NG was performed. Following 
conclusion can be made. 
I. The thermal stability of NG was dependent on 
the partial pressure of O2 under the heating 
condition and the isothermal condition. 
II. In O2 atmosphere under the isothermal 
condition, the concentration of nitric ester group 
decreased and the concentration of hydroxyl 
group increased with increase in the storage time 
III. DPA and ECL stabilized NG and DPA had 
more stabilization effect than ECL. 
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Table1 Decomposition temperature and heat 
release of NG under the heating condition 

Fig.1 Thermal behavior of NG 
under the heating condition 

Table2 Induction time and heat release of 

NG under the isothermal condition 

 
Fig.2 Thermal behavior of NG 
under the isothermal condition 

Storage 
atmospheres 

Decomposition 
temperature / K 

Heat 
release/ Jg-1 

Oxygen 414  3560  
Air 426  3190  

Nitrogen 428  2910  

Storage 
atmospheres

Induction 
time / h 

Heat 
release/ Jg-1 

Oxygen 4.8  2410  
Air 7.4  2450  

Nitrogen 24.1  2040  
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Fig.3 Change of infrared spectrum of NG 
 

 
Fig.4 Thermal behavior of NG containing stabilizer 
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ABSTRACT 
 
The thermal stability of energetic materials depends on two main factors: (i) decomposition 

kinetics being the intrinsic property of the material and (ii) external parameters as e.g. storage 
temperature, thermal insulation, geometry of the sample. Both these factors have to be carefully 
considered in computational methods applied to the prediction of the safe storage and service life. 
Generally, the decomposition of energetic materials is a very complicated, multistage process which 
cannot be described correctly in the full range by the same Arrhenius activation energy E. The possibility 
of changing decomposition kinetics during the course of the reaction has been recently introduced in the 
STANAG 4582 test applying the data collected by means of heat flow microcalorimetry (HFC). The 
value of the activation energy used for the prediction of the properties of propellants was assumed to be 
80 kJ/mol below 60°C and 120 kJ/mol above 60°C [1].  

The aim of the presented study is to show that the advanced determination of the kinetics can 
further improve the prediction of the thermal stability. 

The course of decomposition of six propellants was investigated by differential scanning 
calorimetry (DSC) and HFC. The decomposition kinetics was evaluated by the procedure based on 
differential isoconversional method of Friedman. Obtained kinetic parameters can be used for the 
prediction of the thermal behaviour of the energetic materials under any, arbitrarily chosen, temperature 
profiles [2]. 
The evaluation of the kinetics of the propellants decomposition by DSC clearly indicated the significant 
change of the kinetic parameters (activation energy E and pre-exponential factor A) during the 
decomposition course. These changes are especially difficult to determine 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. The comparison of the kinetic parameters obtained by advanced kinetic evaluation 
of both, DSC and HFC data, to those calculated by some conventional methods (e.g. ASTM, or assuming 
one value of the activation energy E) clearly indicated their significant influence on the prediction of the 
thermal stability of the propellants. 
 
 
1. Introduction 
 

The rate of the processes influencing property changes of high energetic materials during storage 
depends 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. 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 
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equation A and the 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 the 
function f(α) is very often arbitrarily chosen (based e.g on the assumption about first or zero-th order of 
the reaction) before the computation of the E and A values. Such an assumption influences arbitrarily the 
determination of the kinetic parameters and significantly lowers the accuracy of the simulation of the 
thermal stability. Another option is the assumption of the certain value of the activation energy as applied 
in the STANAG 4582 [1] test.  In this test, based on heat flow microcalorimetry (HFC), the value of the 
activation energy used for the prediction of the properties of propellants is assumed to be 80 kJ/mol below 
60°C and 120 kJ/mol above 60°C.  

The assumption concerning the constant values of the kinetic parameters during the course of the 
decomposition process, especially in the case of so complicated, multistage process as decomposition of 
highly 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 [2] the 
significant change of the kinetic parameters E and A during the decomposition course. These changes are 
especially significant 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 also 
be calculated from the heat flow calorimetry (HFC) experimental data collected for very low 
decomposition range of 0-2%.  
The aim of the presented paper was the comparison of the kinetic parameters obtained by (i) advanced 
kinetic evaluation (differential isoconversional analysis) of both, DSC and HFC data, and (ii) calculated 
by some conventional methods i.e. ASTM, or assumption of the reaction order. An additional task was the 
illustration how the method of the determination of kinetic parameters influences the prediction of the 
thermal stability of the propellants. 
 
2. General 
 
2.1 Application of DSC 
 

The use of DSC allows the monitoring full range of the process from α = 0 to α = 1 (where α 
depicts the reaction progress). To apply the heat flow signals monitored by DSC for the kinetic analysis it 
is necessary to convert them into α-time or α-temperature dependences. The integration of heat flow 
signal is unfortunately influenced by the course of the base-line.  
Often applied the straight-line form of the baseline is incorrect. For DSC signal types, a sigmoid baseline 
[3] is usually chosen because the recorded DSC signals depends not only on the heat of the reaction but 
are additionally affected by the change of the specific heat of the mixture reactant-products during the 
progress of the reaction. With B(t) the baseline and S(t) the differential signal recorded by DSC,  

the reaction rate 
dt
dα and progress a(t) can be expressed as: 
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with  B(t) = (1-α (t))*(a1+b1*t) + α (t)*(a2+b2*t) 
 
where: (a1+b1*t) is the tangent at the beginning and (a2+b2*t) the  tangent at the end of the signal S(t).  
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The proper construction of the baseline is especially important at the beginning of the reaction, when the 
heat flow is very low what results in weak DSC signal. Any small deviation in the construction of the 
tangent at the beginning of the signal leads to the uncertainty in the determination of the reaction 
progress. Unfortunately, this range between 0- 5% of the total decomposition is very important for the 
prediction of the service life time. 
 
Summarizing, the relatively fast DSC experiments carried out in the following experimental domain:  

0 % < α < 100 %  
0.25 < β (heating rate) < 8 K/min 
0 < t (measuring time) < 10 hours 

cannot be, in certain cases, used for the very precise prediction of the changes of the properties of the 
investigated materials which occur at the very low reaction progress. In such cases the second technique, 
heat flow calorimetry (HFC) has a great advantage.   
 
 
2.2 Application of HFC 
 

In order to gain better knowledge on the kinetic description of the early stage of the 
decomposition one can determine the kinetic parameters from the results of calorimetric measurements 
carried out in the following experimental domain: 

0 % < α < 5 %  
20°C < T (isothermal temperature) < 100°C 
0 < t (measuring time) < 3 months 

 
Due to the fact that the determination of the reaction progress, being necessary for the kinetic analysis, 
does not required the construction of the baseline, the results obtained by this technique are more precise, 
especially for low and very low α values. This fact, in turn, allows the precise prediction of the reaction 
progress from the data measured at very low conversion degrees. 
 
 
3. Determination of the kinetic parameters  
 

As reported in the International ICTAC Kinetics project [4], the proper calculation of the kinetics 
requires the series of non-isothermal or isothermal measurements carried out at different heating rates or 
temperatures. This procedure allows supplying the data set that generally contains the necessary amount 
of information required for full identification of the complexity of a process. In the present paper the 
kinetic parameters have been calculated by an isoconversional method based on the calculation of E and A 
values at different degrees of conversion α without assuming the form of f(α) function, i.e. applying  
logarithmic form of the following reaction rate expression : 
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with i: index of conversion, j: index of the curve measured at different heating rates or temperatures. 
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This method can be also applied for the isothermal data obtained by means of HFC. 
 
 
4. Experimental 
 

The presented study contains the results of the evaluation of the kinetics of the decomposition of 
six propellants: two small calibre types P 3616 Ws (5.56 mm, single base); P 3620 Ws (5.56 mm, EI®) 
and four medium calibre types FM 3170/21 (23 mm, single base); FM 3031s (25 mm, EI®); VM 
0696/102s (30 mm, EI++) and VM 0700/101s (30 mm, EI++). The high temperature DSC experiments 
were carried out in sealed crucibles with heating rates of 0.25-4 °C/min in the temperature range RT-
260°C. The low-temperature isothermal microcalorimetric investigations were done with Thermal 
Activity Monitor (TAM), Thermometric AB, in the range of 60-100°C. The kinetic parameters were 
calculated using AKTS Thermokinetics software. 
 
5. Results and Discussion 
 
5.1. Kinetic analysis of DSC data 
 

The DSC signals after correction of the baseline were used for the estimation of the reaction 
progress. The obtained α-T values were applied for the calculation of the E and A kinetic parameters 
either by isoconversional method of Friedman or by simplified method in which the function f(α) has 
been arbitrarily assumed to be in the form of the equation describing the autocatalytic, zero-th, first or n-
th order reaction. Additionally, the kinetic parameters were calculated by the standard ASTM E698 
method. 
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Figure 1: 
Normalized DSC-signals as a function of the temperature and heating rate (marked in °C/min on 
the curves). Experimental data are depicted as symbols, solid lines represent the signals calculated 
on the basis of kinetic parameters derived from the Friedman analysis.  
 

The DSC signals of investigated samples are presented in Figure 1 in the form of the dependence 
of the normalized heat flow on the temperature for four heating rates. Kinetic parameters calculated from 
the DSC traces allowed the simulation of the reaction progress at any heating rate. The comparison of the 
experimental data (symbols) with the simulated course of the reactions (lines) indicates the very good fit 
when the advanced kinetic analysis was applied. The results of the calculation of the activation energy 
values by the simplified methods are presented in Table 1. Note, that the decomposition process is 
characterized by one value of the activation energy which certainly decreases significantly the accuracy of 
the life time predictions.  
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Table 1: Activation energy E (kJ/mol) for six propellants calculated from DSC signals by assuming 
commonly applied simplified reaction models.  

Sample autocatalytic zero-th order first order n-th order ASTM E698 
P 3616 Ws 165.2 49.2 163.4 206.5 180.2 
P 3620 Ws 157.4 98.7 188.2 203.7 172.1 

VM 0696/102s 135.0 58.6 147.3 168.0 182.0 
VM 0700/101s 144.0 71.6 163.4 179.6 195.3 

FM 3031s 125.3 91.9 176.3 167.3 174.5 
FM 3170/21 141.7 120.8 181.1 175.61 174.9 

 

The application of the simplified kinetics (arbitrary assumption of the reaction mechanism) does 
not allow the correct simulation of the experimental results. Figure 2 presents the trials of the simulation 
of the experimental decomposition course of FM 3170/21 sample by applying the simplified models 
assuming n-th (A) and first order (B) mechanism. Note the very poor fit between experimental and 
simulated dependences clearly indicating that application of the simplified kinetics and the assumption of 
the constancy of the kinetic parameters during the whole course of the decomposition do not allow the 
proper simulation. 

 

 
Figure 2: 
Simplified kinetic description of normalized non-isothermal DSC-signals of the decomposition of 
FM 3170/21 at five heating rates . (A) n-th order reaction, A = 2E17s-1, E = 176 kJ/mol, n = 0.91, (B) 
first order reaction, A = 9.27E17s-1, E = 181 kJ/mol)  
 

5.2. Kinetic analysis of HFC data 
 

The heat flow signals recorded by HFC in isothermal runs at 60, 70, 80, 90, 100°C for P 3616 Ws 
and P 3620 Ws and at 80, 90 and 100°C for VM 0696/102s, VM 0700/101s, FM 3031s and FM 3170/21 
samples are shown in Figure 3 as heat flow – time dependences. The reaction progress for HFC signals 
was calculated by relating cumulative heat after certain time of the decomposition (Q) to the total heat of 
the reaction ΔHr measured by DSC as presented in Table 2. 
 

Table 2. The reaction progress calculated from HFC signals by relating the cumulative heat Q 
measured by HFC to the heat of the reaction ΔHr  measured by DSC. 

sample ΔHr [J/g] DSC Q [J/g] HFC Reaction progress in % 

P 3616 Ws 4137 11.00 11.00 / 4137 = 0.266 
P 3620 Ws 4010 51.58 51.58 / 4010 = 1.286 

VM 0696/102s 3870 62.07 62.07 / 3870 = 1.604 
VM 0700/101s 3937 59.70 59.70 / 3937 = 1.516 

FM 3031s 3450 59.71 59.71 / 3450 = 1.731 
FM 3170/21 3947 56.49 56.49 / 3947 = 1.431 
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Figure 3: 
HFC-signals vs  time for different temperatures (P 3616 Ws, P 3620 Ws: 60, 70, 80, 90, 100°C and 
VM 0696/102s, VM 0700/101s, FM 3031s and FM 3170/21: 80, 90 and 100°C). Experimental data 
are depicted as symbols, solid lines represent the signals calculated on the basis of kinetic 
parameters derived by Friedman method. Note that reaction progresses for each sample are the 
same at all temperatures as depicted in Tab.2. 
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The dependence of the activation energy on the reaction progress calculated from the HFC data is 
presented in Figure 4A. Clearly visible is that the activation energy changes significantly even in the very 
narrow range of the reaction progress (between 0 and 1.6%). The comparison of the values of the 
activation energy at different stages of the decomposition calculated from the results of HFC and DSC is 
depicted in Figure 4B. This last plot additionally contains, for the comparison, the values of the E 
calculated with applying the simplified assumption concerning the mechanism of the decomposition. 
These values are constant in the full range of the decomposition (see the data in Tab.1). 
 

 

 
Figure 4: 
(A) Activation energy of the decomposition of the propellants as a function of the reaction progress 
calculated from the HFC data by Friedman analysis.  (B) Comparison of the activation energy 
gathered from HFC and DSC data for the compound FM 3170/21 by the isoconversional method. 
The horizontal lines represent the values of E calculated from DSC data assuming certain reaction 
models valid in the full range of the decomposition. 

 
The results presented in Fig.4 clearly show that the decomposition of all investigated energetic 

materials does not follow a single mechanism because the determined activation energies and pre-
exponential factors (not shown) are not constant during the course of the reactions. Clearly visible is the 
dependence of the kinetic parameters on the reaction extent. This observation indicates that the 
decomposition of the examined energetic materials is a complex reaction which cannot be described in 
terms of a single pair of Arrhenius parameters and commonly used set of reaction models. 
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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 the temperature fluctuations. Due to the fact that the reaction rate varies exponentially with the 
temperature it is  important that predictive tools could 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 even real atmospheric temperature profiles. To illustrate the importance of the 
influence of the temperature fluctuations on the reaction rate, the simulations of the reaction progress 
were carried out for the high temperature climatic category A1 according to the  STANAG 2895 [6]. This 
document describes the principal climatic factors which constitute the distinctive climatic environments 
found throughout the world and provides guidance on the drafting of the climatic environmental clauses 
of requirement documents. 

 
Table 3.  Summarized temperature and humidity cycles world wide  for climatic category A1 

Meteorological Storage and Transit Cycle 
Temperature [°C] Rel. Humidity [%] Temperature [°C] Rel. Humidity [%] 

Zone A1 32 to 49 8 to 3 33 to 71°C - 
 

 

 
Figure 5: 
Minimal and maximal diurnal meteorological (A) and storage /transit (B) temperatures recorded 
during one year in the climatic category A1.   
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The prediction of the influence of the temperatures on the slow decomposition of the propellants 

requires the knowledge of the diurnal and annual variations of the meteorological and storage /transit 
temperatures and humidity’s. The meteorological temperature is the ambient air temperature measured 
under standard conditions, whereas storage and transit temperature represents the air temperature 
measured inside temporary unventilated field shelter e.g. in railway boxcar which is exposed to direct 
solar radiation. Table 3 contains the values of these temperatures for the climatic category A1. The time 
dependences of the diurnal minimal and maximal meteorological and storage /transit temperatures are 
presented in Figure 5. Applying the advanced kinetic software it is possible to calculate the reaction 
progress for all propellants using the kinetic parameters determined from HFC data and taking into 
account the dependence of the real temperature changes depicted in Figs. 5A and B. The results of the 
simulations for the diurnal storage/transit and meteorological temperature profiles are shown in Figure 6 
A and B, respectively.  

 
 

 
Figure 6: 
Predictions of the reaction progress for the propellants due to the temperature variations 
represented by the diurnal storage/transit (A) and meteorological temperature profiles (B)  
 

Presented results indicate the very significant dependence of the thermal stability of the 
investigated propellants on the storage conditions even in the same climatic category. Note, that for the 
same propellant e.g. VM 0696/102s, the 1.6 percent decomposition progress, occurring after 12 years 
when the sample is submitted to the diurnal meteorological temperature changes, significantly decreases 
to ca. 500 days when the propellant is stored under storage/transit temperature conditions. This important 
issue could be traced only due to the high precision of the HFC data and the unique ability of the software 
which enables to consider the very complicated temperature profiles. By implementing the climatic 
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variations into advanced kinetic description gathered from the HFC data it was possible to uncover the 
differences of the reaction progress for the same propellants in the same climatic category. 
 
7. Influence of the applied method used for determination of the kinetic parameters on the 
simulation of the reaction progress 
 
 The results presented in Fig.2 clearly indicate that the simplified assumption applied in the 
computational procedure do not allow the correct prediction of the reaction course. Kinetic parameters E 
and A, calculated by the assumption that the complicated reaction of the decomposition of the high 
energetic materials may be described by simple models (e.g. first- or zero-th reaction order) which should 
additionally be valid in the full range of the decomposition, cannot properly describe the real course of the 
process. This, in turn, indicates that the prediction of the reaction progress, when using simplified kinetic 
parameters, may be of little value. As previously mentioned, the very important issue for the correct 
prediction of the shelf-life is the correct determination of the reaction progress, especially at very 
beginning of the reaction. This is not an easy task in DSC measurements due to the possibility of 
introducing significant errors by the improper construction of the baseline. This problem is well 
illustrated by the results presented in Fig. 4 showing the difference of the values of the activation energy 
E calculated by the isoconversional method from the DSC and HFC data.  The application of kinetic 
parameters for the prediction of the reaction progress, calculated from the results obtained by means of 
DSC is shown in the Figure 7A. The kinetic parameters A and E calculated from DSC experiments were 
used for the simulation of the reaction progress under isothermal conditions at 80, 90 and 100°C. The 
comparison of the predictions based on the kinetic parameters obtained from DSC (lines) with HFC 
experimental data (symbols) indicates that for the propellant FM 3170/21 both α-time dependences agree 
very well. The improvement of this fit requires the elaboration of the computational technique enabling 
the link between the experimental data obtained by means of both techniques for the low decomposition 
progress α between 0 and 0.05. This problem will be the described in our forthcoming study.   

 



610 

 
Figure 7: 
(A) Simulated (DSC, lines) and experimental (HFC, symbols) reaction progresses of the 
decomposition of propellant FM 3170/21 under isothermal conditions at 80, 90 and 100°C. The 
kinetic parameters necessary for the simulation were calculated by the isoconversional method 
from the data collected by means of DSC. 
(B) Simulated reaction progress of the decomposition of propellant FM 3170/21 under isothermal 
conditions at 80°C. The kinetic parameters necessary for the simulation were calculated by: 
isoconversional method from the data collected by DSC (DI), and from the DSC data assuming the 
simplified reaction models: zero-th (Z), n-th (N), and first order (F). The symbols represent the 
experimental data obtained by means of HFC. 
(C) The same dependences as in plot (B) depicted for the broader time range. 
 

The discrepancy between the simulated reaction progress when applying advanced and simplified 
kinetic procedures is depicted in Figs. 7B and C. These figures present the comparison of the simulated 
reaction progress of the isothermal decomposition of the propellant FM 3170/21 at 80°C. The figures 
depict the α-time dependences calculated with the application of the kinetic parameters determined by 
isoconversional method from DSC (DI), experimental data measured by HFC and the relationships 
calculated by the assumption of the zero-th; first; and n-th order mechanism of the decomposition. In the 
last case the following kinetic parameters were used for the simulations:   
Zero-th order: E =  121 kJ/mol, A = 4.14 E10 s-1,  
First order: E= 181 kJ/mol, A= 9.27E17 s-1 
N-th order:     E = 176 kJ/mol, A = 2E17 s-1, n = 0.91 

The differences between the simulated reaction progresses are clearly visible already at the 
beginning of the decomposition. By assuming that the reaction is of zero-th order the reaction progress of 
1% is reached after ca. 2 days, by the assumption of the first order after ca. 76 days. The results obtained 
with the application of advanced kinetics from DSC and experimentally obtained HFC data show that this 
reaction progress is reached after ca. 19 days.  

The results presented in Figs. 7 B and C indicate distinctly the low value of the predictions of the 
service life time when carried out with the kinetic analysis based on the simplified kinetic models. 

 
8. Conclusions 
 

 
The prediction of the thermal stability of the propellants 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 is not easy when applying DSC 
measurements due to the significant errors which can be introduced by the incorrect construction of the 
baseline. The problem can be solved as proposed by an advanced method of the baseline construction 
and/or by the application of the HFC measurements which do not require the application of the baseline,  
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- (ii) the application of the advanced methods for the determination of the kinetic parameters applied later 
in the computations. The use of simplified kinetic description of the decomposition process based on 
simple kinetic models such as reaction order and constancy of all kinetic parameters during the full range 
of the decomposition is of little value, 
 

- (iii) the necessity of introducing into calculations the real temperature profiles under which the 
investigated compounds will be stored. 
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ABSTRACT 
 
During computational simulation of the thermal ignition of energetic materials two important 

issues have to be considered: (i) the application of advanced kinetics which properly describes the 
complicated, multistage course of the decomposition process and (ii) the effect of heat balance in the 
system, as the sample mass is increased by a few orders of magnitude compared to the thermoanalytical 
experiments used for the determination of kinetic parameters. The application of both, advanced kinetic 
description and determination of the non-uniform temperature distribution within the solid energetic 
materials by solving the heat conduction problem has been already presented by us elsewhere [1-2]. 

The current study presents the extension of these methods for the computational prediction of the 
time to self-ignition of ammunition systems due to the accumulation of the heat at several constant 
surrounding temperatures occurring e.g. during the cook-off in a hot loading chamber. The geometry and 
dimension of the ammunition container and, additionally, the amount, properties and thickness of the 
layers of different materials used for the construction of the ammunition container have been taken into 
account during calculations. Application of Finite Element Analysis (FEA) and the appropriate 
decomposition kinetics enabled the determination of the effect of scale and geometry of the container as 
well as the influence of thermal conductivity, heat transfer and surrounding temperature on the heat 
accumulation in the sample. The results of modeling enabled the rigorous analysis of the design of the 
container parameters such as radius and the type and thickness of the insulation. Proposed computational 
methods can be used for any profile of the surrounding temperature such as isothermal, stepwise, 
modulated or temperature profiles reflecting the real daily minimal-maximal fluctuations for different 
localizations. Additionally, the temperature profiles due to the thermal shocks can be taken into account 
what enables the determination of the time to ignition in case of an accident during e.g. transportation. 

The calculations have been verified by the comparison with the experimentally determined values 
of the time to ignition in a hot loading chamber under isothermal conditions at several temperatures for a 
5.56 mm small caliber system and a new 155 mm artillery charge for the Swiss army. The simulations 
have been done for the sample in the form of cylinders containing three layers of materials possessing 
significantly different thermal properties: single-base propellant, combustible cartridge case and steel 
container. The very good computational prediction of the experimental time to thermal ignition indicates 
the high accuracy of the applied method.  

 
1. Introduction - Evaluation of kinetics  
 

The evaluation of the kinetics of the decomposition of energetic materials is one of the main 
prerequisites necessary for the correct modelling of their properties. Generally, the kinetic parameters are 
calculated from the experimental data obtained either from thermogravimetry (change of the mass, TG) or 
differential thermal analysis (monitoring thermal effects, DSC or DTA). Independent of the experimental 
technique applied, the kinetic calculations require the dependence of the reaction extent α on the time or 
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temperature. Calculations of the reaction progress are much easier from TG data and require only the 
correction of the signal due to the buoyancy phenomena. More complicated is the determination of the 
relationship α-T from DSC (DTA) traces because it requires the integration of the signals influenced by 
the construction of the baseline.  
  
Often applied the straight-line form of the baseline is incorrect [3]. The recorded signal depends not only on 
the heat of the reaction but is additionally affected by the change of the specific heat of the mixture reactant-
products during the progress of the reaction.   
 
With: 
B(t) the baseline, 
S(t) the differential signal (DSC or DTA)  

the reaction rate 
dt
dα and progress α(t) can be expressed as 
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with  
 
B(t) = (1- α (t))*(a1+b1*t) + α(t)*(a2+b2*t)  (3) 
 
where: 
 
(a1+b1*t) is a tangent at the beginning and (a2+b2*t) a tangent at the end of the signal S(t). The 
construction of the baseline for the DSC signal obtained during decomposition of the single base 
propellant with a heating rate of 1 K/min is depicted in the Fig.1. 
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Figure 1: 
Single base propellant: the construction of the baseline for DSC heat flow signal recorded with the 
heating rate of 1 K/min. (units of S(t) = [mW/mg]).  
 

After correct determination of the α and dα/dt values the next step of modelling consists of 
determination of the kinetic parameters which are necessary for the prediction of the properties of the 
investigated materials under conditions different than those at which the experiments have been carried 
out. If the decomposition follows a single kinetic model then the reaction can be described in terms of a 
single pair of Arrhenius parameters and the commonly used set of functions f(α) reflecting the mechanism 
of the process. In such a case the dependence of the logarithm of the reaction rate over 1/T is linear with 
the constant slope m = E/R in full range of conversion degree α. The reaction rate can be described by 
only one value of the activation energy E and one value of the pre-exponential factor A by the following 
expression: 
 

)f(
RT(t)

Eexp A
dt
d αα

⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
−=  (4) 

 
where t is time, T - temperature, E - the activation energy, A- the pre-exponential factor and f(α) is the 
differential form of the conversion function. 
 

However, the decomposition reactions are sometimes too complex to be described in terms of a 
single pair of Arrhenius parameters (A and E) and the commonly applied set of reaction models f(α). In 
general, solid state reactions demonstrate profound multi-step characteristics. The assumption that the 
decomposition of an energetic material will obey a simple rate law is not often true. Moreover, the 
determination of the kinetic parameters from single run recorded with one heating rate only (so called 
‘single curve’ method) leads to erroneous results and according to the recent opinions should not be 
applied anymore [4]. 

As concluded in the International ICTAC Kinetics project [5], the proper calculation of the 
kinetics requires the series of non-isothermal measurements carried out at different heating rates. This 
procedure allows supplying the data set that generally contains the necessary amount of information 
required for full identification of the complexity of a process. 
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In the present paper the kinetic parameters have been calculated by an isoconversional method 
based on the calculation of E and A values at different degrees of conversion α without assuming the form 
of f(α) function, i.e. applying  logarithmic form of the following reaction rate expression : 
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according to the isoconversional method of Friedman [6]  
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with i: index of conversion, j: index of heating rate.  
 

The illustration of the Friedman isoconversional method for the determination of the kinetic 
parameters for small calibre propellant is depicted in Fig.2A. The Fig.2B presents the dependence of E 
and A on the reaction progress and Fig.2C shows the comparison of the experimental (dots) and 
calculated, applying the determined E and A values, courses of the reactions for different heating rates 
(lines). Note the very good fit of calculated and experimental relationships. 
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Figure 2:   
Kinetic analysis of small caliber propellant: 
(A) Friedman analysis carried out with DSC data obtained under isochoric conditions (after 
baseline optimization). (B) Activation energy E and pre-exponential factor A as a function of the 
reaction progress. (C) Normalized DSC-signals as a function of the temperature and heating rate 
(marked in °C/min on the curves). Experimental data are depicted as symbols, solid lines represent 
the signals calculated on the basis of kinetic parameters determined by the method presented in 
Figs. 2A and B. 
 
2. Determination of the heat accumulation under adiabatic and non-adiabatic conditions 
 

 Determined kinetic parameters can be subsequently applied for predicting reaction progress of 
the investigated samples under any given temperature mode. However, it has to be taken into account that 
during investigating and predicting properties of the real energetic ammunition system the sample mass 
increases by few orders of magnitude comparing to thermoanalytical DSC experiments. For the proper 
modelling the heat balance has to be taken into considerations.  

The concept of the Time to Maximum Rate under adiabatic conditions (TMRad) is very often used 
for describing the safety of chemical processes. TMRad can be estimated by combining the advanced 
kinetic description of the investigated process with the following heat balance when U=0 for the adiabatic 
conditions: 
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where: 
Mr - sample mass, Cp - specific heat, V - volume, ΔHr - heat of the reaction, U - heat transfer coefficient, A - 
heat exchange area, Tc - surface temperature of the container, T - surrounding temperature.   

The value of the heat of reaction is one of the key data required for correct evaluation of the 
potential risk. It gives a direct measure of the consequences which result from a runaway scenario. 
Commonly, instead of the heat of the reaction, the adiabatic temperature rise ΔTad = ΔHr/cp is taken into 
considerations.  

The numerical simulation technique can be applied also in determination of the process safety 
carried out under non-adiabatic conditions i.e. when U ≠ 0. This option requires the solution of partial 
differential equations as they are encountered in the heat conduction problem, especially when analyzing 
the heat accumulation conditions. In order to consider the change of the temperature inside the layer a heat 
balance over a volume element (see Fig. 3) can be made as follows: 

 
 
Figure 3: 
Heat balance over a volume element. 
 
Assuming the relationship: 
Input = Output + Accumulation +Reaction 
we get: 
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where Q, ρ, c, V, T mean:  heat flow, density, specific heat, volume and temperature, respectively. With  

dV = dxdydz  
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and considering different cylindrical pre-defined geometries of the reactors applied in the cook-off 

experiments, we can write:  
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The heat balance (eq. 8) after further mathematical treatment can now, after simplification, be expressed 

as 
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where J is a geometry factor which is dependent on the type of the container: J=0 for the infinite plate, 
J=1 for the infinite cylinder and J=2 for the sphere.  
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The rate of the heat production in eq. (13) can be expressed by the Arrhenius type equation as those 

applied in Friedman analysis (eq.5). 
 
3. Simulation of the properties of small caliber ammunition 
 

Applications of Finite Element Methods and accurate kinetic description of the single-base 
propellant applied in small caliber ammunition enabled the determination of the effect of scale, geometry, 
heat transfer, thermal conductivity and ambient temperature on the heat accumulation conditions. The 
highest safe temperature for handling any energetic material depends on several factors such as its size, 
shape, and previous thermal history. Due to insufficient thermal convection and limited thermal 
conductivity, a progressive temperature increase in the sample can easily take place, resulting in a thermal 
explosion. Safe operating conditions with tailored safety margins can be defined using numerical 
simulation.  

 
The goal of the simulations was the prediction of the time to self-ignition of the ammunition 

systems due to the accumulation of the heat when kept at constant temperature as during e.g. the cook-off 
experiments in a hot loading chamber. The results of modeling have been verified by the comparison with 
the experimentally determined values of the time to ignition for 5.56 mm small caliber system. Figure 4 
depicts the comparison of the predicted time to ignition as function of the temperature for non-adiabatic 
and adiabatic conditions (lines) and presents the experimental results (open circles) which fit very well 
calculated non-adiabatic dependence. 
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Figure 4: 
Single-base propellant for small caliber applications: the dependence of the calculated time to 
ignition on the temperature under non-adiabatic and adiabatic conditions (with ΔTad=ΔHr/cp= 
3496±464J/g)/1.5J/g/°C = 2330.7°C ± 309°C). The experimental results are marked by open circles, 
the inset presents the time to ignitions vs. reciprocal temperature. 
 
4. Simulation of properties of 155 mm artillery charge of Swiss army 

 
Here we extend the simulations under isothermal conditions to the prediction of the time to self-

ignition of a 155mm artillery charge used in Swiss army. During modeling the geometry, dimension of 
the ammunitions container and, additionally, the amount, properties and thickness of the layers of 
different materials used for the construction of the ammunition container have been taken into account. 
Application of FEA and the appropriate decomposition kinetics (calculation results presented in Fig.5) 
enabled the determination of the effect of scale and geometry of the container as well as the heat transfer, 
thermal conductivity and surrounding temperature on the heat accumulation in the sample. The 
simulations (simulation results together with the experimental data are depicted in Fig.6) have been done 
for the sample in the form of cylinder containing four layers of the following materials possessing 
significantly different thermal properties: single-base propellant, combustible cartridge case, protection 
material and steel container. The properties of these materials, required for the modeling, are summarized 
in Tab. 1.   
 
Table1: The properties of the components of 155 mm artillery charge. 
 container 

wall 
protection 
material 

combustible 
cartridge case 

single-base 
propellant 

Layer thickness [mm] 0.7 9 3 64.5 
λ/(ρCp) [cm2/s] 0.15 0.13 0.005 0.001 
Heat of reaction [J/g] - - 2768+/-255.8 3579+/-350.6 
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Figure 5: 
Kinetic analysis of 155 mm artillery charge of Swiss army: A, B: combustible cartridge, C, D: single-
base propellant. (A, C) Activation energy E and pre-exponential factor A as a function of the reaction 
progress. (B, D) Normalized DSC-signals as a function of the temperature and heating rate (marked 
in °C/min on the curves). Experimental data are depicted as symbols, solid lines represent the signals 
calculated on the basis of kinetic parameters determined by the Friedman analysis method. 
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Figure 6: 
Single-base propellant for a 155 mm artillery charge applied in Swiss army: the dependence of the 
calculated time to ignition on the temperature under non-adiabatic conditions. The experimental 
results are marked by open circles, the line presents the simulated relationship.  
 

Additionally to the isothermal investigations of the properties of the energetic materials also the 
commonly applied non-isothermal cook-off experiment (heating rate 3.3 °C/h, initial temperature of the 
charge 40°C, 6h) has been carried out with the 4.5 kg artillery charge. The experimental data and results 
of the simulation of the slow cook-off investigation are presented in the Fig. 7. For the simulation of the 
experimental results the heat balance calculated by the Finite Element Analysis (FEA) was applied 
together with the advanced kinetic description of the reaction. The experimentally determined ignition 
temperature of artillery charge amounted to 137°C (Fig. 7-A).The predicted ignition temperature of 
138°C (Fig. 7-B) was in a very good agreement with the experimental value. 
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Figure 7: 
Slow cook-off of the 155 mm artillery charge (A) experiment and (B) simulation. The predicted 
temperature of explosion 137°C was in good agreement with the slow cook-off experiment (138°C). 
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5. Conclusions 
 

Application of FEA and the appropriate decomposition kinetics enabled the determination of the 
effect of scale and geometry of the container as well as the heat transfer, thermal conductivity and 
surrounding temperature on the heat accumulation in the sample. The results of the simulation of the 
properties of both, small-caliber and 155 mm charge under isothermal conditions and during non-
isothermal slow cook-off agreed very well with the experimentally determined values. Applied modeling 
procedure allows the optimal choice of the design parameters of the containers such as critical radius and 
the kind and thickness of the insulation. The simulation can be done for any profile of the surrounding 
temperature, starting from the isothermal through stepwise, modulated or temperature shock resulting e.g. 
from an external fire. Additionally, the temperature profiles, reflecting the real daily minimal-maximal 
fluctuations for different localizations, can be taken into account. The software enables simulating time to 
the ignition due to an unexpected incident during transportation as well. 
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ABSTRACT 
 

The importance of particle size in performance of pyrotechnic compositions has long been 
recognized.  Improvements in particle size measurement technology in the last fifteen to twenty years 
have led to vast improvements in both the accuracy and precision of particle size analyses.  Pyrotechnic 
manufacturing technology has typically lagged behind relying on 1940s and 50s era sieve analysis for 
determining particle size of raw materials used in pyrotechnic compositions.  Pine Bluff Arsenal has 
embarked on a program of reevaluating all of the raw materials specifications and including particle size 
distributions generated by cutting edge laser diffraction technology where improved manufacturing and 
performance consistency are gained.  Early results for the colored smoke composition used in the M18 
Colored Smoke Grenade show that controlling the particle size of the dyes lead to significant 
improvements in producability, and end-item performance. 

 
 

Introduction 
In July 2003, Pine Bluff Arsenal (PBA) 

began manufacturing violet smoke mix for the 
M18 Colored Smoke Grenade using violet dye 
mix provided by MILSPEC Industries Inc. and 
purchased in accordance with military 
specification MIL-D-3691.  The Arsenal uses a 
Glatt Model WSG 300 fluidized bed process for 
manufacturing smoke mix. Immediately upon 
receipt of the dye mix, the production division 
began experiencing problems manufacturing 
smoke mix and smoke grenades.  The mix did 
not granulate well, and excessive fines in the 
completed smoke mix continually caused the 
slug press to lock up.  Binder addition and spray 
nozzle height were adjusted in an attempt to 
increase average granule size, but these 
adjustments were unable to increase granule size 
sufficiently, and the dye mix was discarded. 

The MILSPEC dye mix appeared to be 
different than dye mix procured previously from 
Fabricolor Inc. It had a distinct red tint, being a 
violet-red or red-violet color, as opposed to the 
Fabricolor dye mix, which could be described as 
a pure violet color.  The operators noticed early 
on that the MILSPEC dye mix floated on the 

water during clean up. This led to the initial 
hypothesis that the MILSPEC dye mix was 
somehow chemically different than the 
Fabricolor dye mix.  Chemical Analysis at PBA 
failed to detect any significant chemical 
differences using the high pressure liquid 
chromatography methods called out in the 
Military Specification.  Samples were sent to an 
independent testing laboratory to test for 
confirmation.  The results from the independent 
laboratory confirmed that the MILSPEC dye 
mix was chemically the same as the earlier dye 
mixes. 

Given that the dye mixes were 
chemically similar, it quickly became apparent 
that the differences in the dye mixes must be due 
to the physical characteristics. Operations 
personnel had noticed a significant increase in 
dusting during the dye loading process, and they 
observed the dye mix floating on water. This 
implied that the dye particle size might have 
been unusually small. But the MILSPEC dye 
mix met all of the particle size and apparent 
density requirements set out in MIL-D-3691D 
(Table 1). 
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Table I.  Particle Size and Density Requirements 
for Violet Dye Mix 

Sieve Size Percent Passing 
250μm 97 
150μm 90 
75μm 70 

Apparent Density (g/ml) 0.35 + 0.15 
 
 

Discussion 
Sieve analysis has been in use for at 

least 100 years and has been used for particle 
size analysis for all dry constituents since the 
M18 grenade was type classified in 1950.  
Unfortunately, sieve analysis does not provide 
sufficient resolution to determine the particle 
size distribution.  The sieve size requirements as 
set forth in MIL-D-3691 do not differentiate 
between an average particle size of 74 μm and 
an average particle size of less than 1 μm. And 
there is no way to determine the distribution of 
the particles (i.e., the sieve analysis would be the 
same for a uniform distribution, normal 
distribution, bifurcated distribution etc.).   

In the last 25 years, several new 
techniques have been developed to determine 
particle size distributions.  Laser diffraction is 
perhaps the most common technique in use 
today.  It is capable of determining the average 
particle size, the shape, and the particle size 
distribution.  Laser diffraction units are available 
from several different manufacturers. 

The particle sizes of the MILSPEC dye 
mix and the last lot of Fabricolor dye mix were 
measured by laser diffraction using a CILAS 
model 1180.  The mean particle size of the 
MILSPEC dye mix was found to be 10.92 μm, 
and the mean particle size of the last lot of 
Fabricolor dye mix was found to be 34.8 μm.  
By comparing lots of violet dye mix, it became 
apparent that three factors were critical in 
determining whether a given lot could be used 
successfully to manufacture smoke mix using 
the fluidized bed process: the average particle 
size, the percentage of dyes with a particle size 
below 10 μm, and the existence of multiple 
peaks in the histogram.  Histograms of typical 
“bad” and “good” lots of violet dye mixes can be 

found in Figures 1 and 2 respectively. Twelve 
lots of violet dye mixes that were used 
successfully in earlier smoke mixes were 
sampled and the particle size distributions 
generated.  The results of these analyses can be 
found in Table II. 

Table II.  Violet Dye Mix Descriptive Statistics 

Mean 23.239 μm 
Standard Error 2.0528 μm 
Median 22.855 μm 
Mode  N/A 
Distribution Shape Single mode 
Standard Deviation 7.1112 μm2 
Sample Variance 50.5694 μm2 
Range 25.53 μm 
Minimum 15.26 μm 
Maximum 40.79 μm 
Count 12 

 
 

Effect of Dye Particle Size on Fluid Bed 
Agglomeration 

The fluidized bed manufacturing 
process as embodied in the Glatt WSG 300 
mixer works by suspending the dry substrate in 
an air stream.  The air forms bubbles and flows 
through the suspended particulates causing the 
particulates to mix in an action reminiscent of a 
“rolling boil”.  Binder is sprayed on the top of 
the suspended substrate bed coating the topmost 
particle with binder (See Figure 3).   

The particles agglomerate and as they 
grow denser, fall to the bottom of the bed.  The 
lighter particles in turn take their place at the top 
of the bed.  The great advantage to the fluidized 
bed technology is the homogeneity of the mixed 
particles and temperature of a properly fluidized 
bed. 

Fluidized beds can also be used to 
classify solids, with the fines being carried out 
of the bed and the coarser particles dropping out 
at the bottom.  In the agglomeration process, the 
addition of binder keeps the particles from 
segregating.  Even so, the fluidized bed process 
is not suitable for particles with large differences 
in density. 
. 
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Figure 1.  Histogram of Typical "Bad" Lot of Violet Dye Mix 
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Figure 2.  Histogram of Typical "Good" Lot of Violet Dye Mix 
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Figure 3.  Fluidized Bed Agglomeration Figure 4. Effect of Fines on Fluid Bed 
Agglomeration 

  
PBA theorized that the very fine 

particles in the dye mix segregated above the 
binder spray nozzle, preventing them from 
agglomerating with the rest of the substrate 
(Figure 4).  The theory was corroborated by the 
observation that dye appeared to have plated out 
on the upper portions of the expansion chamber. 

Because dye is the largest single 
component of smoke mix, constituting 
approximately 42 percent of the total mix, a 
significant change in dye concentration will 
make a significant change in burn time and 
cloud density.   

Working with commercial dye suppliers, 
PBA developed a particle size specification 
which met the particle size requirements 
necessary for use in the fluidized bed granulator 
and which was also within the manufacturing 
capability of dye suppliers.  Table III shows the 
physical characteristics developed for dye. 

Using the physical characteristics 
developed using the particle size analysis, two 
batches of violet dye mix conforming to the new 
particle size specifications were procured. Two 
800 lb batches of smoke mix were made using 

the two new batches of violet dye mix. All other 
raw materials remained the same.  Test results 
from the batches made with the new dye mixes 
indicated that controlling the physical 
characteristics of the dye mix solved the mixing 
problems encountered with the MILSPEC dye 
mix. In addition, the operators found that there 
was no need to readjust the slugging presses 
between batches of smoke mix; while not 
unheard of, it is a rare occurrence.  Based on 
these results, PBA made the decision to add the 
modified physical characteristics to all new 
orders of dye and dye mixes. 

The violet dye mix for the fiscal year 
2004 buy of M18 Violet Grenades was procured 
using the modified physical characteristics.  As 
of this writing, 2 out of 21 batches of smoke mix 
have required reprocessing: a rate of 9.5 percent. 
Prior to modifying the particle size 
requirements, approximately 22 percent of the 
batches required reprocessing to correct 
excessive moisture, short or long burn time, or 
faulty granulation. 
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Table III.  Modified Physical Characteristics for Dye 

Average Particle Size, μm, maximum 45 
Average Particle Size, μm, minimum 30 
Particles less than 10 μm percent maximum 20 
Distribution Shape Single Mode 
Apparent density, g/ml, minimum (dry basis) 0.35 

 
 
.
  It is believed that poor process control 

has contributed to approximately 5 to 7 percent 
of the batches that must be reprocessed, with the 
remainder resulting from poor control of the raw 
materials. 

Reprocessing batches adds additional 
costs to the end item, from additional handling, 
utility, and raw material utilization to added 
personnel costs.  In addition to the costs, there is 
a safety issue.  Between 66 and 75 percent of the 
fires that have occurred at the Glatt Facility 
between December 1986 and the present have 
occurred either during reprocessing operations 
or when handling reprocessed mixes.  A fire in 
January 2003 left three operators injured. 

Process control is indirectly affected by 
changes in the raw materials.  As described 
above, when the raw materials are closely 
controlled, the fluidized bed granulation 
technology is capable of manufacturing a 
consistent product in terms of performance 
(grenade burn time), physical characteristics, 
particle size distribution, and bulk density of the 
smoke mix product.  The process control 
systems on the Glatt Units are batch type 
process logic controllers (PLCs) that are 
designed to precisely carry out a stored recipe.  
The more precisely the raw materials are 
controlled, the more important the precision of 
the control system becomes.  Put another way, if 
the raw materials vary greatly in particle size 
and density, then batch performance and 
physical characteristics will vary greatly no 
matter how tightly controlled the recipes and 

process variables (e.g., temperature and air flow 
rates etc.) are controlled. 

Maintaining tight control of dye particle 
size distribution, using laser diffraction particle 
size measurement technology, has decreased the 
number of batches that must be reprocessed by 
57 percent. Historically, 22 percent of batches 
have required reprocessing; with the tighter 
controls, only 9.5 percent of the batches require 
reprocessing.  In addition, the tighter control of 
dye particle size has decreased the need to 
readjust the slugging presses between smoke 
mix batches and has eliminated feed chute 
clogging in the slugging operation.  This 
provides the added benefit of increasing 
operating efficiency of the grenade fill and press 
operations. 

Grenade performance may also be 
improved by minimizing burn time variance. 
Historically, the mean burn time for M18 Violet 
Grenades functioned under ambient conditions 
was 64.5 sec, with a standard deviation of 7.76 
sec (Figure 5). 

The mean burn time and standard 
deviations reported on the six lots accepted since 
controlling the dye particle size have averaged 
66.1 sec and 6.08 sec respectively (see Figure 6). 

An F-test was performed to determine 
whether the observed differences in burn time 
standard deviation were statistically significant.  
At an α of 0.05, the difference is statistically 
significant (Table IV). 
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Figure 6.  A Comparison of Burn Times Controlled Versus Uncontrolled Particle Size 
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Figure 5.  Baseline Burn Time Distribution for M18 Violet Grenades 
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Table IV.  F-Test Results 

 Uncontrolled  Controlled  
 Particle Size Particle Size 

Mean 65.4 66.1
Variance 60.24 37.07
Observations 210 236
df 209 235
F 1.6250  
P(F<=f) one-tail 0.0002  
Fα   1.2471  

 
 

Conclusions 

1. Laser diffraction techniques can be used to 
improve particle size definition of dye. 

2. The average particle size, the fraction of 
particles below 10 μm, and the number of 
peaks in the histogram are all important 
physical characteristics which must be 
controlled. 

3. Improved particle size definition and control 
of the dye decreases the number of batches 
that must be reprocessed and results in 
increased operating efficiency, reduced unit 
cost, and enhanced operator safety.   

4. Improved particle size control of the dye 
appears to tighten burn time variance 
(standard deviation).   

 

Future Work 
PBA plans to look at the remaining dry 

raw materials used in smoke mix manufacture 
and develop improved specifications based on 
the laser diffraction particle size measurement 
technology. 
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ABSTRACT 
 

A series of magnesium based pyrolants were prepared from both poly(tetrafluoroethylene), and 
poly(carbon monofluoride) as oxidizer and Macroplast®, Viton® and Hycar® as binder by conventional, 
shock-gel and extrusion process. The formulations had the general stoichiometry: Mg/CnFm/CxHyXz , 57-
60/30-35/5-10 with X = F, Cl or H. Strands of the pyrolant were ignited and the UV-VIS spectra were 
recorded. In addition color photographs were taken from the burning strands with a camcorder. 
Mg combustion in a fluorocarbon environment yields a series of distinct lines and bands in the 200 – 540 
nm range which allow for identification of main combustion products and transient species such as 
magnesium monofluoride, MgF and e.g. difluorocarbene, CF2. On basis of spectra a gas phase 
combustion mechanisms is discussed. 
 
 
1 Introduction 
 
Magnesium fluorocarbon pyrolants (MFPs) find 
widespread use as payloads in infrared decoy 
flares and rocket propellant igniters. The most 
prominent system in this context is magne-
sium/Teflon®/Viton® (MTV). The infrared ra-
diative properties of MTV have been investi-
gated by several researchers. [1, 2].  
Although MTV based flares are known to be re-
jected by sophisticated missile seeker systems 
due to their intense UV signature [3], the com-
bustion process of operational MTV composi-
tions has not been investigated in the UV as up 
to now.  
As early as 1970 Grifftiths, Izod and O’Sullivan 
have investigated the UV spectra of stoichiomet-
ric Mg/PTFE compositions at pressures equal 
and less than 0.1 MPa [4]. They observed the 
Mg atomic lines at 518, 457, 383, 309 and 285 
nm. In addition MgO(g) was identified by its 
intense band system at 380 nm. Finally they 
observed the gaseous specie MgF in emission at 

359 nm and in absorption at 369 nm. Webster 
investigated the UV spectra (250 – 340 nm) of a 
series of operational pyrotechnic signal flare 
compositions [5, 6]. We now report about the 
UV-spectroscopic investigation of a series of 
operational Mg/fluorocarbon pyrolants. 
 
 
2 Experimental  
 
The stoichiometry of the investigated pyrolants 
is given in table 1 
 
Fluorel™ FC 2175 purchased from MACH I 
Inc., King of Prussia (USA), is a copolymer con-
stituted from ~ 75 mol-% vinylidene fluoride 
and ~ 25 mol-% hexafluoropropylene. Hycar® 
purchased from Goodrich Inc (USA) is 
copolymer constituted from styrene and 
butadiene. Macroplast B2168 purchased from 
Henkel KG, Düsseldorf (Germany) is a solvent 
dispersion of polychloroprene. Polytetrafluoro-
ethylene was purchased as TF 9205 micropow-
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der from Dyneon, Burgkirchen (Germany). 
Polycarbon monofluoride (PMF)was purchased 
from COMET GmbH, Bremerhaven (Germany).  
 
Table 1  Stoichiometry of compositions 

investigated 
 
Comp-# 1 2 3 
Acronym MPM MTV MTH 
Magnesium 60 57 60 
Graphite fluoride 35   
Polytetrafluoroethylene  33 30 
Fluorel™FC 2175  10  
Hycar™   10 
Macroplast™ B 2168 5   
 
 
Composition 1 was made as described earlier 
[7]. Composition 2 was made with a shock gel 
process as described in Ref [8]. Composition 3 
was extruded as described in Ref. [9]. 
 
The pyrotechnic grains of compositions 1 and 2 
were pressed to pellets in a 19 mm die to give 
strands of about twofold diameter. Similar 
strands from MTH were extruded. Small pieces 
of the pyrolant (3 – 5 g) were fixed on a labora-
tory lifter in a small amount of commercial plas-
tic dough. The strands were ignited with a small 
butane flame. 
 
The focus of the spectrometer was set ≤ 1 cm 
above strand. The experiments were conducted 
in a laboratory hood equipped with a strong suc-
tion fan. The spectra were recorded with a LOT 
ORIEL grating spectrometer with 250 mm focus 
and UV sensitized silicon CCD (ANDOR) with 
a resolution of 1024 points and minimum 
exposure time of 10 ms / spectrum. The 
spectrometer was calibrated with Hg-lamps. 
Photographs were taken with a commercial 
Panasonic NV-DX 110 3CCD camcorder. 
 
 
3 Results and Discussion 
 
3.1 Magnesium ribbon 
 
As reference source a magnesium ribbon was 
ignited. The luminous area of the Mg-flame dis-

plays a series of distinct lines attributable to both 
Mg(g), MgO(g) and MgOH(g). 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 1  Experimental Setup 
 
Mg singlet, 285.99 nm  
Mg singlet, 455.22 nm 
Mg triplet, 383.17, 383.97, 384.57 nm  
Mg triplet, 517.38, 517.93, 519.02 nm  
 
MgO band 360 – 365 nm, 367 – 375 nm, 380 – 
387 nm. 
MgO multiplet 490.78, 491.78, 492.89, 492.03, 
495.48, 496.81, 498.03, 499.17, 500.22, 501.12 
nm. 
Further signals between 367 and 387 are tenta-
tively assigned to MgOH. This is in good agree-
ment with earlier measurements [10, 11]. 
 
 

 
 

Figure 2  Mg ribbon burning in air 
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As the above compositions 1 – 3 are fuel rich, 
afterburn reactions with atmospheric oxygen are 
prerequisites for complete combustion. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3  UV-spectrum of burning Mg - ribbon 

in air 
 
Hence MgO based signals are expected also with 
fluorocarbon based oxidizers.  
 
 
 
3.2 Magnesium fluorocarbon composite 
 
In general the UV spectra of all compositions are 
identical except for the polychloroprene contain-
ing composition which displays a chlorine based 
specie. 
 
Figure 4 depicts the most prominent differences 
between Mg combustion in air vs. combustion in 
a fluorocarbon/air environment.  
Most noticeable is the strong continuum with the 
fluorocarbon type oxidizer due to release of car-
bonaceous particles. In addition new signals ap-
pear between 355 – 400 nm. 
 
A closer look at the region between 250 – 300 
nm, Figure 5, also reveals distinct differences 
between Mg/Air and Mg/PTFE/Viton/Air.  
 
Whereas with pure Mg only the partially selfab-
sorbed Mg singlet appears at 285 nm, in pres-
ence of either PTFE or PMF CF2-based signals 
appear together with broad CO band [12].  
 

Pearse & Gaydon report an MgF system 
between 274 – 265 nm, which could not be 
identified without doubt [13].  
 
With rising distance of focus to burning strand 
surface both intensity of CF2 and Mg lines di-
minish and CO signal intensity increases.  
 
 

 
Figure 4  Comparison of Mg combustion in air 

vs fluorocarbon/air  
 
The most prominent changes appear in the 355 – 
400 nm range, Figure 6.  
In case of comp. 1 – 3 the MgO signals are su-
perimposed by signals due to MgF(g) at 357.55, 
359.80 nm, a rotationally resolved signal at 
367.27 nm due to MgF(g)/CO and in case of 
comp. 1 due to MgCl(g) signal at 377.01 nm.  
 

 
Figure 5  Comparison of Mg combustion in air 

vs fluorocarbon/air  
 
The range between 500 and 540 nm is depicted 
in Figure 7. This range reveals the Mg triplet and 
a signal at 521 nm that may tentatively be as-
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cribed to MgH(g). A broad signal between 530 – 
540 nm could not be assigned so far. It is as-
sumed that this may part of a complex band sys-
tem. 
 

 
Figure 6  Comparison of Mg combustion in air 

vs fluorocarbon/air  
 
Figures 9 and 10 depict the combustion of both 
MPM and MTH strands. The morphology of 
both pyrolant combustion flames is comparable. 

 
Figure 7  Comparison of Mg combustion in air 

vs fluorocarbon/air  
 
Close to the surface is a bright zone ((1) in Fig-
ure 11) which is probably due to high density of 
carbonaceous particles heated up by primary 
combustion products such as e.g. MgF2. Adja-
cent to that is a green-bluish zone conical in 
shape (2) which is very likely due to both Mg 
(517-519 nm) and MgO (490-501 nm) emission. 
In the case of MTH combustion (Fig 10) both 
greenish and bluish zones can be clearly 
distinguished as has been described likewise in 
Ref. [14]. Finally orange vortices (3) at the outer 

layer indicate luminous carbonaceous particles 
and carbon combustion. A schematic view of 
Mg/ fluoro-carbon pyrolant combustion is given 
in Figure 11.  
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Figure 8  Comparison of Mg combustion in air 

vs fluorocarbon/air  
 
On different experiments the MgH line appeared 
both in absence and presence of fluorocar-
bon/binder system.  
 

 
 
Figure 9  MPM combustion in air 
 
 
4 Discussion 
 
Although intensities determined in the UV have 
to be considered arbitrary, the signature of Mg 
combustion in either pure air or air/fluorocarbon 
environment is mainly determined by MgO(g), 
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MgOH(g) and MgF(g) band emission between 340 
– 400 nm.  
 

 
Figure 10  MTH combustion in air 
 
Signals detected between 255 – 289 nm indicate 
the presence of difluorocarbene, CF2(g). This is in 
good accord with theoretical considerations, that 
CF2 is the actual oxidizing specie in 
Mg/fluorocarbon flames [15, 16]. It is assumed 
that CF 2 is formed via thermal decomposition of 
either (C2F4)n or (CF)n according to the follow-
ing reactions. 
 

422:)2()(32 FyCCFxCyxCF
n

yx
n +++⎯→⎯⎟

⎠
⎞

⎜
⎝
⎛ + Δ

and  
 

242 :2 CFFC ⎯→⎯Δ  
 
With rising distance of the spectrometer focus to 
the burning surface both Mg- and :CF2 concen-
trations diminish and CO concentration 
increases as is witnessed from the trace of the 
signals between 255 – 295 nm.  

 

1
2

3 3

 
 
Figure 11  Schematic view of Mg/fluoro-carbon 

pyrolant combustion flame 
 
Presence of MgF(g) calls for successive 
formation via a collision reaction as given 
below: 
 

CFFMgCFMg g M+−⎯→⎯+ 2)( :  
 
The identification of MgH in either Mg/air and 
Mg/oxidizer flames can be explained by in-
volvement of atmospheric moisture. Expectedly 
the chloroprene based formulation (MPM) dis-
plays also an intense MgCl signal. MgCl has 
also been found by Webster in illuminant flames 
of Mg/PVC systems [6].  
A broad signal between 530 – 540 nm in the Mg/ 
fluorocarbon flames could not be assigned so 
far.  
Identification of distinct zones on the color pho-
tographs of the MPV and MTH combustion 
flames call for a successive combustion process.  
 
 
5 Summary 
 
The UV spectra of Mg/fluorocarbon pyrolants 
are mainly determined by lines from Mg, MgO, 
MgOH and MgF. At short wavelengths :CF2 can 
be detected. 
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ABSTRACT 
 

Material composites containing reactive metal such as aluminum are of interest because of their 
expected performance enhancements of tailored energy release, more efficient combustion, and effects on 
detonation properties. Therefore, we report on the interaction of aluminum with RDX particles using 
photoelectron spectroscopy.  The technique is invaluable in monitoring of surface modifications because 
of its ability to sample surface depths of less than three nm. Besides its usefulness as a tool for chemical 
analysis, it is useful in examining changes to chemical states of materials.  For RDX samples, the 
spectrum of the N 1s region has two easily discernable peaks assigned to the nitro group and ring 
structure nitrogen. Upon the initial interaction of aluminum with RDX, the N 1s spectrum reveals that the 
nitrogen peak associated with the nitro group is diminished compared to that of the ring structure.  This is 
an indication of the preferential reaction of the nitro group with the aluminum, leaving the ring structure 
intact. 

 

INTRODUCTION 
 
 Requirements for more powerful and energy-dense rocket propellants are driven by the increasing 
needs for longer standoff and range, improved acceleration and rapid response. To meet these 
requirements, energetic formulations with dramatically improved power density are being investigated.  
 One approach has been to use nano-scale solid-state reactive materials with a higher energy 
density and a faster rate of energy release than that of conventional explosives with smaller particle sizes. 
Micron-size aluminum particles, which are used in explosive mixtures and propellants to increase the 
energy density, are being replaced with nano-sized aluminum particles.  These smaller particles with 
increased surface area should have more complete combustion and faster energy release rates as problems 
with diffusion rates and heat transfer are overcome.1-3  

High explosives and propellants are formulated with binders in combination with various 
oxidizers and fuels such as aluminum to improve performance.  Upon attempts to formulate with 
nanomaterials, processing problems have been created. With the large increases in surface area, the 
viscosity of any melt cast or cast curable mix is greatly increased and can become unworkable.  
Researchers have examined methods to produce reactive material composites to overcome this difficulty.  
Researchers at Eglin AFB have developed a method to encapsulate nano-sized aluminum particles with a 
high explosive such as RDX.4  These processible intimate mixtures of the nano-aluminum particles and 
high explosive should increase the energy output of the energetic materials.  In this work we report on the 
aluminum/RDX interface characterized by photoelectron spectroscopy.  

 

EXPERIMENTAL SECTION 

The experiments were performed in a stainless steel ultra high vacuum (UHV) chamber with a 
working base pressure of 2 x 10-10 Torr.  The chamber contains a hemispherical analyzer used in concert 
with a dual Al/Mg Kα X-ray source for X-ray photoelectron spectroscopy (XPS), a quadrupole mass 
spectrometer for residual gas analysis, an ion sputter gun, a calibrated directed-flux doser, an aluminum 
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vapor doser and two ZnSe windows to transmit light for infrared reflection–absorption spectroscopy 
(IRRAS).   

The RDX particles were introduced into the UHV chamber via a differentially pumped prep 
chamber.  The samples were mounted onto a grounded translation stage with double-sided conductive 
tape to minimize charging of the sample. The aluminum vapor deposition was performed in-situ to 
minimize environmental contamination. 

  
RESULTS AND DISCUSSION 

The photoelectron spectrum of the as inserted RDX sample is shown in Figure 1.  The spectrum 
shown is of the N 1s region.  It has two clearly discernable peaks. One of the peaks is attributed to the 
signal intensity emitted from the nitrogen of the nitro group and the other from the nitrogen of the ring 
structure. It demonstrates how the technique can identify changes to the chemical state besides its 
capability in elemental analysis. 
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Figure 1.  The photoelectron spectrum of 
the N 1s region obtained for RDX. 
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Photoelectron spectroscopy is invaluable in monitoring of surface modifications because of its 
ability to sample surface depths of less than 3 nm.  Figure 2 is the wide scan spectrum of RDX following 
aluminum deposition of less than 1 nm.  In the spectrum are visible the C 1s, N 1s, O 1s regions as well as 
the Al regions. It illustrates the ability of photoelectron spectroscopy in its use as a tool to monitor 
deposition and to study the interface, with increasing metal layering. 
 

 
Figure 3 is the N 1s spectrum of the RDX particles following deposition of < 1 nm of 

aluminum.  It reveals that the nitrogen peak associated with the nitro group is diminished 
compared to that of the ring structure.  This is an indication of the preferential reaction of the 
nitro group of RDX to the initial aluminum deposition leaving the ring structure intact.  With 
increasing exposure to aluminum vapor the signal associated with the nitro group is diminished 
further with little change observed in the N 1s intensity of the ring structure. 
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Figure 2.  The wide scan photoelectron 
spectrum of RDX following exposure to 
aluminum vapor. 
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CONCLUSION 

 
We have reported on the interaction of aluminum with RDX particles using photoelectron 

spectroscopy and demonstrated how the technique can monitor surface modifications of RDX particles. 
For RDX samples, the spectrum of the N 1s region has two easily discernable peaks assigned to the nitro 
group and ring structure nitrogen. Following vapor deposition of < 1 nm aluminum onto RDX, the N 1s 
region spectrum reveals that the nitrogen peak associated with the nitro group is diminished compared to 
that of the ring structure.  This indicates the preferential reaction of the nitro group with the aluminum, 
leaving the ring structure intact. 
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ABSTRACT 

The burning rate and light output for a range of binary magnesium-strontium nitrate 
compositions containing from 10% to 90% by mass of magnesium have been measured. The 
exothermicity and temperature of ignition of each composition was determined and the products 
of combustion were quantified. 

The compositions burned reliably over the range 20% to 70% magnesium. The 
composition containing 70% magnesium was found to have the maximum burning rate and light 
output, while the maximum exothermicity was observed at 40% magnesium. The temperature of 
ignition decreased as the magnesium content increased from 20% to 40% but thereafter did not 
change significantly. 

INTRODUCTION 

Magnesium-strontium nitrate pyrotechnic compositions are used for signalling 
applications and as tracers in many types of ammunition [1]. The burning rate and light output 
are two important properties that influence the choice of formulation used for these applications. 
The pyrotechnic performance of compositions containing magnesium, strontium nitrate and 
different binders has been reported [2-4]. These studies were made under conditions of high 
speed spin in small arms munitions and binary mixtures were not examined. In a more recent 
study [5], the effect of binders on the properties of four compositions containing 45% 
magnesium, 45% strontium nitrate and 10% binder were presented. 

Previous thermal studies on this system include exothermicity and temperature of 
ignition measurements on the 50% magnesium-50% strontium nitrate composition [6, 7] and 
heat flow calorimetry on a range of compositions [8-10]. In addition to examining the 
degradation reaction, this work measured the thermal properties of the compositions after 
ageing. 

This paper discusses the results of burning rate and light output measurements on 
magnesium-strontium nitrate compositions containing from 10% to 90% by mass of magnesium 
In addition, exothermicity measurements using combustion calorimetry and high temperature 
differential scanning calorimetry (DSC) under ignition conditions have been carried out. The 
work is part of a wider study on the properties of this pyrotechnic system [11]. 
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EXPERIMENTAL 

Compositions 

A range of binary compositions were manufactured by blending grade 4 cut magnesium 
to Defence Standard 13-130/1 and strontium nitrate to Defence Standard 68-40/2 in a Turbula 
mixer for 30 mins. The strontium nitrate was dried at 80 ºC and passed through a 125 µm sieve 
before use. 

Exothermicity Measurements 

A Parr Model 1425 semi-micro combustion calorimeter was used to measure the 
exothermicity of the compositions in an argon atmosphere at 0.1 MPa. A sample mass of 
100 mg was used and the samples, in powder form, were ignited in quartz crucibles using a hot 
wire. 

X-Ray Diffraction Measurements on Combustion Products 

X-ray diffraction measurements were carried out on selected residues from the 
exothermicity studies using a Bruker D8 Advance system. In order to reduce the reaction of the 
products with atmospheric oxygen and moisture, the combustion vessel was opened in a glove-
bag which had been purged with argon. The products were homogenised using a pestle and 
mortar, and placed in the X-ray diffraction cell. The cell was then covered by clipping a 6 µm 
polypropylene film tightly over the sample before removing it from the glove-bag. 

Pyrotechnic Combustion Studies 

Flares were prepared by pressing four 3 g increments of each composition into 12 mm 
diameter paper tubes at 6.7 kN. The flares were primed with 0.5 g of sulphur free gunpowder, 
which was added prior to the consolidation of the final increment. The column length of the 
pressed composition was measured. 

Combustion studies were conducted in a darkened tunnel with a fan extracting the 
smoke produced during the combustion. The flares were ignited using a fusehead and the 
burning time was recorded using a stop-watch. The light output was determined using a 
photometer fitted with a normal eye response filter. 

Evolved Gas Analysis Studies 

Measurements were made on the gaseous products of ignition, using a modified version 
of an infrared heating apparatus previously developed for time to ignition studies [12]. This 
apparatus allows a sample to be heated very rapidly under a controlled atmosphere. The unit 
was linked to a VG Gas Analysis Gaslab 300 quadrupole mass spectrometer via a heated 
capillary and molecular leak interface. The experiments were carried out on 5 mg samples in an 
atmosphere of flowing argon using oxidised inconel crucibles. 

DSC Studies under Ignition Conditions 

DSC studies under ignition conditions were carried out in duplicate on selected 
compositions using a nisil heat flux plate DSC apparatus developed for pyrotechnic studies 
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[13].Measurements were made on 20 mg samples that had been compressed into 2 cm long 
quartz crucibles using a 1 kg dead load at a heating rate of 50 °C min-1 in flowing argon. Shallow 
inconel crucibles containing titanium powder were placed on top of the DSC head to reduce the 
level of oxygen impurity in the argon. A photocell device was used to detect the light emitted as 
the composition ignited. 

RESULTS  

Exothermicity Measurements 

A combustion reaction was achieved for the compositions containing 20% to 80% 
magnesium and also in one experiment out of the three performed on the 15% magnesium 
composition. The exothermicities plotted as a function of magnesium percentage are shown in 
Figure 1. The maximum exothermicity of 7.28 kJ g-1 was observed for the composition 
containing 40% magnesium. 

X-ray diffraction studies showed that for the composition containing 40% magnesium, 
the reaction products were magnesium and strontium oxide (SrO) plus some hydrated SrO. At 
magnesium levels of 60% and 80% the presence of unreacted magnesium was also observed. 

A small diffraction peak for strontium nitrate was seen in the residue from the 20% 
magnesium composition. Quantitative chemical analysis of the residue revealed the presence of 
about 16% strontium nitrate and also 3% strontium nitrite. Analysis of the combustion products 
from higher magnesium content compositions indicated that for the 30% magnesium 
composition only 2.9% of the nitrate and 1.2% nitrite was present and at the 50% magnesium 
level only 1.1% nitrate remained unreacted and nitrite was not detected. 

Pyrotechnic Combustion Studies 

The results of the burning rate and light output measurements on the range of binary 
compositions are summarised in Table 1. Compositions containing less than 20% magnesium 
gave variable data and those containing 80 and 90 % magnesium did not burn reliably. The 
burning rate data (Figure 1) show that the burning rate increased as the percentage magnesium 
in the composition increased, the maximum burning rate observed was 16.5 mm s-1. 

The light output initially rose more slowly with increasing magnesium content than the 
burning rate. However, the light output curve was still increasing significantly at the maximum 
measured value of 79.0 kcd, which was given by the 70% magnesium composition. 

Evolved Gas Analysis Studies 

Initial experiments on compositions containing from 10% to 90% magnesium with the 
mass spectrometer operating in the scanning mode showed that the main gases produced on 
combustion were NO, N2 and O2. Small amounts of N2O, NO2 and H2 were also observed in 
addition to some H2O. The evolved gas curves plotted as a function of time for the 40% 
magnesium composition are shown in Figure 2. 

Experiments were also performed to monitor the gases continuously. The amount of NO 
and O2 formed decreased with increasing magnesium content. At the 50% magnesium level, 
NO was not evolved and the O2 signal had decreased below the background level, indicating 
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that the trace of oxygen in the carrier gas was reacting with the excess magnesium. The 
decrease in the amount of NO and O2 evolved was accompanied by an increase in the amount 
of N2 formed. 

The evolution of oxides of nitrogen and oxygen in the compositions containing up to 40% 
magnesium indicates that some decomposition of the nitrate is taking place during the 
combustion process. The presence of small amounts of hydrogen in the combustion gases for 
the compositions containing more than 30% magnesium is attributed to the reduction of 
moisture present in the composition by magnesium. 

Table 1. Burning Rate and Light Output Measurements for a Range of Magnesium-
Strontium Nitrate Compositions 

Magnesium              
(%) 

Mean burning rate         
(mm s-1) 

Mean light output         
(kcd) 

20 0.9 0.5 

30 2.5 3.6 

35 3.6 7.1 

40 5.0 10.8 

45 7.8 17.8 

50 10.2 28.0 

55 12.6 41.3 

60 14.7 54.9 

65 16.2 69.6 

70 16.5 79.0 

DSC Under Ignition Conditions 

DSC studies showed that ignition was achieved reliably for samples containing from 20% to 
80% magnesium (for 90% magnesium composition ignition was only observed in one 
experiment out of three). DSC curves are shown in Figure 3, together with a plot for strontium 
nitrate obtained under the same conditions. For the compositions containing 40% to 80% 
magnesium, a single exothermic ignition peak was given. A more complex pattern was 
observed for the lower magnesium content mixtures. This complexity is considered to reflect the 
overlap of the exothermic pyrotechnic reaction with the fusion and decomposition of strontium 
nitrate, which is observed above 650 °C at the fast heating rate used in these experiments. The 
ignition temperatures which are plotted as a function of magnesium content in Figure 4 show a 
reduction from about 640 °C for the 20% magnesium composition to 595 °C for the 40% 
magnesium composition. There were no marked changes in the ignition temperature on 
increasing the magnesium concentration further. 
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DISCUSSION 

Although the maximum exothermicity was given by the composition containing 40% 
magnesium, the maximum burning rate was observed for the 70% magnesium composition. The 
displacement of the burning rate maximum to a higher fuel content than the exothermicity 
maximum has been attributed by McLain [14] to the influence of heat transfer on columnar 
burning. Thus the addition of excess of a metal fuel increases the conductivity of the 
composition causing an increase in the burning rate, in spite of the decrease in the 
exothermicity of reaction. 

DSC studies showed that the ignition temperature decreased with increasing 
magnesium content up to the 40% magnesium level, which corresponds to the exothermicity 
maximum. Above this level, where magnesium is in excess, the ignition temperature did not 
change greatly with composition.  

The combustion of magnesium-strontium nitrate compositions can be considered on the 
basis of three simple reaction equations:- 

a) Metal oxide formation (36.5% magnesium, exothermicity 7.87 kJ g-1) 

5 Mg + Sr(NO3)2 → 5 MgO + SrO + N2  (1) 

b) Reduction of the nitrate to the metal (40.8% magnesium, exothermicity 7.37 kJ g-1) 

6 Mg + Sr(NO3)2 → 6 MgO + Sr + N2   (2) 

c) Reduction of the nitrate to the metal and magnesium nitride formation (50.8% magnesium 
exothermicity 7.19 kJ g-1) 

9 Mg + Sr(NO3)2 → 6 MgO + Mg3N2 + Sr  (3) 

The X-ray diffraction measurements, which showed the presence of magnesium and 
strontium oxides in the combustion products from the 40% magnesium composition, support the 
reaction shown in equation (1). In addition, assuming that the excess magnesium does not 
react, the exothermicity value of 7.28 kJ g-1 is in reasonable agreement with the value of 
7.44 kJ g-1 calculated for the 40% magnesium composition on the basis of equation (1). 
Magnesium nitride was not detected in any of the reaction products and it therefore appears that 
reaction (3) does not occur to a significant extent. 

CONCLUSIONS 

Magnesium-strontium nitrate compositions containing from 20% to 70% magnesium 
were found to burn reliably. The maximum burning rate (16.5 mm s-1) and light output (79.0 kcd) 
were given by the 70% magnesium composition. The ignition temperature of the system 
decreased from 640 °C for the 20% magnesium composition to 595 °C for the 40% magnesium 
composition. There were no marked changes in the ignition temperature on increasing the 
magnesium concentration further. Combustion calorimetry studies showed that the highest 
exothermicity was produced by the 40% magnesium composition which gave a value of 
7.28 kJ g-1. The latter value, in conjunction with X-ray diffraction measurements on the reaction 
products, suggests that the equation 5 Mg + Sr(NO3)2 → 5 MgO + SrO + N2 represents a major 
component of the combustion reaction. 
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Figure 1; Plot of Exothermicity and Burning rate against Magnesium Content for a Range 

of Magnesium-Strontium Nitrate Compositions  
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Figure 2; Evolved Gas Curves for the Ignition of a 40% Magnesium-60% Strontium Nitrate 

Composition using Infra Red Heating 
(Sample mass, 5.6 mg; atmosphere, argon)
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Figure 3; DSC Curves under Ignition Conditions for a Range ofMagnesium-Strontium 
Nitrate Compositions 
(Sample mass, 20 mg; heating rate, 50 °C min-1; atmosphere, argon) 
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Figure 4. Plot of Ignition Temperature against Magnesium Content for a Range of 

Magnesium-Strontium Nitrate Compositions 
(Sample mass, 20 mg; heating rate, 50 °C min-1; atmosphere, argon) 
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1. INTRODUCTION 
 

The thermal properties of potassium dinitramide are of interest since it is a highly 
energetic inorganic oxidant with potential applications in propellants and pyrotechnics. Studies 
by Dubovitskii et al [1, 2] established that the rate of decomposition in the melt (m.pt 127 °C) 
was slower than in the solid state. They suggested a first order reaction in which potassium 
nitrate and potassium nitrite were formed according to equation (1) :- 

KN(NO2)2 → 0.5 KNO3 + 0.5 KNO2 + 0.5 N2O + NO  (1) 

Lei et al [3] confirmed the formation of both potassium nitrate and potassium nitrite using 
a temperature programmed FTIR. They also obtained an overall mass loss of 35.6% from 
thermogravimetry (TG) studies in nitrogen [4], which was in good agreement with the theoretical 
value of 35.8% calculated on the basis of equation (1). Their TG curve showed that 
decomposition took place in two stages with a mass loss of 2.5% in the range 70-110 °C and a 
further loss of 33.1% above 200 °C.  

 
In contrast, Cliff & Smith [5] observed a 3 stage mass loss when potassium dinitramide 

was studied by TG at 5 °C min-1 in argon. An overall loss of 30.2% was given, which is close to 
the theoretical value of 30.3% based on conversion to the nitrate alone, as shown in equation 
(2).  

KN(NO2)2 → KNO3 + N2O  (2) 
In addition, Cliff et al [6] in an X-ray diffraction study of the decomposition products of five alkali 
metal dinitramides identified only the alkali metal nitrates.  

 
In order to investigate these conflicting results thermal analysis studies were carried out 

recently on potassium dinitramide in conjunction with chemical analysis of the reaction products 
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[7]. It was found that the overall decomposition of pure potassium dinitramide, where over 99% 
of the decomposition occurs in the liquid phase, could be described by a combination of 
equations 1 and 2 in the approximate proportions:- 

 90% KN(NO2)2 → 0.5 KNO3 + 0.5 KNO2 + 0.5 N2O + NO 
 10% KN(NO2)2 → KNO3 + N2O 

The mass loss calculated on the basis of these equations was 35.1% which was in excellent 
agreement with the measured value. 

 
Only limited studies have been performed on pyrotechnic compositions containing 

potassium dinitramide. Berger and Mathieu [8] studied a range of titanium-potassium 
dinitramide compositions containing 1% nitrocellulose and made burning rate and exothermicity 
measurements. Dawe and Cliff [9] measured the infra red emission spectra and burning rates 
for a 20% boron-80% potassium dinitramide composition with and without the presence of a 
hydroxy-terminated polybutadiene binder. 

 
In the present work, we report initial studies on the magnesium–potassium dinitramide 

system using a composition containing 63% of Grade 4 cut magnesium. The pyrotechnic 
performance of the composition has been characterised by exothermicity measurements, using 
combustion calorimetry and burning rate determinations. The results have been supplemented 
by differential scanning calorimetry (DSC), under both ignition and non-ignition conditions, time 
to ignition measurements and evolved gas analysis using mass spectrometry. 
 
2. EXPERIMENTAL 
 

The composition was made from Grade 4 cut magnesium and potassium dinitramide 
which had been sieved through a 125 µm sieve before use. The ingredients were rolled together 
in a conducting pot until mixed. The potassium dinitramide was prepared from potassium 
sulphamate using the method described previously [7]. 

 
Temperatures of ignition by high temperature DSC and times to ignition were determined 

using the equipment described previously [10]. In both cases the experiments were performed 
by heating 5 mg samples, in 2 cm long quartz crucibles, in an argon atmosphere which was 
purified by using titanium powder as an internal oxygen getter. The ignition reactions were 
detected using an integral photo-detector system. 
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Exothermicity measurements were performed on 100 mg samples in an argon atmosphere, 
using a Parr Model 1425 semi-micro combustion calorimeter. The samples in powder form were 
contained in quartz crucibles and were ignited using a hot wire. Determinations of the gases 
evolved on ignition were performed using an infrared heating apparatus previously developed 
for time to ignition studies [11]. The unit was linked to the mass spectrometer described below 
by means of a heated capillary. The experiments were carried out on 5 mg samples in an argon 
atmosphere.  
 

Burning rate studies were performed after filling the composition into a lead tube. The 
composition was hand stemmed at 13 dN into a tube with a wall thickness of 1.7mm and an 
outside diameter of 14.3mm. The tube was passed through a series of rollers to produce a cord 
with an outside diameter of 4.85 mm. Burning rate measurements were made on 50 mm lengths 
of this cord. 
 

DSC measurements were carried out under non-ignition conditions using a Mettler-Toledo 
DSC 822e . Samples were heated in ceramic crucibles, fitted with a lid with a pinhole, at 
10 °C min-1 in an argon atmosphere. Simultaneous TG-DTA measurements were carried out 
under similar conditions using 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 
samples in alumina crucibles, fitted with alumina lids with pinholes, at 10 °C min-1 in argon. 

 
 

The residues from non-ignition DSC experiments to 290 °C were analysed quantitatively for 
potassium nitrate using an ion selective electrode and for potassium nitrite using a 
spectrophotometric method [7]. The free magnesium content was determined using a small 
scale method based on pressure measurements [12]. 

 

3. RESULTS AND DISCUSSION 
 
3.1. Measurements under Ignition Conditions 

 
DSC experiments under ignition conditions gave a mean ignition temperature of 
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614 ± 1 °C. A typical curve is shown in Fig. 1 and the exothermic peak resulting in ignition was 
preceded by an exothermic reaction due to the decomposition of potassium dinitramide in the 
region of 260 °C. This is illustrated by the enlarged plot in Fig. 2, where the DSC curve for 5 mg 
of the magnesium-potassium composition dinitramide plot is compared with that for 2 mg of 
potassium dinitramide. It can be seen that for the same amount of potassium dinitramide the 
presence of magnesium has increased significantly the area of the decomposition peak. In view 
of the vigorous bubbling nature of the potassium dinitramide decomposition [7] at least part of 
the increase may be attributed to improved heat transfer to the DSC heat flux plate due to the 
presence of a large amount of magnesium. 

 
Time to ignition experiments at 900 °C gave a mean value of 29.6 ± 1.0 s and the 

heating rate at ignition was approximately 780 °C min-1. A typical curve is shown in Fig. 3 and 
clearly shows the exothermic decomposition of the potassium dinitramide in the region of 10 s 
which preceded the ignition reaction. 

 

Triplicate exothermicity measurements by combustion calorimetry gave a mean 
exothermicity of 6.47 ± 0.34 kJ g-1. Studies by infrared heating–mass spectrometry showed that 
the main gas evolved on ignition was N2. However, some NO and N2O were also observed 
indicating that decomposition of potassium dinitramide had also taken place [7]. 

 

The composition was found to burn reproducibly and a mean burning rate of 16.9 ± 
1.1 mm s-1 was obtained. 

3.2. Measurements under Non-Ignition Conditions 
 

A simultaneous TG-DTA plot for the magnesium-potassium dinitramide composition is 
shown in Fig. 4 and the TG curve based on potassium dinitramide content is compared with that 
for potassium dinitramide alone in Fig. 5. It can be seen that in the presence of magnesium an 
additional mass loss stage was given above 250 °C which overlapped with the main 
decomposition reaction of potassium dinitramide. If the overall mass losses are normalised to 
the potassium dinitramide content, the magnesium-potassium dinitramide composition gave a 
mass loss of 35.7 ± 1.5% compared with the loss for potassium dinitramide of 34.6 ± 0.4%.  

 
Simultaneous TG-mass spectrometry measurements showed that, as observed 

previously for potassium dinitramide [7], the main decomposition stage for the magnesium-
potassium dinitramide composition corresponded to the evolution of NO and N2O (Fig. 6). The 
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mass loss above 250 °C given by the composition can be seen to be due to the evolution of NO 
alone. Further work will be required to determine if the amounts of these gases evolved had 
been changed by the presence of magnesium.  

 
DSC studies under non-ignition conditions confirmed the increase in the exothermic 

peak area observed under ignition conditions for the decomposition of potassium dinitramide 
when magnesium was present. The additional mass loss in the presence of magnesium was 
seen to be associated with a shallow shoulder on the trailing edge of the exothermic DSC peak.  
 

Analysis of the residues from the DSC experiments heated under non-ignition conditions 
to 290 °C for potassium nitrate and potassium nitrite content showed that the molar ratio of 
nitrate to nitrite was 1.3:1. This compares with the ratio of 1.5:1 obtained previously for 
potassium dinitramide [7] and indicates that a higher proportion of nitrite is formed from the 
decomposition of potassium dinitramide in the presence of magnesium. Measurement of the 
initial free magnesium content of the magnesium-potassium dinitramide composition and that of 
the residues from the DSC experiments to 290 °C suggested that approximately 2% of the 
magnesium has reacted during the decomposition of potassium dinitramide. 

 
4. CONCLUSIONS 
 

In the present work, we have investigated the reaction of potassium dinitramide with 
magnesium using a composition containing 63% of Grade 4 cut magnesium. The composition 
was found to burn reliably giving a mean burn rate of 16.9 ± 1.1 mm s-1. Combustion calorimetry 
measurements in an argon atmosphere gave a mean exothermicity of 6.47 ± 0.34 kJ g-1. The 
main product gas evolved on ignition was found to be N2, but some decomposition of the 
potassium dinitramide was also indicated by the evolution of NO and N2O. 
 

High temperature DSC studies showed that an ignition reaction was given at 614 ± 1 °C 
when 5 mg samples were heated at 50 °C min-1. The ignition reaction was preceded by an 
exothermic reaction peak in the region of 260 °C, due to the decomposition of potassium 
dinitramide. The exothermicity of this reaction was increased markedly in the presence of 
magnesium, although at least part of the increase may be attributed to improved heat transfer to 
the DSC sensor due to the presence of magnesium. 

 
Simultaneous TG-DTA and TG-mass spectrometry studies showed that, in the presence 

of magnesium, an additional mass loss was given above 250 °C, which overlapped with the 
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main decomposition reaction of potassium dinitramide. This loss was associated with the 
evolution of NO. Chemical analysis of residues from DSC experiments, where the composition 
was heated to 290 °C, indicated that both potassium nitrate and potassium nitrite were formed. 
However, a higher proportion of nitrite was formed in the presence of magnesium than was 
observed for potassium dinitramide alone.  
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7. FIGURES 
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FIG. 1.  DSC CURVE FOR A 63% MAGNESIUM- 
37% POTASSIUM DINITRAMIDE COMPOSITION 

(Sample mass, 5 mg; heating rate, 50 °C min-1; atmosphere, argon) 
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FIG. 2. COMPARISON OF DSC CURVES FOR (a) 5 mg OF A 63% MAGNESIUM- 

37% POTASSIUM DINITRAMIDE COMPOSITION AND  
(b) 2 mg OF POTASSIUM DINITRAMIDE  

(Heating rate, 50 °C min-1; atmosphere, argon) 

0

100

200

300

400

500

600

700

800

0 10 20 30 40
TIME /  s

 T
EM

PE
R

A
TU

R
E 

/ °
C

500

750

1000

1250

1500

1750

2000

H
EA

TI
N

G
 R

A
TE

 / 
°C

 m
in

-1

PHOTOCELL

 
FIG. 3.  TIME TO IGNITION CURVES FOR A 63% MAGNESIUM-37% POTASSIUM 

DINITRAMIDE COMPOSITION 
(Sample mass, 5 mg; temperature, 900 °C; atmosphere, argon) 
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FIG. 4.  SIMULTANEOUS TG-DTA CURVES FOR A 63% MAGNESIUM- 
37% POTASSIUM DINITRAMIDE COMPOSITION 

(Sample mass, 5 mg; heating rate, 10 °C min-1; atmosphere, argon) 
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FIG. 5.  COMPARISON OF TG CURVES FOR (a) POTASSIUM DINITRAMIDE AND (b) A 63% 

MAGNESIUM-37% POTASSIUM DINITRAMIDE COMPOSITION 
(based on dinitramide content) 
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FIG. 6.  SIMULTANEOUS TG-MASS SPECTROMETRY CURVES FOR A 63% MAGNESIUM-

37 % POTASSIUM DINITRAMIDE COMPOSITION 
(Sample mass, 15 mg; heating rate, 10 °C min-1; atmosphere, argon) 
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Abstract 

The ageing behaviour for a range of ternary compositions containing magnesium, 

polytetrafluoroethylene (PTFE) and the binder Technoflon NM has been followed by heat flow 

calorimetry at 70 °C and 66% relative humidity using closed ampoules. These conditions were 

also used for studies on the ingredients and binary mixtures of magnesium or PTFE with the 

binder. Magnesium hydroxide, the main product of ageing, was determined using 

thermogravimetry and the amount formed correlated with the cumulative heats of ageing. In 

addition, the influence of ageing on the pyrotechnic process was studied by high temperature 

differential scanning calorimetry under ignition conditions. 

 

Introduction 

Pyrotechnic compositions containing magnesium, PTFE and fluorinated polymer binders 

are widely used in the countermeasure flares that protect high value weapon platforms, 

particularly aircraft from heat seeking missiles. They are often referred to as MTV compositions 

because magnesium, Teflon™ and Viton™ were originally used in their preparation. 

The degradation of these compositions can result in the accumulation of hydrogen in 

ammunition containers at levels above the lower explosive limit. The high levels of hydrogen 

have serious consequences for the safe storage, handling and transportation of these 

munitions. Understanding the factors that affect the degradation process is part of a wider study 

which aims to reduce the amount of hydrogen produced by the flares as an alternative to the 

use of hydrogen getters which can be used to lower the quantity of hydrogen present in the 

ammunition containers. 
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Experimental 

Magnesium-PTFE-fluoropolymer pyrotechnic compositions containing from 15% to 85% 

atomised magnesium were prepared using a solvent-antisolvent technique based on acetone 

and hexane. Each composition contained 5% of the fluoropolymer binder Technoflon NM. 

Heat flow calorimetry measurements were performed on 200 mg samples using a 

Thermometric Model 2277 Thermal Activity Monitor. The samples were sealed in 3 cm3 glass 

ampoules and the required relative humidity (RH) was maintained using a saturated solution of 

sodium nitrate contained in a small tube placed in the ampoule. The heat flow from the samples 

was monitored continuously for different periods up to 42 days.  

In addition to the ternary pyrotechnic compositions, studies were carried out on PTFE, 

magnesium and binary mixtures of these ingredients coated with Technoflon NM. The static 

sensitiveness of magnesium-PTFE mixtures prevented their inclusion in this study. Relative 

humidity perfusion experiments were performed at 50 °C on 200 mg samples of magnesium and 

the composition containing 55% magnesium. The relative humidity of the air flowing over the 

sample at 100 cm3 hr-1 was increased at 2% hr-1. 

High temperature DSC measurements were carried out under ignition conditions using 

an apparatus fitted with a nisil heat flux plate that had been especially modified for pyrotechnic 

studies [1]. Measurements were made on 20 mg samples, which were heated in 2 cm long 

quartz crucibles, at 50 °C min-1 in flowing argon. A photocell was used to detect the light emitted 

as the compositions ignited. 

The magnesium hydroxide content of the aged compositions and magnesium were 

determined by thermogravimetry using a Mettler SDTA 851e. 10 mg samples were heated in 

alumina crucibles using an argon atmosphere according to the following procedure: 

Hold for 10 min at 25 °C. 

Heat at 30 °C min-1 to 150 °C, hold for 10 min. 

Heat at 30 °C min-1 to 320 °C, hold for 60 min. 

For this preliminary study, the effect of the small mass loss due to decomposition of the 

fluorocarbon components in the region of the magnesium hydroxide decomposition was 

neglected. 

Results and discussion 

Preliminary heat flow calorimetry experiments were carried out on the composition 

containing 55% magnesium at 50 ºC and 69% RH. These conditions were used previously for 
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studies on a range of pyrotechnic compositions [2-4] but for the countermeasure flare 

compositions very low heat flows were observed. Even when the temperature was increased to 

60 ºC and the RH to 74.5% the heat flows after two days were less than 25 µW g-1. 

Although the initial heat flow measured for the 55% magnesium composition at 70 ºC and 

66% RH was also low, it rapidly increased after two days to achieve a value of 1000 µW g-1 after 

14 days. The heat flow curve is shown in Figure 1 along with the results of further experiments 

carried out for different time periods between one and ten days. Although there was some 

variation in the initial heat flow signals the agreement after three days was good. Since a 

maximum heat flow signal was not obtained after 14 days a further experiment was performed 

over a 42 day period. This showed a maximum heat flow of 2026 µW g-1 after approximately 32 

days which corresponded to a cumulative heat of 2960 J g-1. The sample continued to evolve 

heat at high levels for the remainder of the experiment. 

The heat flow and cumulative heat curves for microcalorimetry experiments carried out 

70 °C and 66% RH on compositions containing 15, 25, 35, 45, 55, 75 and 85% magnesium are 

given in figures 2 and 3 respectively. The heat flow curves showed some variation in shape 

during the first two days but thereafter they were similar and an increase in heat flow with time 

was observed. The cumulative heat values measured at 3, 5, 7 and 10 days are plotted as a 

function of magnesium content in figure 4. For each duration, the cumulative heat increased as 

the magnesium content increased but the increase was non linear. For each time period, the 

percentage of magnesium reacting increased as the amount of magnesium in the composition 

increased. This difference could result from a reduction in the amount of binder available to coat 

the magnesium or the reduction in the amount of PTFE present in the composition. 

Heat flow calorimetry studies on PTFE and a PTFE sample coated with 5% Technoflon 

NM under high humidity conditions showed that no significant reaction was taking place. The 

heat flow curves from the composition containing 55% magnesium, uncoated magnesium and 

magnesium samples coated with 2.5% and 5% Technoflon NM are compared in Figure 5. The 

heat flow signal from the magnesium was considerably greater than from the other samples and 

after 10 days the cumulative heat value for magnesium was 10 fold greater than that of the 

composition. The coated magnesium samples also had a greater heat flow than that of the 

composition. Unexpectedly, the mixture containing 2.5% binder had a slightly lower heat flow 

than that containing 5% binder. 

The curve for the composition containing 55% magnesium obtained using the relative 

humidity perfusion cell over the range 75-95% RH at 50 °C is shown in Figure 6 along with a 
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curve for magnesium. The heat flow signal observed for the composition was markedly lower 

than that for magnesium which confirms the results obtained in the closed ampoules. 

The temperatures of ignition of the aged samples from the 55% magnesium composition 

showed good reproducibility and the mean values for the samples aged between 1 and 14 days 

are plotted as a function of cumulative heat in Figure 7. The ignition temperature increased as 

the cumulative heat of the sample increased and after ageing for 14 days had risen from 550 °C 

to 623 °C. The increase was particularly marked in the region where the cumulative heat 

increased from 111 J g-1 to 234 J g-1. The results for the sample aged for 42 days were 

unexpected in that ignition was given at 591 °C which is equivalent to a sample aged between 

7-10 days and this requires further investigation. 

The magnesium hydroxide content of the aged samples of magnesium, coated 

magnesium and the compositions are plotted as a function of cumulative heat in Figure 8 and 

can be seen to lie on a smooth curve. The results suggest that the principle component of the 

ageing process is the reaction of magnesium with water vapour. 

 

Conclusions 

A relatively high temperature (70 °C) and relative humidity (66%) was necessary to 

produce measurable heat flows from ternary countermeasure flare compositions. The heat flow 

signals increased with increasing magnesium content over the range 15 to 85% magnesium. 

For the composition containing 55% magnesium the heat flow signal increased for around 32 

days until it reached a maximum of 2026 µW g-1. DSC Studies on aged residues from this 

composition showed that the ignition temperature increased with increasing ageing and over a 

14 day period had risen from 550 °C to 623 °C. 

PTFE and PTFE coated with the Technoflon NM binder showed no significant reaction 

with water vapour at 70 °C and 66% RH. The binder was found to provide a protective coating 

to magnesium powder. However, the compositions were found to age more slowly than the 

equivalent amount of coated magnesium and this requires further investigation. 

The quantity of magnesium hydroxide produced during the ageing of the compositions 

and both the coated and uncoated magnesium was found to correlate with cumulative heat. This 

suggests that the principle component of the degradation reaction is the reaction of magnesium 

with water vapour i.e. Mg + 2H2O → Mg(OH)2 + H2. 
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FIG. 1.  HEAT FLOW CURVES FOR THE COMPOSITION CONTAINING 55% 
MAGNESIUM AGED IN CLOSED AMPOULES 
(Sample mass, 200 mg; 70 °C; 66% RH; air) 
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FIG. 2.  HEAT FLOW CURVES FOR A RANGE OF COMPOSITIONS 
CONTAINING 15% TO 85% MAGNESIUM AGED IN CLOSED AMPOULES 
(Sample mass, 200 mg; 70 °C; 66% RH; air) 
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FIG. 3.  CUMULATIVE HEAT CURVES FOR THE COMPOSITIONS  
AGED IN CLOSED AMPOULES 
(Sample mass, 200 mg; 70 °C; 66% RH; air) 
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FIG. 4.  PLOT OF CUMULATIVE HEAT AGAINST MAGNESIUM CONTENT AT 
DIFFERENT TIMES FOR A RANGE OF COMPOSITIONS 
(Sample mass, 200 mg; 70 °C; 66% RH; air) 
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FIG. 5.  HEAT FLOW CURVES FOR MAGNESIUM, MAGNESIUM COATED WITH 
TECHNOFLON NM AND THE COMPOSITION CONTAINING 55% MAGNESIUM 
AGED IN CLOSED AMPOULES 
(Sample mass, 200 mg; 70 °C; 66% RH; air) 
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FIG. 6.  HEAT FLOW CURVES FOR MAGNESIUM AND A COMPOSITION 
CONTAINING 55% MAGNESIUM USING THE RH PERFUSION CELL IN 
RAMPING MODE 
(Sample mass, 200 mg; 50 °C; 2% RH hour-1; air, 100 cm3 hour-1) 
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FIG. 7. PLOT OF IGNITION TEMPERATURE AGAINST CUMULATIVE HEAT FOR 
THE COMPOSITION CONTAINING 55% MAGNESIUM AGED AT 70 °C, 66% RH 
(Sample mass, 20 mg; 50 °C min-1; atmosphere, argon) 
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FIG. 8. PLOT OF MAGNESIUM HYDROXIDE CONTENT AGAINST CUMULATIVE 
HEAT FOR A RANGE OF COMPOSITIONS, MAGNESIUM AND COATED 
MAGNESIUM AGED AT 70 °C, 66% RH IN CLOSED AMPOULES. 
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ABSTRACT 

Burning rate, exothermicity and ignition studies have been performed on binary and 
ternary pyrotechnic compositions containing 50% of a magnesium-aluminium alloy with barium 
nitrate and potassium perchlorate. The thermal properties of the ingredients and mixtures of the 
oxidants were also examined by differential scanning calorimetry and thermogravimetry.  

The highest burning rate was observed for the binary composition containing barium 
nitrate as the oxidant. A reduction in burning rate was observed as the barium nitrate was 
replaced by potassium perchlorate. In contrast, the highest exothermicity was given by the 
binary compositions containing potassium perchlorate. The thermal studies showed that 
although potassium perchlorate decomposed at a lower temperature in the presence of barium 
nitrate, it did not appear to significantly increase the reactivity of the ternary composition under 
the experimental conditions employed in the DSC and time to ignition experiments. 

INTRODUCTION 

Perchlorates are high energy oxidisers that have good thermal and chemical stability 
and are used in a wide range of military applications including rocket propellants and 
pyrotechnics. When used in ammunition incendiary systems, compositions containing 
potassium perchlorate and metal fuels are formulated to produce either an incandescent flash 
(and smoke) to mark an impact point or act as ignition sources for flammable liquids. In some 
munitions the compositions are used to initiate an explosive train. 

Potassium perchlorate has a high solubility in water which results in very low retardation 
in aquifers, as a result, any groundwater plumes can be extensive and poses severe 
remediation problems. It can be released into the environment as a result of spillages during 
manufacture, demilitarization, or when ammunition fails to function correctly. The presence of 
potassium perchlorates 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. The seriousness of this effect is still the subject of 
some debate and perchlorates are not classified as overtly harmful to humans. However, 
perchlorate levels in drinking water are controlled with maximum permissible guide levels 
(relating to ammonium perchlorate) of 16 ppb in the European Union and 18 ppb for the State of 
California and other, particularly western, states in the US. These levels are under review and 
an Environmental Protection Agency maximum concentration level of 1 to 3 ppb is anticipated 
by 2006-2008. 
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This paper describes a preliminary study into the influence of potassium perchlorate on 
the reaction between a magnesium-aluminium alloy and barium nitrate. It 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. 

EXPERIMENTAL 

Compositions 

A range of binary and ternary compositions, given in Table 1, were prepared for burning 
rate studies by blending a magnesium-aluminium alloy (to JAN-M-454), barium nitrate (to MIL-
B-162D) and potassium perchlorate (to MIL-P-217A) in a Turbula mixer. The oxidants were 
dried at 90 °C and passed through a 125 µm sieve before use. Samples used for the 
exothermicity measurements and thermal studies were prepared by sieve mixing. These were 
binary compositions containing equal proportions of the magnesium-aluminium alloy and either 
barium nitrate and potassium perchlorate and a ternary composition containing 42.5% 
magnesium-aluminium alloy-42.5% barium nitrate -15% potassium perchlorate. 

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. The column length of the pressed composition was measured. 
The flares were ignited using a Type 100 igniter 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 

Differential scanning calorimetry (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 [1]. 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. 
Shallow inconel crucibles containing titanium powder were placed on top of the DSC head to 
reduce the level of oxygen impurity in the argon. A photocell was used to detect the light emitted 
as the compositions ignited. 

Time to ignition measurements 

Time to ignition (TTI) measurements were performed at a sample temperature of 900 °C 
in an argon atmosphere, using a purpose-built time to ignition unit [1]. Duplicate experiments 
were carried out on 20 mg samples, in 2 cm long quartz crucibles. Inconel crucibles containing 
titanium powder were placed on top of the TTI head to reduce the level of oxygen impurity in the 
argon and a photocell was used to detect the light emitted on ignition. 
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DSC studies under non-ignition conditions 

DSC studies were also performed under non ignition conditions with the DSC apparatus 
used for ignition studies, 10 mg samples were examined in 2 cm tall quartz crucibles, at a 
heating rate of 10 °C min-1 in an upward flowing argon atmosphere. The instrument was 
calibrated using the fusion of high purity metals. 

Thermogravimetry and simultaneous thermogravimetry-mass spectrometry 

Thermogravimetry (TG) was carried out on the using a Du Pont TG951 thermobalance; 
the 5 mg samples were heated under an argon atmosphere in alumina crucibles at 10 °C min-1. 

Simultaneous TG-mass spectrometry studies were performed with the Du Pont TG951 
thermobalance linked to a VG Quadrupoles GasLab 300 mass spectrometer under the same 
conditions as in the TG experiments. 

RESULTS AND DISCUSSION 

Burning rate studies 

The burning rate curve as a function of potassium perchlorate content for the range of 
ternary compositions containing 50% magnesium-aluminium alloy is shown in Figure 1. The 
binary composition containing barium nitrate as the oxidant had the highest burning rate of 
around 12 mm s-1. The addition of 5% potassium perchlorate caused a large reduction in the 
burning rate and this reduction continued as the perchlorate content increased. The decrease 
was linear over the range 10% to 40% perchlorate and the composition containing only 
potassium perchlorate as the oxidant had the lowest burning rate of around 2.5 mm s-1. 

Exothermicity measurements 

The exothermicity values obtained for binary compositions containing equal proportions 
of magnesium-aluminium alloy and either barium nitrate and potassium perchlorate are given in 
Table 2 along with that of a ternary composition containing 15% potassium perchlorate. The 
binary perchlorate composition was considerably more exothermic than the one containing 
barium nitrate and the addition of 15% perchlorate to the binary nitrate composition produced an 
increase in exothermicity of some 24%. 

DSC studies under ignition conditions 

DSC measurements on 20 mg samples at 50 °C min-1 failed to show an ignition reaction 
for any of the magnesium-aluminium alloy compositions but the binary composition containing 
potassium perchlorate gave a strongly exothermic reaction in the region of 600 °C (Figure 2). 

Time to ignition measurements 

Only the binary composition containing 50% potassium perchlorate gave an ignition 
reaction in time to ignition measurements at 900 °C. A time to ignition of 38.7 ± 0.3 s was 
measured. 
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DSC studies under non-ignition conditions 

The DSC curves for barium nitrate and potassium perchlorate and mixtures of barium 
nitrate and potassium perchlorate containing 10%, 30% and 50% of the perchlorate are shown 
in Figure 3. Barium nitrate gave a broad melting endothermic peak with an extrapolated onset 
temperature of 544 °C; this was followed by a larger endotherm, due to the decomposition of the 
nitrate, with a peak temperature of 730 °C. Potassium perchlorate showed a small endotherm at 
300 °C corresponding to a rhombic-cubic transition, with fusion occurring at 599 °C. The fusion 
was followed immediately by the exothermic decomposition of the perchlorate [2]. 

The addition of potassium perchlorate to barium nitrate produced a peak with an 
extrapolated onset temperature in the region of 465 °C. This peak increased in magnitude with 
increasing perchlorate content and has been attributed to the formation of a eutectic between 
the nitrate and the perchlorate [3]. Above 650 °C, the curve for the mixture containing 10% 
perchlorate showed an endothermic peak that was similar in shape to that observed for barium 
nitrate. As the amount of potassium perchlorate increased this peak decreased in size and the 
small exothermic peak following the eutectic, which corresponds to the decomposition of the 
potassium perchlorate [4], increased in size. 

The DSC curve for the magnesium-aluminium alloy, shown in Figure 4, exhibits a sharp 
fusion peak with an extrapolated onset temperature of 456 °C. The melting point of the alloy is 
therefore considerably lower than that of either aluminium (660 °C) or magnesium (650 °C). 

Thermogravimetry and simultaneous thermogravimetry-mass spectrometry 

The TG curves for barium nitrate and potassium perchlorate are shown in Figure 5. 
Barium nitrate showed a single stage weight loss starting at around 510 °C corresponding to the 
formation of barium oxide. Potassium perchlorate which starts to decompose at around 590 °C 
gave an initial weight loss at around 49% at a temperature of 640 °C corresponding to the 
formation of potassium chloride. This was followed by a further loss of around 30% by 830 °C 
attributed to the sublimation/volatilisation of potassium chloride. 

The curves for the barium nitrate-potassium perchlorate mixtures are given in Figure 6, 
and show that the onset of decomposition started the region of 510 °C. The magnitude of the 
initial mass loss stage was found to increase in a linear manner with potassium perchlorate 
content (Figure 6). Simultaneous TG-mass spectrometry studies showed that this mass loss 
was due solely to the evolution of oxygen (Figure 8). The loss is therefore attributed to the 
accelerated decomposition of potassium perchlorate in the presence of barium nitrate and gives 
rise to the small exothermic peak observed on the DSC curves. 

CONCLUSIONS 

Burning rate measurements on a range compositions containing 50% magnesium-
aluminium alloy and different amounts of barium nitrate and potassium perchlorate showed that 
the highest burning rate was observed for the composition containing 50% barium nitrate. The 
burning rate reduced as the barium nitrate was replaced by potassium perchlorate with a linear 
decrease over the range 10% to 40% perchlorate. In contrast, the measured exothermicity for 
the three compositions studied increased with increasing perchlorate content. None of the three 
compositions examined ignited under the conditions used for the ignition DSC experiments but 
the 50% magnesium-aluminium alloy-50% potassium perchlorate composition gave a strongly 
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exothermic reaction. This was the only composition to ignite during the time to ignition 
experiments. 

DSC studies confirmed that mixtures of barium nitrate and potassium perchlorate formed 
a eutectic melt with an onset temperature in the region of 465 °C. An exothermic peak following 
that of the eutectic increased in size as the perchlorate content of the composition increased. 
TG-mass spectrometry studies showed that the mass loss accompanying this exotherm was 
given by the decomposition of potassium perchlorate whose stability was lowered in the 
presence of barium nitrate.  

These studies have shown that although potassium perchlorate decomposes at a lower 
temperature in the presence of barium nitrate it does not appear to significantly increase the 
reactivity of a ternary composition under the experimental conditions employed in the ignition 
DSC and time to ignition experiments. 
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TABLES 

Table 1; Pyrotechnic compositions prepared for burning rate studies 

Magnesium-aluminium 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; Exothermicity Measurements for magnesium-aluminium alloy compositions 
(Sample mass, 100 mg; argon, 0.1 MPa) 

Composition 
Mean 

Exothermicity 
/ kJ g-1 

50% Magnesium-aluminium alloy-50% barium nitrate 5.73 
50% Magnesium-aluminium alloy-50% potassium perchlorate 8.72 
42.5% Magnesium-aluminium alloy-42.5% barium nitrate -15% 
potassium perchlorate 7.09 
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Figure 1; Plot of burning rate against potassium perchlorate content for a range of 

compositions containing 50% magnesium-aluminium alloy and different  
amounts of barium nitrate and potassium perchlorate 

-300

700

1700

200 300 400 500 600 700 800 900
TEMPERATURE / °C

D
SC

 / 
m

W

50 % MgAl-50 % KClO4

50 % MgAl-50 % Ba(NO3)2

42.5 % MgAl-42.5 % Ba(NO3)2-15 % KClO4 

 
Figure 2; DSC curves under ignition conditions for binary and ternary  

magnesium-aluminium alloy compositions 
(Sample mass, 20 mg; heating rate, 50 °C min-1; atmosphere, argon) 
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Figure 3; DSC Curves for potassium perchlorate, barium nitrate and 

 mixtures of these oxidants 
(Sample mass, 10 mg; heating rate, 10 °C min-1; atmosphere, argon) 

 



 

257 

 

-45

5

50 150 250 350 450 550
TEMPERATURE / °C

D
S

C
 / 

m
W

 
Figure 4; DSC Curve for a magnesium-aluminium alloy 

(Sample mass, 10 mg; heating rate, 10 °C min-1; atmosphere, argon) 
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Figure 5; TG curves for barium nitrate and potassium perchlorate 

(Sample mass, 5 mg; heating rate, 10 °C min -1; atmosphere, argon) 
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Figure 6; TG curves for a range of barium nitrate-potassium perchlorate mixtures 

(Sample mass, 5 mg; heating rate, 10 °C min-1; atmosphere, argon) 
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Figure 7; Plot of the initial mass loss stage against potassium perchlorate content  

for a range of barium nitrate-potassium perchlorate mixtures 
(Sample mass, 5 mg; heating rate, 10 °C min-1; atmosphere, argon) 
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Figure 8; TG-mass spectrometry curves for a 50% barium nitrate- 

50% potassium perchlorate mixture 
(Sample mass, 5 mg; heating rate, 10 °C min-1; atmosphere, argon) 
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Ignition of thermite compositions and some kind of propellants is recognized to 
be problematic and the regression rates of its self-sustained reactions are 
commonly low. The selection of an additive binder, generally an oxidiser 
energetic material, in small concentrations, generating a different global ignition 
phase, allows the increasing of its reaction rates, but do not really changes the 
global combustion velocity. A linear ignition device was designed to ignite and 
increase burning velocity in these materials. It consists of a long double welding 
wire device, fixed to a pyrotechnic linear charge (PLC). This double wire is 
always connected, in one of its end to an electric pulsed capacitor discharge 
system (a welding power supply). The other end is electrically open - this 
terminal is connected to an electric squib. When the squib fires, a plasma flow is 
generated and it ignites the PLC. Then PLC combustion front short circuits the 
double wire, originating an electric arc discharge between wires. The base PLC 
was black powder. Two power supplies were tested – one based in an electrical 
transformer and the other is a DC inverter type. The continuous electrical 
discharge was measured with a current calibrated monitor and digital signal 
analyzer. Experimental results show the electric discharge generating a pulsed arc 
between double wires. This discharge, running along the wires, allows the electric 
energy release that reinforces the continuous ignition of the pyrotechnic 
composition. Using the DC inverter power supply, the energy released is 
comparatively greater than using the PT type, and measured burning velocities are 
considerably increased. 
 

INTRODUCTION 

Ignition of thermite compositions is 
recognized to be problematic and the 
regression rates of their self-sustained 
reactions are commonly low. It is also 
known that the energy of the reaction 

propagation, after the initial flame kernel, is 
no more dependent of ignition energy, but it 
is mainly a function of composition of 
reactive mixture and of its thermal 
properties. The selection of an additive 
binder, generally an oxidiser energetic 
material, in small concentrations, originating 
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a different initial ignition phase (because the 
reaction between the additive and part of the 
existing original component generates 
enough energy that helps ignition and 
further reaction propagation) allows the 
increasing of its reaction rates, but do not 
really changes the global combustion 
velocity.  In the past, for applied works, it 
was used potassium perchlorate (KClO4) as 
additive to the original thermite material, 
composed of aluminum (Al) and iron oxide 
(Fe2O3). Long charges (2 m long) were 
filled with this composition and deflagrated 
successfully, but the security problem 

remains - it stays an Al/ KClO4 based 
compositions. Consequently the original 
idea was kept of using a safe composition 
and a long ignition device, inserted in core 
position along the energetic charge. This 
continuous ignition system, generating a 
successive multiple ignition points, inside 
the charge, do not change ignition 
characteristics of tested mixture, but reduces 
the global time of combustion and increases 
its global energetic power, because this 
system generates, at same time, a multiple 
local combustion zones.  

 

The electric ignition of an energetic material 
can be performed using a thermal impulse 
from explosion, hot wire, exploding bridge 
wire or any semiconductor bridge igniter, or 
even laser or shock initiation. In a previous 
contribution (Mendes et al., 2001) it was 
discussed the relative influence of hot wire, 
exploding bridge wire and exploding foil 
initiator systems, related to evolved energy, 
tension, electric power and reaction time 
(vd. Fig. 1) In the particular case of 
propellants and thermite materials the 
ignition system must be based in a hot wire 

configuration, due to the existing slow 
reaction and no shock initiation influence.  

Past experimental work was based in 
compositions proposed and calculated in 
bibliography (Fisher  and Grublelich, 1998). 
Reaction between iron oxide (Fe2O3) and 
aluminum (Al) is the reference of the classic 
thermite compositions, but ignition of those 
thermite compositions is recognized to be 
problematic and the regression rates of its 
self-sustained reactions are commonly low 
(Frolov, 1998). The influence of the 
addition, in the base mixtures, of small 
concentrations of nitrate additives was 
previously analysed and tested (Morgado et 
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Figure 1 – Comparison of hot wire, exploding bridge wire and exploding foil initiator systems. 
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al, 2003, 2004). The advantages of using 
ammonium nitrate (AN) come from its 
stable behaviour, no toxicity, and 
production of water included in the products 
of combustion (Foote et al., 2002). The 
advantage of using potassium nitrate (PN) 
comes also from its thermal stability, its 
oxidiser capability and continuous thermal 
decomposition. However, the reaction 
progression inside these experiments is 
instable, slow and often not reliable. Two 
tested possibilities of increasing its velocity 
were, or designing configurations of over-
driven reaction (from an explosive 
detonation close to thermite samples), or 
compacting and perfurating an open channel 
inside sample (in a similar way of a 
“NONEL” detonating cord). 

The selected method was to assist the 
reaction with a continuous electric 
discharge, from a capacitor or from a 
welding electrical bank. Instead of 
measuring its contribution with very fast 
progression and large samples (where it is 
not clear its contribution, due to the 
complexity of phenomena), it was chosen 
(Morgado et al., 2003) to evaluate its 
contribution under critical thickness 
samples, where the initial more slow 
reaction progression is close to the non-
propagation conditions. The obtained results 
(Morgado et al., 2003, 2004) prove the 
reduced influence of this discharge system 
towards a reliable ignition and increased 
reaction progression. 

To increase burning velocity in these 
materials, a linear ignition device was 
designed. It consists of a long double 
welding wire device, fixed to a pyrotechnic 
linear charge (PLC), inserted along the 
original main charge. The welding wire 
consist of soft, high conductivity, oxidation 
resistant material, often with a second phase 
to provide anti-welding and/or arc-
resistance. It is used in circuit breakers, 

relays and for EDM applications. In our 
particular case it was selected the same wire 
used for welding steel with a MIG 
equipment. The ignition device 
configuration has the double wire always 
connected, in one of its end (terminals), to 
an electric pulsed capacitor discharge 
system (a welding power supply). The other 
end is electrically open. This terminal is 
connected to an electric squib. When the 
squib fires, the PLC is ignited. Its 
combustion front short circuits the double 
wire, originating an electric discharge 
between them. This discharge, running 
along the wires, allows the electric energy 
release by the formation of an electric arc 
(Parnell, 1964) that reinforces the 
continuous ignition of the pyrotechnic 
composition. This arc is due to the reduced 
disruption tension, between wires, by the 
existence of the flame front of PLC 
combustion. 

Two power supplies were tested – one based 
in an electrical transformer and the other is a 
DC inverter type. The first one was used 
previously (Morgado et al., 2003). The 
second one is recent equipment, based in 
fast pulsed discharge, from a capacitor bank 
assembly, always charged at a constant DC 
level.  

EXPERIMENTAL STUDY AND 
RESULTS 
ELECTRIC DISCHARGE IN THERMITE 
MIXTURES–PREVIOUS 
EXPERIMENTAL STUDY 

Thermite components and compositions. 
Table 1 presents some physical properties 
of the reactants used previously (Morgado 
et al., 2003, 2004). The selected additives, 
NH4NO3 and KNO3, were triturated during 
5 minutes, to reduce particles sizes. Their 
particle sizes analysis was done using 
acetone and isopropyl alcohol, respectively, 
because they are highly soluble in water. 
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Kripton Gas Adsorption confirmed the 
small values of BET surface areas of the 

additives obtained by Nitrogen Gas 
Adsorption. 

 
TABLE 1 - REACTANTS PHYSICAL PROPERTIES. 

 Particle size, d50  
and d90-d10 (μm) 

Density, ρ 
(kg m-3) 

BET surface area, As 
(m2 kg-1) 

Purity 
(%) 

Fe2O3 Bayferrox 180 
(Bayer) 

1.6 
3.4 – 0.9 

5.06 x 103 3149 96-97 

Al  black 000 india 
(Carob) 

11.8 
47.7 – 1.6 

2.70 x 103 4475 89.3 

NH4NO3 Poreux AG 
(Hydro) 

13.8 
26.7 – 4.1 

1.69 x 103 179 99.5 

KNO3 Técnico 
(Quimitécnica) 

187.3 
323.5 – 66.9 

2.10 x 103 153 99.3 

 
 

Table 2 presents compositions of the used 10 
mixtures. It was nominated T1 the 
stoichiometric iron oxide/aluminium mixture 
(assumed by the mixture Al/Fe2O3 of 25.26 
% (mass percent) of Al, according to the 
reaction 2Al + Fe2O3 → Al2O3 + 2Fe) and 
T2 its corresponding over aluminised. The 
maximum amount of the added nitrate is 

determined by the quantity necessary to 
make the derived composition (from the 
original over aluminised mixture), having an 
oxygen balance equal to 1, assuming Fe, 
Al2O3, H2O, N2 and K as the corresponding 
stoichiometric products. The other studied 
concentration of nitrate is half of the 
previous so obtained value.
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TABLE 2 - MIXTURES COMPOSITIONS. 

 

 Fe2O3 
Bayferrox 

180 

(Bayer) 
purity=96% 

(%) 

Al  

black 000 
india 

(Carob) 
purity=89.3% 

(%) 

NH4NO3 

Poreux AG

 

(Hydro) 
purity=99.5%

(%) 

KNO3  

Técnico 

 

(Quimitécnica)
purity=99.3% 

(%) 

Compounds relative 

compositions  

 

Fe2O3/Al/ NH4NO3/ KNO3 

 

(%) 

Equivalence 
ratio* 

T1 73.35 26.65 - - 74.74 / 2\5.26 / - / - 1.00 

T2 68.46 31.54 - - 70.00 / 30.00 / - / - 1.27 

T1AN1 65.66 23.85 10.49 - 66.51 / 22.48 / 11.01 / - 0.92 

T1AN2 57.88 21.03 21.09 - 58.28 / 19.70 / 22.02 / - 0.86 

T1PN1 69.65 25.30 - 5.05 70.77 / 23.92 / - / 5.31 0.89 

T1PN2 65.92 23.95 - 10.13 66.80 / 22.57 / - / 10.63 0.80 

T2AN1 61.30 28.25 10.45 - 62.29 / 26.70 / 11.01 / - 1.11 

T2AN2 54.06 24.90 21.04 - 54.59 / 23.39 / 22.02 / - 1.00 

T2PN1 65.01 29.95 - 5.04 66.28 / 28.41 / - / 5.31 1.13 

T2PN2 61.54 28.35 - 10.11 62.56 / 26.81 / - / 10.63 1.00 

* Impurities are not considered in this calculus. 

 

Experimental set-up and results. To 
observe the front propagation in thermite 
compositions, a long square channel 
(175x5x5 mm), close to the value of critical 
thickness propagation, is used. It is confined 
by PMMA material (vd. Fig. 2). For the 
measurement of reaction front velocity a set 
of 3 optical fibers is used. It is coupled to a 
photodiode system and connected to a fast 
digital signal analyser. The reaction is 
assisted with a continuous electrical 
discharge between two copper plates (glued 

to the PMMA wall internal confinement – 
vd. Fig. 2), measured with a current 
calibrated monitor and digital signal 
analyser. The reaction velocity is evaluated 
by the regression rate, which is measured by 
these optical methods, verified by a digital 
video- chrono -photography (Morgado et al., 
2003). The electrical assisted reaction is 
compared to the original self-sustained 
reaction, without any discharge, as a 
function of the composition. 
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TABLE 3 – TYPICAL MEASURED VELOCITIES AS A FUNCTION OF 

MIXTURES. 
 

                 
    No Discharge With elect. discharge 
mixture density D1 D2 D Dvideo D1 D2 D Dvideo 
  kg m-3 mm s-1 mm s-1 
T1 1070 17,8 17,0 17,4 28* * * * 
T2 1190 27,7 22,0 24,9 39* * * * 
T1AN1 1160No P No P No P No P NoP NoP NoP NoP 
T1AN2 1130No P No P No P No P No P No P No P No P 
T2AN1 1260No P No P No P No P 16,3 12,2 14,3 16 
T2AN2 - No P No P No P No P * * * * 
T1PN1 1260 6,2 4,5 5,4 9- - - 16 
T1PN2 1280 9,0 4,9 7,0 14 9,7 10,1 9,9 16 
T2PN1 1140 16,3 13,2 14,8 22 21,2 21,5 21,4 22 
T2PN2 1150 11,1 9,2 10,2 34 21,2 18,4 19,8 34 

No P – no propagation 
 
.The reaction front velocity results, as a 
function of time, measured by the optical 
fibers set, and the video-chrono-
photography results, are presented and 
systematised in Table 3 and Figure 3. The 
chrono-video movies show clearly a blue 
colour image, when it occurs the electrical 
discharge during reaction propagation.  

 
Figure 2 – Experimental set-up. 
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Discussion of results - partial conclusions. 
Thermite composition with additives has 
less thermite particles, in each cross section, 
than the original thermite composition 
without additives. However, under the 
present critical thickness conditions, the 
mixtures with significant ammonium nitrate 
concentrations do not present any reaction 
propagation. The electrical discharge allows 
the reaction propagation in preceding 
mixtures T2AN1, but it is not clearly where 
the electric discharge occurs in the reaction 
zone. These results (Morgado et al., 2003) 
prove that is impossible to stabilize totally 
the combustion with a direct electric 
discharge and suggest the use of a different 
configuration of ignition device.  

 

 

LONG IGNITION DEVICE -
EXPERIMENTS AND RESULTS 

 

Long ignition device configuration. The 
presented ignition system consists of a 
cylindrical ignition device, placed along the 
main cylindrical pyrotechnic charge, in its 
axis. The ignition device (vd. Fig. 4) is 
formed by two welding wires used for MIG 
equipment for welding steel (of 1.0, 0.8 or 
0.6 mm of diameter) and a black powder or 
other pyrotechnic ignition mixture as a 
linear charge (PLC), inside its own central 
axis.  
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Figure 3 – Front reaction mean velocity experimental results. 
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Experimental conditions. The 
experimental conditions (vd. Fig. 5) are 
similar to those of previous thermite 
experiments, with electric and video records. 
The ignition device was placed inside an 
explosion chamber (vd. Fig. 6), the ignition 
squib was connected to a fast electric 
capacitor discharge generator (Fig 7), and 
digital signal analysers were used to 
measure the current absorbed by the ignition 
device, using a current monitor – a 
Rugowski coil  (Fig. 7). Two power supplys 
(vd. Fig. 8) were used: 

- a classic welding power supply 
(SOLDEX 185), based in power electrical 
transformer (PT) having the secondary coil 
fixed in order to deliver at constant initial 
tension close to 60 V (vd. Fig. 9 ). 

- a DC inverter arc welding supply 
(CIATA Elect.) (vd. Fig. 8), having the 
possibility to fix the delivered current close 
to 100 A (vd. Fig. 9). It allows a continuous 
square pulsed discharge with a fixed tension 
close to 100 V and a pulse width of 20 μs 
(10 μs of charge and 10 μs delay). This kind 
of equipment allows pulsed MIG 
capabilities with reducing spatter and 
distortion, a better out-of-position puddle 
control, and provides, in a welding 

operation, a potential reduction of fume 
particle emissions. It has a Line Voltage 
Compensation (LVCT) that keeps output of 
the power source constant, regardless of 
fluctuation in input power ± 10%.  

 

Figure 5 – Experimental conditions 

 
Figure 6 - Experimental ignition device test 

configuration 
 

 

Terminals 
connected to the 
electric welding 
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ignition 
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Figure 4 – Long ignition device configuration. 
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Figure 7 – Electric capacitor discharge for squib ignition and current monitor. 

 

 

 
a) - PT type 

 

b) - DC Inverter type 
Figure 9 – Open output tension records, 

from PT and DC Inverter type power 
supplies. 

 

Experimental records. It was selected a 
(short) ignition device of 42 mm long, 
confined in plastic material of internal 
diameter a 3.5 mm, in order to understand a 
typical experimental record. The double 
wires had 0.8 mm of diameter and a constant 
gap of 1.2 mm between them. The 
pyrotechnic linear cord (PLC) material was 
black powder, in order to burn with a slow 
burning rate and generating a disrupting arc 
(between wires) able to be recorded and 
analysed. The obtained results (vd. Fig 10), 
using the PT supply, show that the mean 
measured burning velocity was 280 mm/s 
(obtained dividing the total reactive sample 
length by the total signal time) and the peak 
intensity 130 A (calibration of the Rugowski 
coil was 0.1 V/A). It can be observed the 
influence of 50 Hz from the electric 

 
Figure 8 – Electric power supplies. 
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discharge record (it is transformer 
equipment). Some of the electric discharges 
were not completely achieved. It seems to 
be due to existing heterogeneities in PLC 
material - the generated combustion front 
can not be completely regular. 

 

When the ignition squib is not well 
connected to the PLC material, or the used 
ignition source has not enough power, it can 
be observed a transition zone, close to the 
ignition terminal, where the discharge pulses 
where not well stabilized. This situation can 
be always verified with short samples (vd. 
Fig. 11) with weak initiation. 

 

Using a DC inverter type equipment and the 
same experimental sample, the obtained 
results (vd. Fig 12) show that the mean 
measured burning velocity was 31.1 m/s and 
the peak intensity was close to 80 A 
(calibration of the Rugowski coil was 0.1 
V/A) for a nominal fixed value of 100 A. It 
can also be detected the influence of short 
pulsed discharges from power supply, 
derived form the original source tension (vd. 
Fig 9-b) ). Using the DC inverter equipment 

the released energy is considerably greater. 
 

Experimental results. Experiments were 
performed with a long (~20 cm) ignition 
device. The obtained results show, for a 
selected PLC, a strong influence of 
confinement materials and diameter. Most 
reliable results were obtained with a black 
powder as PLC, because its linear density is 
quite constant and it has a quite slow 
standard velocity (vd. Fig. 13 and Table 4).   

 

 
Figure 12 – Typical record of measured 
current of discharge, using a DC 
inverter power supply. 

 
Figure 11 – Transition zone at the 
ignition terminal, due to an weak 
initiation. 

Figure 10 – Typical record of measured 
current of electric discharge, using a PT 

power supply 
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TABLE 4 – MEAN MEASURED VELOCITIES 
FOR AN IGNITION DEVICE WITH A BLACK 
POWDER LINEAR CORD, WITH WIRES OF 0.8 
MM AND GAP BETWEEN THEM OF 1.0 MM, AS 
A FUNCTION OF CONFINEMENT MATERIAL 
AND DIAMETER. 

 

Mean velocity (black powder 
cord)  [m/s] 
Paper conf. (diam. 6 mm) (PT) 1.010 
Paper conf. (diam. 8 mm)(PT) 0.845 
Plastic conf (diam. 3.5 mm)(PT) 2.515 
Plastic conf (diam. 4.0 mm)(PT) 2.265 
Plastic conf - weak 
mat.(diam=4.0 mm)(PT) 0.423 
Plastic conf (diam. 4.0 mm )(DC 
Inv.) 38.528 
Paper conf (diam. 6 mm) (DC 
Inv.) 63.250 

 

However mixtures based in Al/KClO4 
(aluminium/ potassium perchlorate) 

generating shock fronts, allow velocities 
faster than 800 m/s. In this case the 
confinement is always totally destroyed and 
obtained records generally are not regular.  

The verified electric discharged is 
always, in this particular case of the electric 
welding power supply, dependent of 50 Hz, 
with a peak discharge every 20 ms. 
Consequently the number of peak 
discharges are reduced with a fast burning 
PLC, for the same length of the tested 
ignition device. Using the DC inverter the 
discharge is quite continuum, after the initial 
rising time of ~500 μs. The obtained video 
records, with a very intensive light 
emission, confirm that the discharge is due 
to an arc between wires, due to the reduced 
disruption tension between them, in the 
presence of reaction front flame of PLC. For 
the three tested electric welding wires, of 
0.6, 0.8 and 1 mm, the peak intensity of the 
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Figure 13 – Measured velocities for an ignition device with a black powder linear cord, 

with wires of 0.8 mm and gap between them of 1.0 mm, as a function of confinement material 
and diameter. 
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electric discharge (keeping constant the PLC 
and the same distance of gap between wires) 
is function of the diameter of used wire, for 
all the power supplies. Using the DC 
inverter, the energy released, due to the 
formed arc, is comparatively greater than 
using the PT type, and measured burning 
velocities are increased of one order of 
value. Future tests will be performed using 
only with the DC inverter power supply. 

 

CONCLUSIONS 
The long ignition device consists of a double 
welding wire device, fixed to a pyrotechnic 
linear charge (PLC). This double wire is 
always connected, in one of its end, to an 
electric discharge system. The other end is 
electrically open. This terminal is connected 
to an electric squib for the ignition of PLC. 
When the squib fires, the PLC is ignited, 
and its combustion front flame short circuits 
the double wire, originating an electric arc 
discharge between them. Experimented 
ignition devices were built and performed 
evaluating the influence of its confinement 
material and PLC mixtures. Experimental 
results show the electric discharge, running 
along the double wires, allows the electric 
energy release that reinforces the continuous 
ignition of the pyrotechnic composition. 
Using the DC inverter power supply, the 
energy released, due to the formed arc, is 
comparatively greater than using the PT 
type, and measured burning velocities are 
considerably increased.  
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The proposed method of predicting reaction path and final composition of 
combustion products, as a function of temperature and pressure, uses a 
thermochemical computer code, named THOR, assuming the thermodynamic 
equilibria for all the possible compounds, including intermediary molecules, as a 
function of temperature and pressure conditions, for the minimum Gibbs free 
energy at the equilibrium. The used equation of state, HL , is supported by a 
Boltzmann equation of state type, based on physical intermolecular potential of 
gas components, instead of correlations from final experimental results. Reaction 
between aluminum (Al) and iron oxide (Fe2O3) is the reference of the classic 
thermite compositions. In previous work it was presented experimental radial 
combustion propagation study. Acquired thermograms, in two sample radius, 
reveal some variability of temperature values in the same conditions, due to high 
thermocouples sensitivity, but mean values are from 2000 K to 2500 K. The 
experimental study was also performed using the original composition, based on 
Al/Fe2O3 mixture, with small percent of potassium nitrate (KNO3). The 
experimental results show the evolution of combustion velocity as a function of 
reactants composition. The predicted and measured temperatures of thermite 
reactions present a good global agreement. It shows the influence of the 
composition of tested mixture, related to the stoichiometry, and the influence of 
experimental conditions. The influence of KNO3, in the combustion of thermite 
mixtures, was also evaluated, validating the predicted calculations. 
 
 

INTRODUCTION 

The self-propagating high temperature 
reaction between aluminum (Al) and iron 
oxide (Fe2O3), a classical thermite system, 
can be used as a source of heat (Conkling, 
1985; Merzhanov et al., 2001; Fisher and 
Grubelich, 1998). The heat of reaction is 

high, the reaction is quite gasless and the 
products are in the molten form. Thermite 
reactants are commonly mixed without a 
binder, for the maximization of the chemical 
heat release process and to avoid the gas 
formation in the products. The combustion 
stability and its velocity depend on several 
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parameters, namely (Moore and Feng, 1995; 
Mossino, 2004): reactants particle size and 
shape; reactant mixtures composition, 
relatively to the stoichiometry (assumed by 
the mixture Al/Fe2O3 of 25.26 % (mass 
percent) of Al, according to the reaction 2Al 
+ Fe2O3 → Al2O3 + 2Fe ); degree of mixing 
and green density; system geometry; 
ignition energy; heat generated by the 
reaction and heating and cooling rates. The 
heating and cooling rates depend on the 
thermal properties of reactants, products and 
confinement geometry and properties. 

Many authors have studied the combustion 
properties for the Al/Fe2O3 thermite - the 
influence of pressure and Al particle size in 
measured velocities and products, the quasi 
gasless combustion, the influence of  the 
condensed phase of products very important 
in the heat release levels of reaction 
(Merzhanov and Sytschev, 2001), the 
combustion extinction  limit with an amount 
of alumina ≥ 20 wt% (Sanin et al., 1992), 
the study of pseudo-gasless system, since Al 
suboxides are volatile, and the influence of  
pressure on the combustion rate (Frolov, 
2000), the influence of dilution for lower 
combustion rates, the application of  the 
aluminothermic reaction for an energy-
efficient economic process to recycle 
industrial by-products with ferric oxides 
(Kallio et al., 2000) were studied under 
different conditions. 

The main objective of this work is to predict 
properties of Al/Fe2O3 thermite combustion 
system, using a modified thermodynamic 
code, named THOR, and correlating them to 
the previous (Duraes et al., 2005) and more 
recent experimental results (Duraes et al., 
2006). Code THOR, similar to others 
thermodynamic equilibrium codes (vd ICT 
BAM Code (Volk and Bathelt, 1991), CEA 
NASA Code (Gordon and McBride, 1994), 
assumes mass, atomic, momentum and 
energy balance equations. However THOR 

code allows, not only the possibility of 
adopting different thermal equations of state, 
but also of existing gaseous and condensed 
phases in the composition products (Duraes 
et al., 2000). The combustion properties 
consequently are based in combustion 
products compositon, and the decomposition 
path of original reactants, as a function of 
temperature, is estimated theoretically, 
assuming the thermodynamic equilibria for 
all the possible compounds, including 
intermediary molecules, as a function of 
temperature and pressure conditions, for the 
minimum Gibbs free energy at the 
equilibrium. The Gordon-McBride’s 
coefficients for the possible compounds, 
including all the possible solid or condensed 
materials, were obtained from the 
coefficients presented in the more recent 
form of Gordon-McBride’s polynomials, 
using its 9th level polynomial forms, for 
gaseous and condensed species (Gordon and 
McBride, 1994). The used equation of state, 
HL , is supported by a Boltzmann equation 
of state type, based on physical 
intermolecular potential of gas components, 
instead of correlations from final 
experimental results. The calculated results 
are correlated with those measured from 
experiments of thermite radial combustion 
propagation, on thin circular samples of 
stoichiometric and over aluminized 
Al/Fe2O3 mixtures (Duraes et al, 2005, 
2006). In those samples, stainless steel 
(conductor) and PVC (insulator) were 
selected as confinement materials, in order 
to analyze the effect of confinement thermal 
properties on the radial combustion front 
propagation rate and products temperature. 
These predictions and measurements are 
also correlated in a recent contribution 
(Duraes et al., 2006) to spectroscopic 
measurements, obtained for three 
compositions of Al/Fe2O3, with Al 
concentrations in the same range of radial 
combustion experiments. The obtained 
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spectra were discussed and correlated, using 
ICT BAM Code (Volk and Bathelt, 1991), 
in order to calculate the radiation 
temperatures. The synthesis and discussion 
of all the predicted and measured 
temperatures is presented. 

The most commonly used oxidizers in 
pyrotechnic mixtures are nitrates, the major 
component of the classic black powder. 
Nitrates are composed of nitrate ions (NO3-) 
with metal ions. The most common oxidizer 
is potassium nitrate, which decomposes to 
potassium oxide, nitrogen and oxygen gas, 
according to the decomposition equation 2 
KNO3 → 2 K2O + N2 + 2.5 O2. Its fusion 
point is at 334 ºC and its decomposition 
starts at 400 º C (vd. Quimitécnica, 2003). 
When reacting, nitrates release two of their 
three oxygen atoms. Because the oxidation 
does not result in the release of all available 
oxygen, the reaction is not as vigorous as 
that of other oxidizers and is more 
controlled. This is why nitrates are used as 
the major component of black powder. 
Nitrates are usually not used in fireworks 
star explosions, because reactions of nitrates 
do not produce a temperature high enough to 
energize many of the more colourful metal 
salts. Recently its decomposition process is 
studied in order to evaluate its influence on 
the combustion rate of a water-based aerosol 
fire extinguishing agent (Xiaomeng and 
Guangxuan, 2006). In a previous study it 
was evaluated the contribution of KNO3 in 
stoichiometry and over aluminized thermite 
compositions (Morgado et al., 2004). 
Consequently it was also interesting to 
present the calculated decomposition 
process of KNO3 and its contribution, like 
an additive component, in combustion 
temperature and products composition of the 
two preceding thermite compositions. 

 

 

THEORETICAL PREDICTIONS 
The method of predicting combustion 
properties, using THOR code, allows the 
calculation of the composition and 
thermodynamic properties of reaction 
products of energetic materials, for adiabatic 
combustion conditions. THOR code 
assumes the thermodynamic equilibria of all 
possible products, for the minimum Gibbs 
free energy. HL equation of state (EoS) 
(Duraes et al., 1995, 1996) was used to 
predict the gaseous state. The code allows 
the possibility of estimating various sets of 
reaction products, obtained successively by 
the decomposition of the original reacting 
compound. 

Sumarized description of THOR code. A 
classical combustion system is generally a 
CHNO system. In this particular case, our 
combustion system starts to be an AlFeO 
system. The selection of reaction products is 
dependent of the atomic initial composition. 
For an AlFeO system it is assumed an 
equilibrium composition of Al, AlO, AlO2, 
Al2O, Al2O2, Al2O3, Fe, FeO, O, O2 gases 
and Al(L), Al2O3 (L), Fe(L), Fe2O3 (cr), 
Fe3O4(L) in liquid or condensed phases. 
When it is added KNO3 to the original 
AlFeO system, it is now a KAlFeNO 
system, that implies to consider the 
equilibrium of original species with more K, 
KNO2, KNO3, KO, K2, K2O, K2O2, N, NO, 
NO2, NO3, N2, N2O, N2O3, N2O4, N2O5, N3, 
O, O2, O3,  gases and the condensed or 
liquid phases of K(L), KNO2(L), KNO3(L), 
KO2, K2O(L), K2O2(L), from KNO3 
decomposition, and KAlO2(L) and AlN(L), 
from KNO3 interaction with Al. 
Consequently, the solution of composition 
problem, like in a simple CHNO system 
(Duraes et al., 1995, 1997), involves 
simultaneously: 

- the thermodynamic equilibrium for 
G=Gmin (P,T,xi), based on atomic balance; 



226 

- the thermal equation of state (EoS); 

- the energetic equation of state, related to 
the internal energy E = Σxiei(T) + Δe, ei(T) 
being calculated from polynomial 
expressions of Gordon and McBride (1994) 
(based on JANAF Thermochemical Tables 
(1971), for gaseous phases, and applying a 
condensed phase model proposed by Tanaka 
(1983) or the equivalent function suggested 
by NASA codes (vd. Gordon & MCBride, 
1994), for condensed phases; 

- the combustion condition regime: isobar 
or isochor adiabatic combustion. 

This composition problem, having a very 
large and complex matrix of species, needs  
(using the preceding equations) an 
interactive and approach numerical method, 
neglecting the species with very low 
concentrations in products composition, for 
a fixed P and T values, and selecting and 
keeping for further calculations the 
components with more relevant 
concentrations.  

 
Thermal equation of state - modified HL 
Equation of State. In earlier work (Duraes 
et al., 1995, 1996), HL EoS was proposed. 
Recently (Duraes, 2000) it was revised and 
systematized. This equation takes the 
general expression  
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where V represents the volume, T the 
temperature and Xi the mole number of i 
compound in reaction gaseous products. The 
second term, σ, presented by Heuzé et al., 
(1985,1986), for Hα equations of state, is a 
fifth order polynome obtained from virial 
expansion. It represents very well the 
behaviour of gaseous mixtures at high 
temperature and pressure: 
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The α represents the exponent of the 
repulsive part of the intermolecular 
potential. This parameter has great influence 
on the results and the preceding values are 
too low to represent the detonation gaseous 
products, which co-exist in equilibrium at 
very high pressure. In HL equation of state, 
the intermolecular potential function 
considered is the Buckingham α-exp-6 
function and α  takes the value 13.5, in 
agreement with bibliography. The ωi values 
are dependent of each gas component. 
Replacing equation (4) in (3) and 
considering the Boltzmann EoS, it can be 
possible 
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being Bi the covolume of component i in 
reaction products. This is a valid procedure 
because, at low densities, the terms of higher 
order (fourth and fifth) in σ expression are 
negligible, and then, numerically, HL EoS 
reduces to a Boltzmann EoS. A 
complemetary expression comes from the 
simplified rigid sphere model for 

,
3
2 3

0 AVii NrB π=  where roi is the 

intermolecular distance at minimum value of 
the intermolecular potential and NAV the 
Avogadro number. So, ωi = (2/3)π r0i

3 Ti
3/α 
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NAV, where i
iT

k
εθ= , θ is the adimensional 

temperature, k the Boltzmann constant and 
r0i and εi  are the parameters of the 
Buckingham α-exp-6 intermolecular 
potential function, for each gaseous product 
in pure state. Several θ values have been 
evaluated. They have great influence on 
predicted dynamic characteristics of 
products of condensed reactive mixtures 
(Duraes, 1995). In this work, it was used θ = 
1, according to the more recent revisions 
(Duraes, et al., 2000); our previous 
calculated results show that εi /k is a good 
measure of each pure compound 
temperature, which is theoretically more 
consistent than taking any other value.  
 
The energetic equation of state of 
products is related to the internal energy E 
= Σxiei(T) + Δe. The ei(T) are calculated by 
polynomial expressions of non dimensional 
specific heat, enthalpy, and entropy, given in 
Gordon and McBride (1994). However the 
"old" NASA formats were 
(Gordon&McBride, 1971): 
 
Cp0/R = a1 + a2 T + a3 T2 + a4 T3 + a5 T4 
H0/(RT) = a1 + (a2/2) T + (a3/3) T2 + (a4/4) 

T3 + (a5/5) T4 + a6/T 
S0/R = a1 ln(T) + a2 T + (a3/2) T2 +  

(a4/3) T3 + (a5/4) T4 + a7 
 
and the "new" NASA formats are: 
 
Cp0/R = a1 T-2 + a2 T-1 + a3 + a4 T + a5 T2 + 

a6 T3 + a7 T4 
H0/(RT) = - a1 T-2 + a2 T-1 ln(T) + a3 +  

a4 T/2 + a5 T2/3 + a6 T3/4 + a7 T4/5 + 
b1/T 

S0/R = - a1 T-2/2 - a2 T-1 + a3 ln(T) + a4 T + 
a5 T2/2 + a6 T3/6 + a7 T4/4 + b2 

 
that implies a mathematical and numerical 
conversion in the modified THOR code. 

 
The isobar adiabatic combustion is the 
basic theoretical combustion condition, 
where dP=0 and dQ=0 imply dH=0, i.e. 
equal initial and final total enthalpy 
HbTb=HoTo. This expression is equivalent to 
HbTb- HbTo = - (HbTo - HoTo), also 
equivalent to H Hb To

Tb
r
To= − Δ  (the total 

enthalpy from burned gases is equal to the 
module of the enthalpy of reaction). 
The pyrolisis process can now be 
explained, like a decomposition process, by 
the mechanism of heat absorption, from the 
original adiabatic combustion condition 
(where there are no heat changes). 
Consequently the original global isobar 
adiabatic process, formed by one reactive 
system enclosed in a non resistant wall, is 
modified by the enthalpy value ΔH, 
absorbed from the wall, changing the 
preceding equation to the 
form H H Hb To

T1
r
To+ = −Δ Δ , where the 

enthalpy of reaction is increased by the heat 
absorbed from the wall, being always P=Po. 
The Gibbs free energy, taking its minimum 
relative value for a (V,T,Xi) group, is also 
changed with increasing values of T1, from 
To to the final value Tb. 
 
The predicted calculated results of 
thermal decomposition of Fe2O3 shows, in 
Figure 1, the critical temperature zone, close 
to 1200 K, where the decomposition of 
Fe2O3 starts, producing Fe3O4 and O2. The 
concentration of FeO is only detectable after 
1800 K. This results, obtained by 
thermodynamic equilibrium of products, 
presents lower decomposition temperatures 
than those measured in experimental results. 
However, they help to understand the 
combustion regime of Al with Fe2O3, 
where the combustion can be understood as 
the reaction between Al and the 
decomposition products of Fe2O3, showing 
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Fig. 2) for concentration of Al between 25% 
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this range, there is a relevant changing in 
combustion products (vd. Fig. 2); the 
concentration of Fe3O4 decreases and the 

concentrations of Al and Fe increase, 
originating mixtures of Al and Fe observed 
in experimental results. The main reaction 
products (Al2O3, AlO and Fe(L)), confirmed 
in all the Al/Fe2O3 mixtures, seem not to be 
very dependent of Al concentration.
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Figure 1 – Predicted thermal decomposition of Fe2O3. 

 
Figure 2 – Predicted temperature and combustion products composition of Al/ Fe2O3 mixtures. 
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The predicted thermal decomposition of 
KNO3 shows, in Figure 3, the starting 
decomposition temperature zone, from 700 
K, where the decomposition of KNO3 starts, 
producing clearly K2O, N2 and O2 at levels 
from 1100 to 1300 K, according to the 
classic decomposition equation 2KNO3 → 
2K2O + N2 + 2.5O2. These results, obtained 
by thermodynamic equilibrium of products, 
are in a good agreement with the measured 
initial critical decomposition temperature, 
400 ºC, refered in safety data sheets of 
KNO3, and its oxidiser contribution with 
metal combustibles in pyrotechnics 
compositions.  

To understand the contribution of KNO3 in 
previous combustion regime of Al with 
Fe2O3, it were selected two base 
compositions of thermite – T1 for 
concentration of Al of 25% (equivalence 
ratio of 1) and T2 for concentration of Al of  

30% (equivalence ratio of 1.27), where 
KNO3 were an additive component with 
mass concentrations up to 12 %. In this 
range, the contribution of KNO3 is quite 
negligible for the initial T1 thermite mixture 
(equivalence ratio of 1 - vd. Fig. 4) and it is 
not detected any changing of combustion 
temperature.  

The contribution of KNO3 can be more 
relevant in the case of T2 mixture (vd. Fig. 
5), because T2 has an equivalence ratio of 
1.27 – there is a changing of the calculated 
combustion temperature for concentrations 
of KNO3 up to 3%, with the corresponding 
variation of combustion products 
concentration. Consequently it can only be 
expected small contribution of KNO3 on the 
combustion regime of preceding thermite 
mixtures. 
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Figure 3 – Predicted thermal decomposition of KNO3 
 

Figure 4 – Predicted contribution of KNO3 in temperature and combustion products composition of T1 
(stoechiometric Al/ Fe2O3 mixture) 
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Figure 5 – Predicted contribution of KNO3 in temperature and combustion products composition of T2 (thermite 

Al/ Fe2O3 mixture of equivalence ratio of 1.27). 

 
 

 
CORRELATION TO EXPERIMENTAL 
RESULTS  

THERMITE COMPOSITIONS 

The components characterization and the 
experimental compositions were presented 
in detail in earlier work (Duraes et al., 
2005).  

Table 1 presents the measured physical 
properties of the reactants. The selected 
aluminum is commonly used in pyrotechnic 
compositions. In spite of the coating, its 

surface was partially oxidized by air during 
storage, as could be concluded by 
Simultaneous Thermal Analysis 
measurements (Duraes et al., 2005). Table 2 
presents the composition of the used 
thermite mixtures. T100 is the 
stoichiometric Al/Fe2O3 mixture, being the 
others over aluminised. Equivalence ratios 
were calculated by the molar ratio between 
“oxygen necessary for the oxidation of the 
existing Al to Al2O3” and “oxygen actually 
present in the Fe2O3 of the mixture”. 
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Table 1 – Reactants physical properties. 

 Particle size,  
d50  

and d90-d10  
 

(μm) 

Density,  
ρ 
 
 

(kg m-3) 

BET surf. 
area, As 

 
 

(m2 kg-1) 

Aver. pore 
diam., 
BET, 

BJHdesorp.
(Å) 

Purity 
 
 
 

(wt %) 
Fe2O3 Bayferrox 

180 
(Bayer) 

1.715±0.161  
3.13±0.053 – 0.745±0.082 

5062.3±10.7 3149.7±38.7(a) 148 ; 126 96-97 

Al  black 000 índia 
(Carob) 

11.82±0.32  
47.70±1.62 - 1.593±0.103 

2700.0±7.1 4475.2±29.9(a) 238 ; 190 89.3 

(a) The uncertainty of the mean value is defined by the standard deviation. 
 

Table 2 – Thermite mixtures composition. 
 

 Fe2O3  

Bayferrox 180 

(Bayer) 

purity=96% 
(wt %) 

Al  

black 000 índia 

(Carob) 

purity=89.3% 
(wt %) 

Fe2O3/Al 
relative 

compositions  
 

 (wt %) 

Equivalence  
ratio 

 
 
 

Theoretical 
Maximum Density 

(TMD) 
 

(kg.m-3) 

T100 73.35 26.65 74.74 / 25.26 1.00 4105 
T112 71.03 28.97 72.50 / 27.50 1.12 4039 
T127 68.46 31.54 70.00 / 30.00 1.27 3967 
T142 65.89 34.11 67.50 / 32.50 1.42 3899 
T159 63.34 36.66 65.00 / 35.00 1.59 3833 

 

Combustion experimental set-up.   Before 
the combustion process, reactant mixtures 
were compressed in stainless steel or PVC 
circular boxes with an inner PMMA lid (vd. 
Figs. 6 and 7), by cold uniaxial pressing at 
200 MPa (for stainless steel) or 75 MPa (for 

PVC), for five minutes. The obtained 
samples thicknesses and densities were 1.3-
1.8 mm and 53-70 %TMD, for stainless 
steel boxes, and 1.5-1.8 mm and 54-62 
%TMD, for PVC boxes.  

60 

15

50 
53

10

5

thermocouple 2

thermocouple 1

Stainless Steel (AISI 304) or PVC circular box
PMMA circular lid
Thermite mixture
Ignition channel

 
Figure 6 – Experimental sample set-up (front view cut in real size) to support thermite 

combustion (all dimensions in millimetres). 
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PVC circular box
PMMA circular lid
Thermite mixture
Ignition channel
Steel outer box with four 
screws to retain the lid 

80 

33.2

60.5 

21.8

 
Figure 7 – Experimental assembly (front view cut in real size) to retain the lid during 

combustion, when PVC boxes are used (all dimensions in millimetres).  

 

The radial combustion propagation was 
recorded by digital video-crono-
photography being the time resolution 50 
frame/s and the shutter speed optimized for 
the light conditions (usually 250 μs, but 100 
μs in experiments with high luminosity). 
The typical sequence of video frames and 
corresponding profiles show clearly the 
radial combustion front propagation (vd. 
Fig. 8). Two combustion thermograms were 
obtained for each sample, at radius 10 mm 
and 20 mm. Tungsten/Rhenium 

thermocouples (Omega, type C) were used, 
connected to an amplifier and then to a fast 
digital signal analyser. The record of 
thermocouples signals show the time gap 
between the two thermocouples signals, 
which was used to estimate the average 
radial combustion rate in the 10 mm linear 
path between them. Temperature values 
calculations from the registered voltage 
were done considering the amplifiers and 
thermocouples calibration curves. 

 

0.04 s 0.08 s 0.12 s 0.16 s 0.20 s 0.24 s 

0.28 s 0.32 s 0.36 s 0.40 s 0.44 s 

 
Figure 8 – Example of the radial combustion front propagation in a T159 mixture. 
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Spectroscopic measurements. The 
experimental samples are thermite mixtures 
of aluminium and iron-oxide with the  
compositions of Table 3.  

 
Table 3 – Thermite mixtures composition for 

spectroscopic measurements. 
 

 Al-A Al-B Al-C 
Al  (wt %) 26.65  31.46  36.66 
Fe2O3  (wt 

%) 
73.35  68.54  63.34 

 

The procedures are the usual in previous 
spectroscopic measurements (Weiser et al., 
2004, Eckl et al., 1994). Spectra of all 
thermite combustions were presented 
previously (Duraes et al., 2006). They are 
dominated by a strong continuum radiation 
caused by molten iron droplets formed 
during the reaction. Also a narrow iron line 
indicates the presence of iron vapour. These 
lines were not very intensive.  

The HGS NIR grading spectrometer 
(spectral range 0.9 to 1.7 µm) and a 
filterwheel IR spectrometer consists of fast 
rotating wheels with interference filter 
segments has also used (Eckl et al., 1999, 
2000). The NIR and IR spectra of the 
thermite samples look very similar to the 
existing ones for CHON systems, but this is 
surprising due to the fact that these mixtures 
contain neither carbon nor hydrogen. CO2 
emission at 4.25 µm is evoked by heated 
atmospheric CO2 from the ambient. The 
spectra are emitted by surfaces from the 
bulk material and erupted iron particles that 
usually emit a closed continuum radiation 
(Duraes et al., 2006). 

Combustion results. As discussed in earlier 
work (Duraes et al., 2005), video films have 
shown increasing average radial combustion 
rates with increasing Al content in the 
mixtures.  

Considering the time gap between the 
thermocouples signals, the average radial 
combustion rate in the 10 mm linear path of 
thermocouples radius direction can be 
calculated. The enhancement of combustion 
rates in the interval of equivalence ratios 
(1.12, 1.27), for the stainless steel 
confinement (vd. Fig. 9), was justified by 
the occurrence of a slightly exothermic 
consecutive intermetallic reaction, involving 
Al and Fe formed, indicating that the 
experimental stoichiometric condition was 
only achieved at a value in this interval. This 
was explained by an over estimated purity 
level of aluminum, due to its surface 
oxidation during storage, and/or 
mass/energy dispersion in sub-products, due 
to reaction incompleteness. Preceding 
THOR predictions are in agreement with 
these results.  
Combustion rates obtained in the case of 
PVC confinement (vd. Fig. 9) are higher 
than those for samples in the stainless steel 
confinement. These results prove the 
importance of heat loses to the confinement. 
In addition, it demonstrates that the time 
scales for heat losses and for reaction are of 
approximately of the same order of 
magnitude. 
The analysis of temperature results for 
experiments in the stainless steel 
confinement and PVC confinements was 
presented (vd. Fig. 10). To have a fast 
response of thermocouples, no insulation 
was used in the hot junction. Thus, the 
appreciable dispersion of results, for the 
same experimental conditions, presented in 
Fig. 10, was attributed to thermocouples 
high sensitivity to micro-scale variations. 
Therefore, in addition to the already done 
rejection of temperature values below the Al 
fusion, it was decided to reject all the 
temperatures below 1300 ºC (≈ 250 ºC 
below the temperature of Fe fusion (Duraes 
et al., 2006)) - vd. Fig. 10. It can be 
concluded that the mean values for all the 
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thermite mixtures and with the two 
confinement materials are close. Thus, no 
significant variations on mean temperatures 

can be correlated to the experimental 
conditions, namely, to the equivalence ratio 
and the confinement type.
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Figure 9 – Behaviour of mean values of radial combustion rates via thermocouples signals and via 

video profiles. 
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Figure 10 – Combustion front local and mean temperatures obtained in two sample radius (10 mm – thermoc. 1 - 

and 20 mm – thermoc. 2), using the stainless steel (left) and PVC (right) confinements. 
 
The global combustion of Al/Fe2O3 system 
was simulated using the THOR 
thermochemical code, previously presented 
(vd. Fig. 2). Fisher and Grubelich, 1998, 
calculated the adiabatic combustion 
temperatures for the stoichiometric 
Al/Fe2O3 thermite, with and without phase 
changes in the products, and obtained the 
values 2862 ºC and 4109 ºC, respectively. 

THOR results, with condensed species, 
present a lower value (T=1960 ºC). The 
existing of intermediary species change the 
final calculated temperature (for example, if 
ALO is not considered in products 
composition, the calculated temperature is T 
= 2967 ºC).  
The presented spectra of thermite mixtures 
can be analysed using the ICT-BAM-Code 
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(Volk and Bathelt, 1991), by three 
successive methods. In the first method, 
total intensity radiation can be determined 
as the integral below the continuum and can 
be plotted as function of time. In the second 
method the results can be plotted as a 
function of BAM-Code determined 
temperatures. They are calculated using a 
grey body emission model that is usually a 
good assumption for flames with a high 
content of magnesium in its combustion 
products. Using the model of a soot emitter 
the resulting temperatures had been about 
200 K lower, showing a time history 
parallel to the grey body results. A grey 

emission model should describe the 
continuum radiation best. In the third 
method a pseudo-emissivity can be plotted 
and interpreted as the signal that gives an 
idea of the area of hot emitting surfaces and 
particles. This signal is proportional to the 
absolute emissivity of the combustion 
process, but can not be specified due to the 
lack of knowledge of emitting surface and 
steridian. Using these three methods, with 
ICT-BAM-Code, the radiation temperatures 
can be determined for all measured samples, 
always taken at the point of highest 
emission intensity. The obtained results are 
presented in Figure 11.
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Figure 11 – Synthesis of all the predicted and experimented temperatures of Al/Fe2O3 combustion reaction. 

 

The synthesis of all the predicted and 
measured temperatures, presented in Fig. 11, 
show a good global agreement and show the 
influence of the equivalence ratio of tested 
mixtures and experimental conditions. 
 

KNO3/ THERMITE COMPOSITIONS 

Experimental compositions. Table 4 
presents compositions of the 6 mixtures 
used in this study. It was nominated T1 the 
stoichiometric iron oxide/aluminium 
mixture and T2 its corresponding over 
aluminised. The maximum amount of the 
added nitrate is determined by the quantity 
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necessary to make the derived composition 
(from the original over aluminised mixture), 
having an oxygen balance equal to 1, 
assuming Fe, Al2O3, H2O, N2 and K as the 

corresponding stoichiometry products. The 
other studied concentration of nitrate is half 
of the previous so obtained value. 

 
             Table 4 - Mixtures compositions for KNO3/thermite experiments. 

 Fe2O3 
Bayferrox 

180 
(Bayer) 

purity=96% 
(%) 

Al  
black 000 

india 
(Carob) 

purity=89.3% 
(%) 

KNO3  
Técnico 

 
(Quimitécnica) 

purity=99.3% 
(%) 

Compounds relative 
compositions  

 
Fe2O3/Al/ KNO3 

 
(%) 

Equivalence 
ratio* 

T1 73.35 26.65 - 74.74 / 2\5.26 /  - 1.00 
T2 68.46 31.54 - 70.00 / 30.00 /  - 1.27 

T1PN1 69.65 25.30 5.05 70.77 / 23.92  / 5.31 0.89 
T1PN2 65.92 23.95 10.13 66.80 / 22.57  / 10.63 0.80 
T2PN1 65.01 29.95 5.04 66.28 / 28.41  / 5.31 1.13 
T2PN2 61.54 28.35 10.11 62.56 / 26.81  / 10.63 1.00 

* Impurities are not considered in this calculus. 

 

Experimental set-up and results. To 
observe the front propagation in thermite 
compositions, a long square channel 
(175x5x5 mm), close to the value of critical 
thickness propagation, is used. It is confined 
by PMMA material. For the measurement of 
reaction front velocity a set of 3 optical 
fibers is used. It is coupled to a photodiode 
system and connected to a fast digital signal 
analyser (Morgado et al., 2004). The 
reaction velocity is evaluated by the 
regression rate, which is measured by these 
optical methods, verified by a digital video-
crono-photography. The reaction front 
velocity results, as a function of time, 
measured by the optical fibers set, and the 
video-crono-photography results, are 
presented and systematised in Table 5 and 
Figure 12.  

Table 5 – Typical measured velocities as a function 
of mixtures. 

Mixt. Dens. D1 D2 D Dvideo

  [kg m-3] [mm s-1] 

T1 1070 17,817,017,4 28

T2 1190 27,722,024,9 39

T1PN1 1260 6,2 4,5 5,4 9

T1PN2 1280 9,0 4,9 7,0 14

T2PN1 1140 16,313,214,8 22

T2PN2 1150 11,1 9,210,2 34

. 

 

 

Figure 12 – Front reaction mean velocity 
experimental results.  
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Specially under these critical thickness 
conditions, it is important to consider that 
the thermite composition with additives, has 
less thermite particles in each cross section, 
than the original thermite composition 
without additives. Consequently, it seems 
that the transition phase of potassium nitrate, 
proving the theoretical predictions using 
THOR code, is very important in the 
propagation mechanism, reducing the 
propagation velocity of potassium 
nitrate/thermite mixtures, under this critical 
thickness. The measured front reaction 
velocities with additives, under these critical 
thickness conditions, have almost the same 
values of those of original thermite 
compositions without additives. The 
presented predictions also prove then the 
significant influence of transition phase, 
from gas to solid, of formed Al2O3, verified 
also by calculations. 
 
 
CONCLUSIONS  
THOR thermochemical computer code was 
used for predicting combustion properties of 
Al/Fe2O3 thermite mixtures, as a function of 
temperature and pressure. Previous radial 
combustion propagation on thin circular 
samples of stoichiometric and over 
aluminized compositions was performed and 
discussed. Acquired thermograms in two 
sample radius reveal some variability of 
temperature values in the same conditions, 
due to high thermocouples sensitivity, but 
measured values are from 2000 K to 2500 K. 
Spectroscopic measurements were 
performed and the obtained spectra were 
discussed and correlated, using ICT BAM 
Code, in order to determine its radiation 
temperatures. The synthesis of all the 
predicted and measured temperatures shows 
a good global agreement and show the 
influence of the equivalence ratio of tested 
mixtures and experimental conditions. The 

experimental study was also performed 
using the original composition, based on 
Al/Fe2O3 mixture, with small percent of 
potassium nitrate (KNO3). It is verified the 
small influence of KNO3 in the combustion 
of thermite mixture, validating the predicted 
calculations. 
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ABSTRACT 

 
It is well known that in the liquid explosives, high velocity detonation (HVD) and low velocity 

detonation (LVD) can propagate according to the level of the initiating shock pressure. Two physical 
models emphasizing either the role of cavitation by precursor waves or the role of a Mach disc have been 
proposed to describe the propagation of LVD in liquid explosives. However, the detailed mechanisms of 
initiation and propagation of LVD in liquid explosives have not been clarified yet. In this study, the 
structure of LVD in nitromethane (NM) was investigated optically using high-speed photography. Stable 
LVD in NM was not observed, although a transient LVD was observed. It was demonstrated very 
complicated structure of LVD in NM composed of the interaction of multiple precursor waves in 
confinement wall and multiple oblique shock waves in NM. It was also shown that both the generation of 
cavitation bubbles and the formation of a Mach disc play the important role in the propagation of LVD in 
NM. 
 
 
INTRODUCTION 
 

It is well known that in some liquid explosive 
mixtures, either high velocity detonation (HVD) 
or low velocity detonation (LVD) can propagate, 
depending on the level of the initiating shock 
pressure1). The propagation mechanism of LVD 
has been extensively investigated for liquid 
explosive mixtures such as nitroglycerine-
ethylene glycol dinitrate mixture and 
nitromethane (NM)-tetranitromethane mixture. 
Two physical models have been proposed to 
describe LVD in liquid explosives. One of these 
models by Watson et al.2) emphasized the role of 
cavitation. This model suggests that precursor 
wall waves with associated rarefaction waves 
generate cavitation bubbles within the liquid 
explosive ahead of the chemical reaction zone. 
The other model by Amster et al.3) describes the 
essential role of precursor wall waves which 
converge to form a Mach disc on the axis of the 
liquid explosive charge.  However, the detailed 
mechanism of generation of cavitation and 
formation of Mach disc was not clarified. 
Ijsselstein and van der Steen4) have confirmed 
that stable LVD can propagate in neat NM 
confined in a thick-walled steel tube. With the 
initiating shock pressure ranging from 1.5-6.7 

GPa, they observed that a stable LVD 
propagated at a velocity of 1600-2000 m/s. In 
the present study, high-speed photographic 
observation was performed to investigate the 
structure of LVD in NM. 
 
 
EXPERIMENT 
 

NM employed was commercial grade, with a 
purity of 96% and density of 1130 kg/m3. A 
steel tube was usually used in the measurements 
of LVD in NM. However, in order to observe 
the wave structure within the tube, windows are 
required. Therefore, for optical observation, a 
rectangular detonation tube was used, as shown 
schematically in Fig.1. NM was confined in two 
types of rectangular tube of 30x30mm cross 
section. One type of detonation tube was 
composed of 10 mm thick polymethylmethacry-
late (PMMA) walls. The other type of 
detonation tube was composed of front and back 
10 mm thick PMMA walls and 10 mm thick 
steel side walls. The initiating shock was 
generated using a donor explosive composed of 
about 50 g of SEP high explosive (detonation 
velocity 7000 m/s, density 1310 kg/m3) through 
a PMMA gap with various thickness.  In Fig. 1, t 
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is the thickness of the PMMA gap, h is the 
length of the tube and z is the distance from the 
interface between the PMMA gap and NM. 
Framing and streak photographs were obtained 
using a high-speed camera (IMACON468, 
HADLAND PHOTONICS; framing rates: 100 
to 100,000,000 fps; exposure times: 10ns to 1ms 
in 10ns steps; streak window: 10ns to 100μs; 
resolution: 576 (horizontal) x 385 (vertical) 

pixels) and xenon flashlamp. Additional framing 
photographs were obtained using a high-speed 
video camera (HyperVision HPV-1, Shimadzu 
Corporation; frame storage: 100 frames; 
recording speed: 30 fps to 1,000,000 fps; 
exposure time: 1/2, 1/4, 1/8 x recording period; 
resolution: 312 (horizontal) x 260 (vertical) 
pixels). The experimental set-up used for the 
optical observation is shown in Fig.2. 
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RESULTS AND DISCUSSION 
 

Fig.3 shows framing photographs using the 
IMACON468 camera of NM detonation directly 
initiated by the donor explosive. The streak 
photograph indicates that detonation wave 
propagates at a velocity of 6300 m/s, which is 
consistent with previous results for HVD in NM. 

Figs. 4-5 show framing photographs obtained 
using the HyperVision HPV-1 camera. These 
present framing photographs of propagation of 
LVD in NM contained in the rectangular tube 

composed of PMMA walls, each 10 mm thick. 
The initiating shock wave of 6.0 GPa was 
transmitted through a 10 mm thick PMMA gap.  
Propagation of precursor waves in the PMMA 
walls is visible in most frames. During the first 
40 μs for the cases of h=100 mm and h=200 
mm, first precursor waves in the PMMA walls 
(PP1) send first oblique shock waves (OP1) into 
the NM to form a Mach disc. Chemical reaction 
is observed behind the Mach disc although the 
distance between the first precursor waves (PP1) 
and the Mach disc increases with time. After 40 

Fig.3  HVD of nitromethane in detonation tube composed of PMMA walls using IMACON468 
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Fig.4  LVD of nitromethane in detonation tube  composed of PMMA walls using HyperVision 
HPV-1 
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μs, normal reflection of the first oblique shock 
waves (OP1) occurs because the precursor 
waves in the PMMA proceed faster than the 
reaction wave. The first precursor waves (PP1) 
are propagating at a velocity of 2880 m/s. 
Behind the normal reflection of the first oblique 
shock waves (OP1) in the NM, generation of 
cavitation is observed. Then these waves 
become attenuated and disappear. At the same 
stage, a second set of precursor shock waves 
(PP2) in the PMMA walls are generated by the 
reaction wave. The second precursor waves 
(PP2) are propagating at a velocity of 1880 m/s 
in the early stages, and the velocity gradually 
increases to 2860 m/s.  The second precursor 
waves (PP2) send second oblique shock waves 
(OP2) in the NM to form a Mach disc. The 
distance between the second precursor waves 
(PP2) and the Mach disc increased with time. At 
the same time, the strength of the Mach disc 
attenuated with time, and eventually 
disappeared. Afterward, normal reflection of the 
second oblique shock waves (OP2) is formed. 
Behind the reflection of second oblique shock 
waves (OP2), cavitation was formed and 
localized reaction zone (RP) was observed in a 
vertical zone near the central axis in the period 
from 64 μs to 120 μs because heating occurs 
locally due to the wave interaction. The 
localized reaction zone (RP) propagates at an 
average velocity of 2030 m/s (1950-2370 m/s). 
However, the reaction zone could not be 
observed for the case of h=300mm because the 
precursor waves are attenuated. 

Fig.6 presents framing photographs obtained 

using the IMACON468 camera under the same 
conditions as for Fig.4.  Propagation of 
precursor waves in the PMMA walls is clearly 
visible in all frames. According to the streak 
photographs, the precursor waves in the PMMA 
walls propagate at a velocity of about 2800 m/s. 
The propagation velocity of the Mach disc is 
about 1800 m/s according to the steak 
photograph. 

Fig.7 shows framing photographs of 
propagation of LVD in NM contained in a 
rectangular tube composed of steel and PMMA 
walls of 10 mm thickness. The initiating shock 
wave of 6.0 GPa was loaded through a 10 mm 
thick PMMA gap. Generation of first oblique 
shock waves (OS1) in the NM by the precursor 
waves in the steel side walls is observed in the 
early stages. The first precursor waves (PS1) in 
the steel side walls are propagating at a velocity 
of 5340 m/s. The second precursor waves (PS2) 
are propagating at a velocity of 2680 m/s, and 
send   second oblique waves (OS2) in the NM. 
The reaction zone (RS) is propagating at an 
average velocity of 1700 (1500 - 2100) m/s. 
After about 30 μs, normal reflection of the first 
oblique shock waves (OS1) was formed. Then, 
reflected shock waves hit steel side walls, and 
send their oblique shock waves (OS3) in the 
NM.  After about 50 μs, cavitation was 
generated behind normal reflection of the second 
oblique shock waves (OS2).  

Fig.6 LVD of nitromethane in detonation tube composed of PMMA walls using IMACON468 
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Fig.8 shows framing photographs of propagation 
of LVD for the same condition as in Fig.7. As in 
the case of PMMA tube, formation of a Mach 
disc and chemical reaction behind the Mach disc 
is observed, and the reaction wave proceeds at a 
velocity of about 1900 m/s duringthe first 50 μs. 
After 65 μs, normal reflection of the oblique 
shock waves in the NM occurs, and cavitation is 
observed behind the oblique shock waves. It is 
observed that the precursor waves propagate 
much faster in the steel wall than in the PMMA 
wall.  
 
 
CONCLUSIONS 
 

In this study, stable LVD in NM was not 
observed although transient LVD was observed. 
It was demonstrated extremely complicated 
structure of transient LVD in NM composed of 
the interaction of multiple precursor waves in 
confinement walls and multiple oblique shock 
waves in NM.  In the early stage of LVD, Mach 
disc is formed and reaction wave propagates 
behind Mach disc.  Mach disc is attenuated 
because its propagating velocity in NM is slower 
than that of the precursor shock wave in the 
wall. Then, normal reflection of oblique shock 
waves is formed in NM, and cavitation is 
generated behind normal reflection of oblique 
shock waves. Within the cavitated NM, 
localized chemical reaction is observed near the 
central axis of detonation tube.  It was shown 
that both generation of cavitation and formation 
of Mach disc play the important role in the 
propagation of LVD in NM. 
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ABSTRACT 
 

We have developed a propellant for the 40mm APFSDS-T (Armor Piecing Fin Stabilized Discarding 
Sabot with Tracer) projectile for the Next-generation Infantry Fighting Vehicle (NIFV) and the method by 
which we have accomplished this task is as follows: Firstly we surveyed the already developed single 
base propellant and then we changed the formulation and dimension base of the propellant for same 
caliber ammunition.1 By using the newly designed single base propellant called KPH2, according to the 
results of the firing tests we obtained maximum muzzle velocity exceeding 1,350m/s. However this result 
was deemed to be insufficient for the requirement of our development program.2 Therefore, we 
redesigned the dimensions of the propellant with the aid of the BLAKE code simulation to increase the 
energy level of propellant by variably changing the dimensions in order to achieve a controlled burning 
rate of the propellant. Finally, we tried web fitting and graphite coating for performance optimization and 
to increase the stability. The product produces the highest performance - muzzle velocity exceeding 
1,400m/s – through the use of our newly developed gun propellant KPH3 for medium caliber ammunition. 
 
 

INTRODUCTION 
Direct firing ammunition system such as, tank and infantry fighting vehicle or infantry combat vehicle 

(IFV/ICV) require a lower flame temperature propellant for reduced erosion and longer service life of the 
barrel. Although single base propellants provide the lower flame temperature requirement, the down side 
is that it also produces a lower energy level whereby lower energy levels implicate a lower muzzle 
velocity. The conundrum here is that high muzzle velocity is desirable as it increases the efficiency of the 
impact distance and also the penetrating depth.3 In this study, we attempted to design a new formula for a 
propellant using code simulation4 to increase the energy level of the propellant and to alter the variable, 
changing the dimensions for the controlled burning rate of propellant. After web fitting and graphite 
coating, our results display the highest performance – muzzle velocity above 1,400m/s at lower chamber 
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pressure, exceeding any other groups results of the gun propellants for medium caliber ammunition.5 
 

RESULTS AND DISCUSSIONS 
DIMENSION CHANGE OF KPH 2 

  During the first period of our research and development program, we developed a single base 
propellant called KPH2. This propellant consists of 5 contents and its shape is as described below: the 
outer diameter is 3.6mm, the diameter of perforate is 0.18mm, web size is 0.75 and the number of 
perforates are 7. Through repeated firing tests using the KPH2, the results we obtained exceeded 1,350m/s 
of muzzle velocity at 55,000psi chamber pressure. When we began the second period of research and 
development program, our target performance was increased to above 1,400m/ at around 60,000psi. 
Although it was possible to achieve a similar level of performance through increasing the weight of KPH2  
(Fig 1) we found that a serious negative differential pressure occurs by doing so. Therefore the 
dimensions of KPH2 had to be altered. (Table 1)  
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Figure 1. Firing test results of KPH2-36N basic propellant (at different loading weights) 

 

Table 1.  A comparison of different dimensions of the propellant of same formula (KPH2) 

 No. of  perf. Perf. dia.(mm) Dia. (mm) Length (mm) Web (mm) 

KPH2-36N 7 0.18 3.6 4.52 0.75 

KPH2-38N 7 0.18 3.8 4.52 0.82 

KPH2-19H 19 0.24 5.4 6.80 0.70 
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It was generally noted that the burning characteristic value changed progressively when the number of 
perforates were increased. To meet the purpose of decreasing the maximum pressure and increasing the 
total energy of system, we designed a new propellant with a greater outer diameter and web size. Figure 2 
shows the effect of increasing the web size and the outer diameter of the propellant.  
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Figure 2. Firing test results of KPH2-38N propellant (at different loading weights) 

 
In the case of using the KPH2-38N, we obtained results of approximately 1360m/s at 60,000psi 

chamber pressure. However, the when volume of the unit grain was increased the possible loading weight 
was found to be insufficient in achieving the desired target performance of 1400m/s at 60,000psi. The 
same result was obtained the case of the firing tests using the KPH2-19H. The results of firing tests are 
displayed in figure 3 below: 

We considered the results of these firing tests (Table 2), and concluded that the design of the propellant 
must be altered for effectiveness, especially to increase the energy level and impetus.  

 

Table 2. Summary of Firing Tests Results of KPH2 

Notation Weight of Propellant (g) Muzzle Velocity (m/s) 

KPH2-36N 506 1366.1 

KPH2-38N 500 1358.3 

KPH2-19H 440 1300.0 
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Figure 3. Firing test results of KPH2-19H propellant (at different loading weights) 

 

CODE SIMULATION (FOMULATION CHANGE) 
For the purpose of increasing the impetus of propellants, we designed a new model of propellant. In 

this case, we found that the operating conditions of IFV flame temperature must be below 3500K in order 
to reduce the erosion of the barrel and to increase the self-life of the system. Finally, through this process, 
we chose a new model of propellant which we named KPH3. The impetus of the KPH3 propellant was 
found to be 5.4% higher than that of KPH2 Table 3 shows the characteristic values of thermodynamics of 
propellants. 
 

Table 3. Thermodynamics Characteristic Value of Propellants (Simulation Results) 

Items KPH2 KPH3 

Content of NC (%) 94.6 97.8 

Flame Temp (K) 2.829 3.210 

Impetus (J/g) 998.3 1052.6 

Loading Density (g/cc) 0.8 0.8 

No. of ingredient 5 3 
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EFFECT OF FOMULA CHANGE AT SAME DIMENSION 
We manufactured the KPH3 as according to same the dimensions of the KPH2 (with regards to the 

outer diameter, web size and length). Using the obtained 3 points results, we predicted the performance of 
KPH3. For the purpose of comparison between the KPH2 with KPH3, we surveyed the muzzle velocity at 
same chamber pressure (55,000psi). Using the KPH3 propellant we obtained 1340m/s of muzzle velocity 
at 55,000psi and reached in excess of 1400m/s around 62,000psi (Fig. 4). These results were not superior 
that of KPH2’s performance but, the KPH3 propellant obtained same performance of KPH2 at a much 
smaller weight of propellant. This implied that should we be able to control the loading density and the 
dimensions of propellant, we will successfully obtained our performance target. 
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Figure 4. Firing test results of KPH3-36N propellant (at different loading weights) 

 

BASIC SHAPE CHANGE OF KPH3  
Considering the safety and self-life of IFV system, decreasing the chamber pressure was found to be is 

very useful for the system operator. Generally increasing the number of perforates were proportioned to 
decrease the maximum chamber pressure. The propellant with 19 perforates had obtained 1400m/s of 
muzzle velocity at around 63,000psi. (Fig. 5)  
  The results for the maximum chamber pressure obtained were deemed to be too high for our system, 
and this was caused by reduced web size which subsequently increased the maximum chamber pressure. 
Therefore, the attempt of the shape change had to be given up. This was found to be the same in the case 
of KPH2. Fixed volume of cartridge case had limited the volume of unit grain of the propellant. (Fig. 6) 
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Figure 5. Firing test results of KPH3-19H propellant (at different loading weights) 
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Figure 6.  Effect of Number of Perforates -KPH3-36N (7perf.) vs. KPH3-19H (19perf.) 

 
PERFORMANCE OPTIMIZATION  
- WEB FITTING  

“Web” is the term used to describe the distance of between perforates and it affects the burning rate 
of the propellant. Using the same formula and the same shape of propellants, when the web size is altered 
the propellants themselves display a different burning characteristic value. For the purpose of 
performance optimization, we tried various change to the web size of the propellant, this process was  
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called ‘Web Fitting’. (Table 4)  
It is generally known that the muzzle velocity increases in proportion to the increase in the maximum 

chamber pressure. With 60,000psi of chamber pressure was set to be the upper level limit of this system, 
we tested the maximum muzzle velocity. According the test results, muzzle velocity had increased up-to 
the point of 0.90 web size and decreased after this point. These result were caused by increasing the 
volume of unit grain and decreasing the loading weight of propellant.   

 

Table 4. The Results of Web Fitting of KPH3 Propellant (7 perforates) 

Web Size (mm) M/V (m/s) Pressure (psi) Ref. 

0.82 1,380 60,000  

0.85 1,385 60,000  

0.90 1,400 60,000  

1.08 1,290 48,000 Maximum Loading 

 

- SURFACE COATING  
Surface coating of manufactured propellant was found to be very useful for increasing of loading 

weight and density, restricting the occurrence of static electricity, in preventing moisture absorption and 
to make the propellant easy for handling. In this case we used the graphite powder as the surface coating 
material.  

 

Table 5. The Results of Graphite Coating of KPH3 Propellant 

Pressure (psi) Weight of 
Propellant (g) 

M/V (m/s) 
Breech Base 

Ref. 

1410.6 58,600 56,000 Non-coating 
480 

1397.9 56,300 53,200 Coating 

 
  At the same propellant weight, the performance of coated propellant was found to be slightly lower 

than that of the non-coated. This was caused by the reduced the loading density, because the static 
electricity was reduced. It was equal to 10g of propellant weight reduced. We know that when the weight 
of propellant for the maximum chamber pressure to be increased up to 60,000psi , we will obtain a 
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1410m/s of muzzle velocity from this propulsion system. This same result applies to the  non-coated 
system. 

 

CONCLUSION  
We have developed a propellant for the 40mm APFSDS-T (Armor Piecing Fin Stabilized Discarding 

Sabot with Tracer) projectile for the Next-generation Infantry Fighting Vehicle (NIFV). In order to obtain 
the performance target of 1400m/s in 60,000psi, we designed a new formula using by BLAKE code 
simulating which has a higher energy level of propellant and variably changed the dimensions in order to 
achieve a controlled burning rate of propellant. After numerous firing tests, we selected formula and 
dimension. Also, we tried web fitting and graphite coating for performance optimization and to increase 
the stability. We achieved the highest performance of muzzle velocity, exceeding 1,400m/s for the gun 
propellant called KPH3 for medium caliber ammunition. 

In summary of our research results:  
 - Basic Formula:     KPH3 (3 components system including NC) 

- Basic Shape:      Cylinder type propellant with 7 perforates 
- Surface treatment:  Graphite Coating 
- Performance:      Exceeds 1400m/s at 60,000psi 
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ABSTRACT 
 
Explosive cords are often used to aid the crew of aircraft to escape from the aircraft in the event 
of an emergency. The UK Defence Ordnance Safety Group (DOSG) have approved a service 
life for a Canopy Severance Device (CSD) of 5 years from date of manufacture (DOM) and an 
operational life of 3 years from the date of installation (DOI).  

The CSD consists of four different explosive cords; one is completely rigid but there is limited 
fragmentation when functioned (Shielded Mild Detonating Cord, SMDC), one is relatively flexible 
(Flexible Confined Detonating Cord, FCDC), one is completely flexible (Thin Line Explosive 
Transfer Line, TLX) and one is designed to break the aircraft windows (Canopy Severance 
Assembly, CSA). The CSD is initiated by a mechanical stimulus. 

The CSD was subjected to assessment of the explosive components using a range of 
techniques including non-destructive testing, functioning and Scanning Electron Microscopy 
(SEM). The physical and microscopic appearance of all four types of cord within the CSD was 
good. Minor defects were present such as chips and dents in the sheathing material but this 
would not affect the performance or safety of the system. 

SEM analysis of the cord sheathing materials showed no defects, cracking or crazing. Analysis 
of the explosive filling of the TLX showed the explosive material to be continuous and the 
aluminium particles to be well distributed. 

 
 

Introduction 
 Explosive cords are often used to aid the crew of aircraft to escape from the aircraft in 
the event of an emergency. The UK Defence Ordnance Safety Group (DOSG) have approved a 
service life for a Canopy Severance Device (CSD) of 5 years from date of manufacture (DOM) 
and an operational life of 3 years from the date of installation (DOI). The design authority for the 
CSD has defined a service life of 9 years from DOM and an operational life of 6 years from DOI. 

 The Defence Procurement Agency (DPA) contracted QinetiQ to manage a programme 
of Critical Examination and Functional Tests on the CSD to determine the feasibility of 
extending the service life of the system.  

Canopy Severance Device 
 The CSD consists of a range of explosive devices including the initiator handle, three 
different types of explosive cord and the canopy severance assembly (CSA), which actually 
removes the doors/windows of the aircraft.  

 The CSD consists of four different explosive cords; one is completely rigid but there is 
limited fragmentation when functioned (Shielded Mild Detonating Cord, SMDC), one is relatively 
flexible (Flexible Confined Detonating Cord, FCDC), one is completely flexible (Thin Line 
Explosive Transfer Line, TLX) and is required to connect both doors to the CSD and enable the 
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doors to open and one is designed to break the aircraft windows (Canopy Severance Assembly, 
CSA). The CSD is initiated by a mechanical stimulus using one of three initiator handles. 

Initiator Handle  
 There are three initiator handles, one for the pilot and CPG and one mounted externally. 
All of the handles are identical in construction and operation. The handles are operated by 
turning through 90° (clockwise or anticlockwise) and pushing it forward.  

Flexible Confined Detonating-Cord 
 The FCDC is a flexible transfer line connected in the CSD; there are four pieces of 
FCDC within the CSD. The FCDC transfers the detonation wave from the initiator handle to its 
SMDC. Each FCDC contains a length of explosive filled cord surrounded by a flexible protective 
sheath. At each end of the explosive cord is a booster cup containing a small quantity of 
hexanitrostilbene (HNS) explosive. 

Shielded Mild Detonating-Cord 
 The SMDC is a rigid transfer line connected in the CSD; there are four pieces of SMDC 
within the CSD. It transfers the detonation wave between components in the CSD. The SMDC 
contains a thin-walled stainless steel tube filled with a length of silver sheathed explosive cord 
covered with a Teflon extrusion. At each end of the explosive cord is a booster cup containing a 
small quantity of HNS. 

Thin Line Explosive Transfer Line 
 There are two pieces of TLX within the CSD. The explosive output from the cord loading 
of HMX/Al is insufficient to initiate a detonation in the standard HNS transfer charge so the 
output is enhanced by a small lead azide booster. The TLX line is detached during servicing 
requiring handling of a component containing a lead azide charge. 

Canopy Severance Assembly 
Each CSA contains a length of explosive filled cord surrounded by a lead sheath. This is held 
against the canopy acrylic panel by a shaped silicone-rubber mounting and attached with a 
glass reinforced plastic retainer. The retainer is shaped to follow the contours of the acrylic 
panel and is attached to the canopy frame with fasteners. An initiation block is attached to the 
canopy frame into which is connected the ends of the explosive cord. Inside this block, between 
the two ends of the cord, is a hole which contains an explosive filled booster sleeve. The block 
also has a threaded spigot to which an explosive transfer line is connected. A schematic of the 
CSA is shown in Figure 5. On functioning the CSA, the explosive cord within the assembly 
propagates a detonation wave through the core of the explosive. This breaks up the lead sheath 
and shocks the acrylic panel with sufficient energy to cause the panel to sever. 

Experimental 
 One complete CSD system was supplied for assessment. The assessment of the 
explosive components required a range of techniques including non-destructive testing, 
functioning and Scanning Electron Microscopy (SEM). The techniques applied to each 
component are described in detail below. 
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Visual and Microscopic Examination 
 The Canopy Severance Device consists of three identical initiator handles. All three were 
in good condition with no tarnishing or deterioration to the surfaces. 

 The general appearance of the CSA units was good although the supporting structure to 
the explosive cord was scuffed and dented in places, however this may have occurred during 
removal of the CSA from the airframe. The adhesive holding the explosive cord within the 
supporting structure had begun to come loose in places and there was evidence of marking to 
the cord sheathing itself. The lengths of SMDC were rigid and had been preformed into their 
required shape. There were numerous areas where the black paint had been chipped from the 
surface. Apart from this superficial damage the cord appeared in good condition. 

 The four lengths of FCDC were flexible along their length but rigid at either end. Overall, 
they were in good condition although some exhibited chipping to the black paint at the rigid end 
pieces. 

 On the two lengths of TLX outer the rubber coating had come away from the braiding at 
some of the ends and the braiding was also exposed in places along the length of the cord. The 
inner core was extracted and cut along its length to view the explosive layer, which under an 
optical microscope appeared in good condition. 

Scanning Electron Microscopy 
 The main failure mode of the TLX is the failure of the bond between the transmission 
tube and the explosive filling. The materials were also examined using SEM to identify the 
consistency of the explosive filling. Imaging of the samples was achieved with a back scattered 
electron (BSE) detector, which is sensitive to high-energy incident beam electrons that on entry 
have scattered back out of the specimen. BSE micrographs gave a measure of atomic number 
contrast, so features of different compositions are emphasised. 

 SEM micrographs were then taken at x100 magnifications on various parts of the four 
sections of TLX cord. At two locations qualitative X-ray spectra were taken. A number of peaks 
were highlighted and elemental maps of these two regions were created.  

 The CSA sheathing material was examined for deterioration of the lead by solar 
radiation or vibration using SEM imaging at x20 magnification. The sheathing material of SMDC 
and FCDC was examined for deterioration by solar radiation or vibration using SEM. 

Canopy Severance Assembly  

 The results are presented as SEM micrographs, which are shown in Figure 1. The 
samples showed a smooth cylindrical shape with linear features running longitudinally along the 
outside of the cord, these are likely to be due to the manufacturing process. Many of the 
samples also had white deposits (these are shown as dark features in the SEM images) running 
in a line along the edge of the cord. This is thought to be a residue from the material it was 
originally contained in before breakdown. No defects were observed with any of cord samples 
examined. 
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Figure 1; SEM micrographs of Canopy severance assembly 

Shielded Mild Detonating Cord (SMDC) 

 The results are presented as an SEM micrograph, which is shown in Figure 2. SMDC is 
shielded in stainless steel and did not show any markings as seen with CSA. Deposits from the 
secondary shielding material were observed. No defects were observed with any of cord 
samples examined. 

Flexible Confined Detonating Cord (FCDC) 

 The results are presented as an SEM micrograph, which is shown in Figure 3. As seen 
in the CSA, the samples showed a smooth cylindrical shape with linear features running 
longitudinally along the outside of the cord. No defects were observed with any of cord samples 
examined. 

  

Figure 2; SEM micrograph of Shielded 
Mild Detonating Cord 

Figure 3; SEM micrograph of Flexible 
Confined Detonating Cord 

Thin Line Explosive Transfer Line (TLX) 

 On examination of the TLX cord it was seen that there were no large variations in the 
appearance along these lengths, Figure 4. The inner bore was covered with a variety of 
particles; EDX analysis showed many of these to be rich in aluminium, Figure 5.  
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Figure 4; SEM Micrograph of explosive loading of TLX cord (x100 magnification) 

 The elemental maps clearly identify the aluminium particles, Figure 10.  

 
Figure 5; Comparison of aluminium and carbon elemental maps of TLX 

Radiographic examination 
Non-destructive testing by radiography was performed on various aspects of the Canopy 

Severance Device (CSD). A typical radiograph of the initiator handle, shown in Figure 6, allowed 
the arming and firing mechanism, percussion primer and output charge to be examined. There 
were no obvious problems with the firing mechanism, the components appeared intact and were 
in the expected position.  

 
Figure 6; Radiograph of Initiator Handle 

 A typical radiograph of the SMDC, shown in Figure 7, allowed the explosive cord core, 
the sheathing and output charges to be examined. There were no obvious problems with any of 
the components. 
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Figure 7; Radiograph of Shielded Mild Detonating Cord 

 A typical radiograph of the FCDC, shown in Figure 8, allowed the explosive cord core, 
the sheathing and output charges to be examined. There were no obvious problems with any of 
the components. The kink in the metal sheathing that is clearly identifiable in the radiograph will 
probably have been caused during production but should not affect performance of the 
explosive cord. 

 
Figure 8; Radiograph of Flexible Confined Detonating Cord 

 A typical radiograph of the TLX is shown in Figure 9; this allowed the output charge to be 
examined. Due to the nature of the explosive filling, this was not examined. There were no 
obvious problems with either of the explosive components of the output charge. 

 
Figure 9; Radiograph of Thin Line Explosive Transfer Line 

Dimensional Analysis of Initiator Handle 
 A dimensional analysis of the initiator handle operating mechanism was performed. This 
enabled an estimation of the energy available from the striker system. Initially the percussion 
cap and output charge was removed from the initiator handle by machining above the explosive 
components. The percussion cap contains typical explosive components for this type of initiation 
mechanism. The firing energy (99.9% with 95% confidence) of this device was expected to be 
around 85 mJ. The examination showed both the percussion cap and output charge were in 
good condition and well mounted; no corrosion of either component was observed. 

 The remaining part of the initiator handle, the housing assembly containing the 
mechanical components, was broken down further to enable an analysis of the energy available 
from the mechanical system. The housing assembly consists of two parts attached with a 
threaded joint. The housing assembly was separated and the firing pin, release pin and return 
spring removed, Figure 10. 
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  (a) firing pin (b) release pin (c) return spring 

Figure 10; CSD Initiator handle firing pin, release pin and return spring 
 The calculated firing energy from the two springs was ten times that required to initiate 
the percussion cap. This is a typical safety margin in the design of percussion actuated systems 
to allow for energy losses due to friction and air damping. 

Explosive Core Loading 
 The explosive loading in each of the different types of cord was measured by placing the 
cord samples into N,N-dimethylformamide (DMF) and heating for 24 hours. The explosive core 
loading (ECL) of several samples of FCDC, SMDC and CSA was measured. A summary of the 
results is shown in Table 1. The nominal ECL values were obtained from the manufacturer’s 
datasheets. 

Table 1; Summary of Explosive Core Loading Results 

Description Average ECL   (gm-1) Nominal ECL (gm-1) 

FCDC 0.66 0.53 

FCDC 0.64 0.53 

SMDC 0.55 0.53 

CSA 0.69 0.48 

 The measured explosive core loading was greater than the specified material in all the 
samples tested. This could be due to either a larger explosive filling diameter or a higher density 
of explosive filling. The slightly higher ECL would not affect the performance or lifeing of the 
explosive cord detrimentally. The variation in the explosive core loading was very low and 
clearly confirmed that it was manufacture to a high quality. 

Destructive Testing 
 Assessment of explosive cords is generally performed using two methods, either 
recording the velocity of detonation or by recording the explosive effects using a specified 
witness plate. Due to the limited numbers of complete CSD systems available for this testing 
programme both techniques were used to characterise each cord that completes the CSD.  

 The witness plate used for the functioning assessments on the FCDC and SMDC was 
aluminium to specification BS6082 T6 (HS30). A softer material was required for the CSA 
therefore a witness plate of pure aluminium was used for the functioning assessments on the 
CSA.  
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Velocity of Detonation 

 The velocity of detonation results for the various explosive components within the CSD 
are shown in Table 2. The maximum velocity of detonation for an HNS explosive filling is 
7.2 kms-1. When filled into an explosive cord the velocity of detonation is typically 6.4 kms-1. The 
measured values for the SMDC and FCDC cord were typical for this type of cord. The CSA 
material had a lower velocity due to the weaker confinement and lower explosive loading.  

Table 2; Summary of velocity of detonation results 

Description Velocity of detonation (kms-1) 

SMDC 6.56 

FCDC 6.22 

CSA 6.05 

Output cup characterisation 

 Assessment of the reliability of an output from a high explosive filling is generally 
performed by measuring the air, or septum, gap over which the output can initiate another 
explosive filling. However, this would require either a Bruceton or Langlie statistical analysis and 
would require significant numbers for testing. An alternative method is available, particularly 
useful with metal cased explosives, although it method is less quantitative. This involves 
functioning the output cup against a metal witness block, usually aluminium alloy, and 
measuring the dent generated.  

 The output cups from each explosive component were fired against a witness block of 
aluminium alloy. A summary of the depths of the indentation produced is shown in Table 3. All 
the output cups contained the same explosive output charge. Therefore, as expected, the 
indentations produced showed no variation between the different types of explosive cord. 

 Table 3; Summary of output charge dent test results 

Description Indentation (µm) 

SMDC 119 

FCDC 116 

TLX 120 

Canopy Severance Assembly Characterisation 

 Sections of the Canopy Severance Assembly 100mm in length were fired against a pure 
aluminium witness block. A typical indentation is shown in Figure 11 and the depths of the 
indentation produced are shown in Table 5. The CSA explosive cord was fired with the shaped 
silicone-rubber mounting and the glass reinforced plastic retainer. This would maintain the same 
stand-off distance as when the CSA is functioned on the aircraft. 

 
Figure 11; Typical witness of Canopy Severance Assembly onto pure aluminium 
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Table 5; Summary of CSA cord dent test results 

Description Indentation (µm) Average indentation (µm) 

CSA (P1) 22 25 

CSA (P2) 25 28.3 

CSA (P3) 32 27 

CSA (P4) 30 30 

Conclusions 
The physical and microscopic appearance of all four types of cord within the CSD was good. 
Minor defects were present such as chips and dents in the sheathing material but this would not 
affect the performance or safety of the system. 

The rubber sheathing over the metal braiding of the TLX cord had come away from the braiding 
at the ends and the braiding was also exposed in places along the length of the cord. This is 
due to the repeated movement of the cord during opening and closing of the aircraft doors. This 
deterioration is unavoidable but it unlikely to affect the performance or the safety of the CSD 
system. 

The high density of the sheathing material prevented radiographic examination of the explosive 
filling of the cords. Radiography of the initiator handles showed the device was well constructed 
and all the components were correctly located. 

SEM analysis of the cord sheathing materials showed no defects, cracking or crazing that would 
be expected to occur if excessive exposure to UV or visible radiation had occurred. Analysis of 
the explosive filling of the TLX showed the explosive material to be continuous and the 
aluminium particles to be well distributed. 

Breakdown of the initiator handle showed all the components were in excellent condition with no 
visible corrosion or degradation of the materials. A subsequent dimensional analysis of the 
initiator handle calculated that the firing energy from the two springs was ten times that required 
to initiate the percussion cap. This is a typical safety margin in the design of percussion 
actuated systems to allow for energy losses due to friction and air damping. 

All the output cups contained the same explosive output charge. Therefore, as expected, the 
indentations produced from functioning the output charge showed no variation between the 
different types of explosive cord.  

The CSA explosive cord was fired with the shaped silicone-rubber mounting and the glass 
reinforced plastic retainer. Given the indentation in the aluminium witness plate, the 
performance of the explosive cord is expected to be sufficient to break the acrylic panel. 
However, the variability of indentations obtained was not expected; the reason for this variability 
is not known. 
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ABSTRACT 
 

Magnesium based pyrotechnic devices have well known safety issues due to internal generation of 
hydrogen gas. Various approaches to mitigating this problem have been tried over the years including 
both physical mitigation through venting and the evaluation of various hydrogen sorption materials. 
These approaches have proved problematical for reasons of safety, technology and economics. SAES 
Getters was challenged by QinetiQ and the DLO to develop optimized gettering materials to provide a 
long term, economical and technically robust solution to the hydrogen problem. An optimized solution 
was developed to selectively sorb hydrogen. The getter material does not require any start-up treatment 
and operates in the ambient conditions within the container. The capacity of the material has been 
designed to cope with the very large quantities of hydrogen developed over the service life of the 
ammunition containers. The getter was designed in form of foil to be introduced into existing ammunition 
containers or other space constrained industrial applications, without modification or retrofitting of the 
system to be gettered. The material has been experimentally characterized by means of static sorption 
tests, carried out at various pressure conditions, to assess the getter performances in different scenarios. 
These analyses confirmed the ability of the getter material to sorb large amounts of hydrogen in line with 
theoretical calculations. 
 
 
1. INTRODUCTION 
Munitions containers for magnesium based 
pyrotechnic devices are known to have safety 
issues due to internal generation of hydrogen 
gas.  
This hydrogen is generated by a chemical 
reaction between the magnesium contained in 
the device and residual moisture present in the 
container (air humidity, outgassing from 
materials present in the box, etc.) according to 
the following reaction:  
 
Mg + H2O  MgO + H2. 
 
Hydrogen is a flammable gas with a lower 
explosive limit of 4% by volume in air. 
Therefore, the H2 partial pressure inside the 

boxes must be controlled to minimize explosion 
risks. Typically an upper limit of 2000 ppm (i.e. 
0.2%) is considered acceptable for this 
application to guarantee a reasonable safety 
margin. 
Various approaches to mitigating this problem 
have been tried over the years, including both 
physical mitigation through venting and the 
evaluation of various hydrogen sorption 
materials. These approaches have proved 
problematical for reasons of safety, technology 
and economics. SAES Getters was challenged 
by QinetiQ and the DLO to develop optimized 
gettering materials to provide a long term, 
economical and technically robust solution to 
the hydrogen problem.  
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2. SOLUTION 
SAES decided to focus on a getter based 
solution. The requirements also included that the 
getter does not require any start-up treatment 
(activation) and selectively sorbs hydrogen in an 
air atmosphere. 
 
2.1 SOME BASIC GETTERING 
CONCEPTS  
The term getter usually refers to materials which 
chemically sorb active gases such as H2, CO, 
CO2, N2, O2, H2O. Amongst these materials are 
several known to be usable as non evaporable 
getters (NEGs), especially the transition metals. 
Among them, the most common are Ti and Zr. 
These materials can be used either as pure 
metals or special alloys. 
 
There are several parameters which characterize 
getter materials: affinity for the gas species to be 
sorbed, activation temperature, operation 
temperature (linked to diffusivity), sorption 
capacity, pumping speed and safety. The two 
main parameters identifying the sorption ability 
of a getter material are sorption capacity and 
pumping speed. The sorption capacity depends, 
for each getter material, on the type of gas 
sorbed. Theoretically it should correspond to the 
stoichiometric capacity of the gas-metal 
compound formed. However, in practice it is 
lower than this value and corresponds to the 
value at which the sorption, or pumping speed 
developed by the getter is no longer acceptable 
for the application. The pumping speed is 
identified as the volume of gas removed by the 
getter per unit of time. At low temperatures, 
getters show sorption capacities for hydrogen 
much higher than for the other active gases. This 
behaviour is due to the ability of H2 to diffuse as 
proton inside the metallic lattice, after the 
molecule dissociation taking place at the getter 
surface.  
 
In general NEGs have to be activated. 
Activation is the process of heating the NEG in a 
vacuum to a high temperature for a period of 
time to diffuse the surface passivation layer 
formed during manufacture into the bulk, 
thereby leaving a clean, chemically active 
surface. Typically activation temperatures range 
between 350 °C and 900 °C. The activation time 

period is dependent both on the NEG alloy used 
and the activation temperature. After activation, 
the getter can be operated at any lower 
temperature. In some instances the possibility 
also exists to side step the activation process by 
protecting the active metal surface with a 
suitable layer that prevents the formation of the 
passivation layer on the NEG surface. 
 
2.2 THE Rel-Hytm SOLUTION  
SAES has a large family of optimized NEG 
materials for various applications. For this 
application the Rel-Hytm family of getters for 
advanced microelectronic systems appeared 
most promising due to its ability to selectively 
sorb hydrogen in an air ambient without 
activation. Rel-Hytm is a titanium-palladium 
double-layered thin film that is coated by a 
proprietary process onto  various substrates.  
 
Standard Rel-Hytm has a hydrogen capacity 
optimized for small microelectronic packages. 
The key technical challenge in developing the 
technology for pyrotechic use was to properly 
scale-up the system capacity to cope with the 
very large quantities of hydrogen developed 
over the service life of the ammunition 
containers. In addition to a much higher capacity 
the resulting material also had to be designed in 
form of foil that can be retrofitted into existing 
ammunition containers (or other space 
constrained industrial applications), without 
modification of the system to be gettered.  
 
 
3. CHARACTERIZATION  
 
3.1 CHARACTERIZATION AT SAES 
Rel-Hytm’s sorption speed and capacity for 
hydrogen were characterized by means of 
sorption tests carried out at various conditions, 
measuring the sorption capacity and sorption 
throughput. The measurements were carried out 
in pure hydrogen using a static-dynamic sorption 
test method and in an atmospheric mixture 
(O2+N2) with 2.5% of hydrogen, by mean of a 
static sorption test method. The two techniques 
are described in detail. 
 
The static-dynamic sorption test method 
includes elements of both the standard ASTM 
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798-92 dynamic sorption test method and of 
static sorption test methods.  The methods were 
combined due to the high sorption capacity of 
the Rel-Hytm material.  
 
The dynamic technique places the sample in a 
volume separated by a small orifice from a 
dosing volume in which the testing gas is 
introduced and kept under pumping in order to 
reduce  errors induced by systemic outgassing. 
The pressure in the sample volume is kept 
constant by throttling the pumping system. The 
sorption performances are calculated from the 

pressure difference between the sample volume 
and the dosing volume during the sorption test. 
This technique is called dynamic because the 
volumes are pumped during the test, and 
sorption is carried out in the gas flow created by 
the pumping system. This system is suitable to 
test getters which must operate at very low 
pressure, i.e. below 10-5 Torr. 
 
The static technique is more suitable to test 
samples that operate at higher pressure and can 
sorb larger amounts of gas. The static sorption 
test system is shown in the following picture. 

 

           
Figure 1: schematic of the static sorption test bench 

 
In static system the sample volume is separated 
from the dosing volume by a valve. After the 
dosing volume is filled the valve is opened 
exposing the sample to the gas. After an initial 
transient while the gas expands into the sample 
volume with an associated pressure decrease, the 
gas pressure will decrease further as the getter 
pumps on the sample volume. The test system is 
considered static because the volumes are not 

“pumped” by any means except for the getter. 
This set up does not permit a stable pressure to 
be maintained in the sample volume, so the 
throughput will depend also on sorption 
pressure. Depending on the capacity of the getter 
under test frequent refilling of the dosing 
volume may be required as well, should the 
getter exhaust it. 
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Figure 2: schematic of the static-dynamic sorption test bench 

 
In the case of the static-dynamic technique, 
shown in picture 2, the sample volume (SV) and 
the dosing volume (DV) are separated by a loop 
controlled leak valve (V1) which maintains a 
constant pressure in the sample volume, by 
means of the gauge SG. The sorption gas comes 
through the leak valve from the dosing volume, 
previously filled at a pressure higher than the 
test pressure and isolated from pumping and 
from the gas cylinder. As in the static technique, 
the pressure, recorded by the gauge DG, will 
start to decrease, but only in the dosing volume 
and because of the pumping action of the getter 
only. This permits the sorption throughput and 
capacity to be determined at a constant sorption 
pressure, eliminating any changes in kinetics due 
to changing pressure in the sample volume. 
 
Sorption capacity and sorption throughput are 
calculated as follows. F (sorption flow) will be: 
 

dt
tdPVtF d
)()( =  

where P(t) is the pressure recorded in the dosing 
volume and Vd the volume of the dosing 
chamber.  The sorption capacity of the sample at 
time t is obtained by integrating the sorption 
throughput F(t) in time: 

∫=
t

dFtQ
0

)()( ττ  

The throughput is usually plotted as a function 
of Q (not of time), in order to easily highlight 
the performance characteristics of the getter, in 
particular when reaches its saturation point.  
 
In order to investigate the ability of Rel-Hytm to 
sorb hydrogen in air, the static sorption test 
bench was modified as described in picture 3. 
The sorption capacity and sorption throughput 
are calculated in the same way as in the static-
dynamic set up, but using the pressure drop in 
respect to the initial pressure of the whole 
volume, because in this case the volumes SV, 
HV and AV are all directly connected.  
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Figure 3: modified static sorption bench for testing Rel-Hytm 
 
 
We tested three types of samples in the static-
dynamic condition: standard Rel-Hytm, improved 
Rel-Hytm and High Capacity Rel-Hytm. The test 
gas used for sorption test was research grade 
hydrogen (> 99.99%). The sample absorbed pure 
hydrogen at a constant pressure of 10 torr at 
room temperature. Further tests were done at 1 
torr for High Capacity Rel-Hytm and at 0.1 torr 
with standard Rel-Hytm. The samples tested have 
a surface of 15 cm2, and were cut from bigger 
samples. As Rel-Hytm does not need activation, 
they were place directly into the test bench at 
room temperature. In addition, due to operation 
at relatively high operation pressures (trace 
outgassing being inconsequential in comparison 
to the amount of hydrogen to be sorbed) , only a 
30 minute rough pumping was necessary in 
order to remove any water vapor that could 
affect the pressure readings. 
 
The static condition testing was carried out on 
High Capacity Rel-Hytm. The dosing gas used on 

these samples was a mixture of H2 and an 
atmospheric mixture (71% N2 + 29% O2). The 
system operating pressure was 1 atm with an 
initial [H2] of 2.1% by volume. The total volume 
of the system was 1.4 liter. The sample size was 
6.9 cm2.  
 
As in the static-dynamic method, the sample 
volume was pumped for 30 minutes in order to 
pump away water vapor. The test gas mixture 
was produced introducing appropriate pressures 
of the atmospheric mixture into the air dosing 
volume (picture 3, AV) and hydrogen into the 
H2 dosing volume (picture 3, HV). The test 
started when the two volumes were opened 
towards the sample volume. The pressure 
recorded in the sample volume (SV) was 
normalized for temperature according to the 
temperature changes recorded in the air dosing 
volume (AV). 
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Figure 4: results of sorption tests on three types of Rel-Hytm 

 
 
3.1.1 RESULTS 
The results of the sorption test in static-dynamic 
conditions (constant pressure) for the three types 
of getter are shown in picture 4. The test on 
standard Rel-Hytm was done at a H2 pressure of 1 
torr. After the sorption of 254 cc-torr/cm2, the 
sample appears to be saturated. The sorption 
capacity of this kind of getter is limited 
considering the final application.  
 
We next developed an enhanced version of Rel-
Hytm which we call the “Improved Rel-Hytm”. 
This getter was tested at 10 torr.  Since it 
contains a larger amount of active material it 
demonstrated improved performance and 
saturated after sorbing 1175 cc-torr/cm2, 
showing a 4.6x improvement in capacity. 
The Improved Rel-Hytm might be insufficient to 
cope with the gas load, therefore we decided to 

further expand the Rel-Hytm technology base to 
develop a high capacity version.  
 
The High capacity Rel-Hytm (HCRH) was tested 
in the static-dynamic bench at a pressure of 1 
torr in the early stages. The H2 pressure was 
increased to 10 torr after the sorption of 4000 cc-
torr/cm2 in order to shorten the duration of the 
sorption test. The sorption capacity shows a 
slow decrease until 4x103 cctorr/cm2. After the 
sorption pressure was raised from 1 to 10 torr 
the throughput increased for a period of time 
before again dropping back down to speeds 
similar to those seen at 1 torr.   The sorption test 
was stopped after the sample sorbed 15x103 cc-
torr/cm2 of H2, a quantity more than adequate to 
meet any possible target. 
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Figure 5: HCRH sorption performances for hydrogen in air 

 
Additional tests were performed to verify that 
HCRH is compatible with conditions  similar to 
the actual atmosphere in the ammunition boxes. 
A static sorption test was carried out on HCRH 
samples exposing them to a mixture of H2, N2 
and O2. The results of the test are shown in 
picture 5.  
 
The sample performed as expected, due to its 
very large sorption capacity. The getter 
decreased the total H2 concentration by nearly 
75% before the test was ended after one week. 
Together with that noticeable sorption capacity, 
it should be remarked the sample was still 
pumping at an appreciable speed. The used 
capacity was only a small part of the total for the 
sample (2160 cc-torr/cm2). The slight flattening 
of the curve is due to the fact that the H2 
pressure is lower so less gas is present to be 
gettered. This test confirmed the ability of the 
HCRH to sorb H2 in a gas mixture that 
approximates that in the real application. 
 
 
 

3.2 CHARACTERIZATION AT QINETIQ 
QinetiQ checked Rel-Hytm performance in real 
conditions by inserting getter foils of different 
areas (indicated as small, medium and big sizes) 
inside ammunition boxes containing Mg flares. 
  
The tests, which began in January 2005, were 
performed by periodically checking the H2 level 
by means of a sniffing test. The measurements 
were taken using two hydrogen “sniffer” 
analysers, one with an upper detection limit of 
2000 ppm and a second analyser with a wider 
range (to > 4%) but with less resolution. The 
goal was to evaluate the possibility to maintain 
the hydrogen level below 2000 ppm. Over the 
course of the year the containers were opened at 
3 month intervals to assess the hydrogen 
background levels (QinetiQ) and analyse the 
hydrogen levels within the Rel-Hytm getters 
(SAES). 
 
The first measurement was carried out prior to 
inserting the getter in order to check the 
hydrogen concentration without the presence of 
any getter. Nearly all the boxes showed a H2 
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content above 2000 ppm. After the getter 
insertion and three months of shelf life, a group 
of boxes was opened to measurement showing 
any change in the H2 concentration due to the 
presence of the getter. All but one box showed a 
remarkable reduction the H2 concentration. In 
particular, one box showed approximately 1200 
ppm, 7 boxes were below 650 ppm and 3 boxes 
were below 150 ppm. These results were 
considered very satisfactory by QinetiQ and 
were re-confirmed by the further openings 
carried out every three months thereafter. 
 
After each check of the H2 concentration inside 
the boxes, samples of the getters were sent to 
SAES for chemical analysis of the H2 content 
inside the material. The aim of the tests was to 
determine if the reduction of the H2 level inside 
the test boxes corresponded to an effective 
pumping action by the Rel-Hytm getter foils. The 
hydrogen content of each sample was 
determined using a LECO RH-402 automatic 
analyzer.  
 

The typical size of the samples was about 4 cm2. 
Each sample was heated to the melting point 
inside a graphite crucible under nitrogen flow to 
release the sorbed H2. The resulting mixture of 
nitrogen and hydrogen, together with any other 
gaseous species released, was passed through a 
series of filters: a Schutze reactor, to convert CO 
into CO2; a carbon dioxide adsorber, to remove 
CO2 and a desiccant filter to remove moisture. 
Next the remaining purified flow was introduced 
into a thermal conductivity cell where the 
amount of hydrogen was precisely determined. 
In order to remove the background contribution 
coming from the hydrogen dissolved in the 
substrate material, the hydrogen content of the 
aluminum foil was measured using the same 
technique and then subtracted to obtain the net 
results. This type of test is fast, only lasting a 
few minutes in total, and precise, with a 
sensitivity of 0.001 ppm. 
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Figure 6: Results of the chemical analyses on Rel-Hytm foils extracted from QinetiQ boxes after 

respectively 3 months and 6 months. 
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Figure 7: Results of the chemical analyses on Rel-Hytm foils extracted from QinetiQ boxes after 

respectively 9 months and 12 months. 
 
 
3.2.1 ANALYTICAL RESULTS 
Looking at the above figures, the following 
comments can be drawn: 

1. A huge amount of hydrogen was sorbed 
by the Rel-Hytm foils (typically more 
than 100 cctorr/mg). 

2. Per QinetiQ’s data, a noticeable 
fluctuation of the H2 content was 
observed, demonstrating non-
reproducible gas generation inside the 
boxes. 

3. The getter appears able to normalize the 
hydrogen level inside the boxes well 
below the safety limit. 

4. The analyses confirmed the ability of 
the getter material to sorb large amounts 
of hydrogen, demonstrating its 
suitability for this kind of application 

4. CONCLUSIONS 
A reliable, robust and smart getter solution has 
been developed to solve hydrogen outgassing 
problems in ammunition boxes. This solution, 
based on Rel-Hytm getter technology, selectively 
sorbs hydrogen, does not require any start-up 
treatment and meets the capacity requirements 
set by the customer. 
 
Tests in real world conditions were performed 
by QinetiQ, confirming the ability of Rel-Hytm 
to maintain the hydrogen partial pressure well 
below the explosivity limit. Chemical analysis 
on samples from these tests confirmed that Rel-
Hytm was able to sorb huge quantities of 
hydrogen and meet the mission requirements. 
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Containers 

R P Claridge1, A Parker1, A Hayden2, R C Kullberg3, M Borghi4, C Boffito4, 
S Stewart5, G Lidyard5 

 

1 QinetiQ Ltd, Fort Halstead, Sevenoaks, Kent, TN14 7BP, UK 
2 SAES Getters (GB) Ltd, Heritage House, Vicar Lane, Daventry, NN11 4GD, UK 

3 SAES Getters S.p.A., Viale Italia, 77, 20020 Lainate (MI) Italy 
4 SAES Getters USA, Inc., 112 E. Cheyenne Mountain Blvd., Colorado Springs, CO 80906, 

USA 
5 Defence Logistics Organisation, Defence General Munitions – Integrated Project Team, 

Ensleigh, Bath, BA1 5AB, UK 

ABSTRACT 

A number of in-service munitions containing magnesium have been reported to 
experience hydrogen out-gassing. Hydrogen is a flammable gas with a lower explosive limit of 
4% by volume in air. Consequently, out-gassing munitions have the potential to raise a 
significant health and safety concern. The current mitigation technique involves regular venting 
of munition containers. However, this is an expensive, time consuming and potentially 
hazardous process. 

A nine month assessment of hydrogen specific getter materials that could reduce 
hydrogen concentration levels within munition boxes below the lower explosive limit was 
performed. Getter material which functions in ambient conditions without thermal activation was 
provided by SAES Getters for assessment. The getter material successfully reduced the 
hydrogen concentrations within ammunition boxes to well below the lower explosive limit. 

Keywords: Hydrogen, Magnesium, Pyrotechnics, Munitions 

Introduction 

Magnesium is widely utilised fuel in military and commercial pyrotechnics, and is used in 
applications ranging from battle noise simulators to infrared countermeasure flares. During 
storage a number of in-service magnesium containing munitions have been reported to exhibit 
hydrogen out-gassing. Hydrogen is flammable gas with a lower explosive limit (LEL) of 4% 
(40,000 ppm) by volume in air. Consequently out-gassing munitions raise a significant health 
and safety concern. Out-gassing munitions in sealed ammunition container assemblies (ACAs) 
can also produce a significant pressure build-up within the container, which, upon opening, 
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could result in the ejection of the ACAs lid. Injuries to personnel have been sustained in this 
manner. 

Out-gassing is due to the reaction between magnesium and water to form magnesium 
hydroxide and hydrogen gas (Equation 1). 

Mg (s) + 2H2O (l) → Mg(OH)2 (s) + H2 (g)  Equation 1 

Potential sources of moisture include that occluded from the manufacturing process, 
atmospheric moisture or moisture in the packing materials.  

To reduce the build-up of hydrogen within the ACAs and corresponding risk to military 
and service personnel the current mitigation technique involves the venting of munition 
containers once upon receipt, once annually and again on dispatch. However, this is an 
expensive, time consuming and potentially hazardous process. Additionally owing to the large 
number of magnesium containing munitions held within the UK stockpile not all the ACAs could 
be processed annually. 

To remove the necessity for a venting policy and remove the hazard associated with it, a 
hydrogen scavenger was sought that would absorb the hydrogen within the ACAs as it was 
formed. The getter had to meet several requirements: - 

i) No pre-treatment or thermal activation process 

ii) Must be hydrogen selective 

iii) Stable in ambient conditions 

iv) Suitable geometry for inclusion into the ACAs 

SAES Getters SPA provided samples of getter materials for assessment in ACAs for 
period of up to twelve months. Every three months a selection of ACAs would be opened and 
the concentration of hydrogen with the ACAs determined. 

Experimental 

The hydrogen concentrations in the ACAs were measured using Drager Hydrogen 
monitors. The Drager Pac III was used to measure hydrogen concentrations between 0-2000 
ppm and the Drager Ex for measurements up to the LEL. Fifty ACAs that contained munitions 
that were out-gassing (hydrogen concentrations in the ACA >2000 ppm) were selected from 
Defence Munition storage in the UK. The ACAs were vented in October 2004 prior to 
transportation to QinetiQ Fort Halstead. 

In January 2005 the ACAs were opened, the hydrogen levels were measured and they 
were vented. A sample of the getter material was placed between the outer and inner packaging 
of the munitions before resealing. The ACAs were stored in temperature controlled magazines 
with the ambient temperature being 20 ± 5 ºC, as the ACAs were essentially hermetically sealed 
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the humidity within the magazines was not recorded. At three-month intervals a quarter of the 
ACAs were opened and the hydrogen concentration determined using the Drager monitors. 

Results and Discussion 

The hydrogen concentrations within the ACAs prior to insertion of the getter material are 
given in Table 1. These levels corresponded to the amount produced in the three month period 
from October 2004 to January 2005. They show that the amount of hydrogen produced by the 
munitions was not uniform. Twenty-three ACAs had concentrations greater than 2000 ppm and 
two had no detectable hydrogen present. 

Table 1 Hydrogen concentration within the ACAs in January 2005. 

Hydrogen Concentration 
January 05               

(ppm) 
Number of boxes 

0 2 
1-250 8 

500-600 8 
900-1100 6 

1400-1600 2 
>2000 23 

The ACAs were vented prior to the commencement of the trial, thirty nine ACAs had a 
sample of the getter placed into them and the remaining ten ACAs were used as control 
samples. Nine ACAs containing getter material and four control ACAs were opened in both April 
and July 2005. The hydrogen levels measured are tabulated in Table 2 and illustrated in 
Figure 1. 

In April the hydrogen concentrations recorded in eight ACAs containing the getter 
material were significantly reduced from those recorded in January, however, number 18 still 
had a hydrogen concentration greater than 2000 ppm. 

The hydrogen concentrations within the same eight ACAs opened in July were lower 
than those recorded in January, however the concentrations had increased in seven of the 
ACAs when compared to the April results (Figure 1). Once again, number 18 had a hydrogen 
concentration greater than 2000 ppm. The increase in the hydrogen concentration was 
attributed to the fact that the getter material was reaching its capacity. Analysis of the material 
confirmed that this was the case, it also allowed the amount of hydrogen being evolved by the 
munitions in this box over a six month period to be established. 

Four control boxes were also opened on both dates; three had hydrogen concentrations 
greater than 2000 ppm on both occasions, and for the fourth, 0 and 20 ppm of hydrogen were 
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detected in April and July respectively. Two of the control ACAs opened July that had been 
vented in April had reached the LEL of 40000 ppm (4% volume in air). 

Table 2 Results from the boxes opened in both April and July 2005 

Hydrogen Concentration (ppm) 
ACA No. 

Jan Apr Jul 

2 >2000 650 435 

3 >2000 595 1290 

4 >2000 630 810 

16 >2000 110 185 

17 >2000 1240 1540 

18 >2000 >2000 >2000 

35 >2000 145 930 

37 >2000 125 780 

39 >2000 335 1080 

Control 1 >2000 >2000 >2000 

Control 2 >2000 >2000 >2000 

Control 3 30 0 20 

Control 4 >2000 >2000 >2000 

 

The hydrogen concentrations within a further thirteen ACAs opened in July 2005 are 
recorded in Table 3 and illustrated in Figure 2. Nine ACAs had a lower hydrogen concentration 
inside than their corresponding opening in January; the maximum concentration recorded was 
870 ppm. Only number 32 with a value of 50 ppm had a higher concentration than the value 
measured in January. Two of the control boxes opened in July had hydrogen concentrations 
greater than 2000 ppm.  
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Table 3 Results from the boxes opened in July 2005 

Hydrogen Concentration    
(ppm) ACA No. 

Jan Jul 

8 1000 285 

9 1500 730 

10 >2000 870 

11 500 260 

19 >2000 450 

20 >2000 135 

30 1000 385 

31 1500 20 

32 0 50 

34 500 15 

Control 5 >2000 >2000 

Control 6 480 125 

Control 7 >2000 >2000 

 

Since the getter material had reached maximum capacity it was removed from the 
remaining boxes and they were removed from the trial. A new sample of getter material was 
placed in the three ACAs, 16, 17 and 18, that had reached capacity and these were stored for 
another three months along with four other boxes which had been opened in April and July. 
Hydrogen concentrations for these boxes were measured in October the results are recorded in 
Table 4. In all but one ACA the hydrogen concentration had fallen from the level recorded in 
July. ACAs 17 and 18 both showed significant reductions in the hydrogen concentration as a 
result of adding new getter material. 
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Table 4 Results from ACAs opened in October 2005 

ACA No. 
Hydrogen 

Concentration     
(ppm) 

2 680 

16* 150 

17* 440 

18* 150 

35 425 

37 470 

39 745 

         * New getter material inserted in July 2005 

Conclusions 

The SAES getter materials significantly reduced the hydrogen concentrations within the 
ACAs and all of the ACAs were well below the LEL. 

Analysis of the getter material has allowed the amount of hydrogen evolved by the 
munitions to be quantified. 

The rate of out-gassing observed was variable between ACAs. Not all of the munitions 
within individual ACAs were out-gassing and individual out-gassing munitions could be identified 
using the Drager Pac III monitor. 
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Figure 1: Hydrogen concentration in ACAs opened in Jan, April and July. 
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Figure 2: Hydrogen concentration within ACAs opened only in Jan and July. 
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Shock Sensitivity Testing of Novel IM Explosives 
 

A Parker 1, R P Claridge 1, W G Proud 2 
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Abstract 
Several novel secondary explosives have been identified for use in a laser-driven flyer initiation 
system. The materials identified possess good thermal stability and insensitiveness 
characteristics, making them candidates for inclusion in a number of potential insensitive 
munitions (IM) compliant applications. 

2,6-diamino-3,5-dinitro pyrazine (ANPZ) and 2,6-diamino-3,5-dinitro pyrazine-1-oxide (PZO) 
were synthesised at QinetiQ Fort Halstead. The Explosive Component Water Gap Test was 
then used to determine the hydrodynamic shock required to initiate and propagate a detonation 
in each material. The “go/no-go” threshold length of water attenuation was determined using the 
Bruceton Staircase model before experimental and computational techniques were used to 
convert this length into initiation pressure. 

Other novel explosives will be subjected to the ECWGT and the results compared to those of 
conventional materials. The leading candidates will be then impacted by laser-driven flyer plates 
and their response compared to that of a standard explosive, hexanitrostilbene type IV. 

Keywords: Laser-driven flyers, initiation, explosives, water gap test 
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ABSTRACT 
 

In order to obtain a better understanding of combustion and detonation properties of ammonium 
nitrate (AN) and activated carbon (AC) mixtures, friction test, thermal analysis, 200 mL closed vessel 
combustion test and steel tube test were carried out and the influence of the mixing ratio on the 
combustion and detonation properties of various compositions of AN/AC mixtures was investigated. 

As a result of BAM friction sensitivity test all mixture showed negative results.  From DSC test 
results each AN mixed with more than 4 wt.% of AC mixtures showed violent exotherm after the 
melting of AN and some of the mixtures exploded in a SUS crucible.  The largest heat of reaction was 
observed at higher concentration than the stoichiometric composition.  The powdered AN and the 
phase stabilized AN (PSAN) mixed with AC showed a fast reaction and a high pressure due to the large 
amount of gas release in the 200mL closed vessel test and the maximum pressure and the maximum rate 
of pressure rise showed at higher concentration than the stoichiometric composition.   

From the detonation velocity measurement of steel tube test powdered AN showed higher 
sensitivity against donor shock and higher detonation velocity than prilled AN when mixed with AC.  
And the highest detonation velocity was observed at higher concentration than the stoichiometric 
composition. 
 
Keywords: Ammonium nitrate, Activated carbon, Sensitivity, combustion, Non-ideal detonation 
 
 
1. Introduction 

Ammonium nitrate (AN) has been widely 
used as industrial explosives or energetic 
compositions such as ANFO, emulsion 
explosives or amatol(AN/TNT) etc.1).  AN has 
many advantage, for example, it is inexpensive, it 

releases approximately 100% gas products when 
it reacts and it has positive oxygen balance as 
+20.0g and so on.  Due to its lower 
environmental impact AN is expected to be a 
superior oxidizer as halogen-free rocket 
propellant or gas generant for air bag of the next 
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generation.  While AN has several 
disadvantages such as low combustion 
performance, high hygroscopicity, phase 
transitions at temperature below 100 oC.  To 
solve these problems and improve the 
combustion and explosion characteristics of AN, 
several methods has been attempted, which 
includes the mixing with suitable energetic 
materials such as GAP 2) or combustibles such as 
activated carbon (AC) 3,4).   

On the other hand, after the accidental 
explosion in Toulouse in 2001, the demand of the 
detonation characteristics of ammonium nitrate 
has been increasing.  It is the purpose of this 
investigation to obtain a better understanding of 
combustion and detonation properties of AN and 
AC mixtures, friction sensitivity test, thermal 
analysis, 200 mL closed vessel test and steel tube 
test were carried out for various composition of 
different AN and AC mixtures.  Based on the 
experimentally obtained results influence of the 
composition and the kind of AN on the 
combustion and detonation properties were 
discussed.   

 
2. Materials 

Materials used in this study were 
commercially available powdered, prilled and 
phase stabilized AN for explosive grade, and 
steam treated activated carbon which was reagent 
grade from Wako Chemical Co. Ltd, . Tables 1 
and 2 show the physical properties of each AN 
and AC.  Teat samples were prepared by mixing 
AN and AC to obtain desired compositions.  
Stoichiometric composition of AN/AC mixture is 
7.0/93.0 in wt.% shown in eq. (1). 

22234 2
122 COOHNCNONH ++→+

  
 (1) 

PSAN consists of 90 wt.% of AN and 10 
wt.% of potassium nitrate (KNO3) with some 
additives to prevent phase transitions below 100 
oC.  The stoichiometric composition of 
PSAN/AC mixture is calculated from eq.(2) and 
that is 7.6/92.4 in wt%. 

2223 52252 CONOKCKNO ++→+

 (2) 
Table 1  Physical properties of AN used in this study 

Type of AN Density [kg/m3] Ave. particle dia. [mm] Purity [%] Moisture content [%] 

Powdered 930 0.14 > 99 0.10 

Prilled 730 1.15 > 99 0.094 

Phase stabilized 900 0.13 90 0.11 

 
Table 2  Physical properties of AC used in this study 

Particle size distribution [%] 
Density 

[kg/m3] 

Spec.surface 

area [m2/g] 

Ave. dia. 

of pore 

[μm] 
< 325 mesh 200-325 145-200 100-145 > 100 

750 1433 3.41 60 17 10 8 5 
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3.  Friction sensitivity test 
3.1 Experimental method 

Since the friction provides accidental energy 
to energetic materials, it is important to examine 
sensitivity to friction when handling energetic 
materials safely. BAM friction sensitivity tester 
specified in the Japan Industrial Standard JIS 
4810 K and also in the Japan Explosives Society 
Standard ES-22 5) was used to examine the 
friction sensitivity of each composition. Based on 
the assessment procedure the test result is 
classified into seven classes according to the 
minimum load for positive result.  
3.2 Results and discussion 

Samples were stoichiometric powdered 
AN/AC, prilled AN/AC, PSAN/AC and also 
ANFO explosive as a reference.  ANFO was 
made of prilled AN mixed with No.2 diesel fuel 
oil as 94/6 wt.%.  All sample showed no ignition 
against the maximum load of the tester, i.e.36 
kgf/cm2, and they were classified as the class 7.  
It was found from the test results that each 
sample can be handled safely against mechanical 

friction. 
 
4.  Thermal analysis 
4.1 Experimental method 

The sealed cell differential scanning 
calorimetry (SC-DSC) was carried out using a 
Mettler Toledo HP DSC 827e.  0.5 mg of sample 
was put in a SUS 304 stainless steel crucible and 
the sample was heated from room temperature up 
to 350 oC at a heating rate of 5 K min-1 under 0.1 
MPa air atmosphere.  Prilled AN was carefully 
grinded by hand and mixed with AC to desired 
composition, then put in the crucible.   
4.2 Results and discussion 

Figure 1 shows the results of the SC-DSC 
profiles of powdered AN, prilled AN and PSAN. 
All profiles show several endothermic peaks 
below the melting point of AN which is 169 oC.  
After several phase transitions AN decomposed 
exothermally at about 265 oC. 
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Fig.1 SC-DSC results of three types of AN 
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Figure2 shows SC-DSC profiles of 

powdered AN mixed with AC as the weight ratio 
of 4, 7, 10%.  An intense exotherm was 
observed just after the melting of AN.  And the 
AN with 10 wt.% AC mixture showed a violent 
exothermic peak than that of stoichiometric 
composition of 7 wt.%.  It is found that the 
reaction between AN/AC mixture drastically 
changes when AN fuses.  Thermal behavior of 
all kinds of AN/AC compositions are similar to 

those of powdered AN shown in Fig.2 and 
experimentally determined DSC results are 
summarized in Table 3.  Table 3 shows the 
influence of the mixing ratio of AC on the onset 
temperature and the heat of reaction of each 
mixture.  The onset temperature of each mixture 
lowers with the increase of the mixing ratio of 
AC and it becomes closer to the melting 
temperature of 169 oC.   
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Fig.2 SC-DSC of several mixing ratio powdered 
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Table 3  SC-DSC results of AN/AC mixtures 

AN AC mixing ratioOnset temperature(℃) Heat of reaction(kJg-1)
4% 195 0.82
7% 173 2.5
10% 184 3.4
15% 192 3.4
18% 185 3.6
20% 174 3.5
25% 186 3.2
30% 176 3.0
4% 210 0.55

Prill 7% 204 2.0
10% 198 2.6
4% 185 0.82

PSAN 7% 177 2.6
10% 174 3.7

Powder

 
 

Figure 3 shows the influence of the mixing 
ratio of AC on the heat of reaction with the 
thermochemical calculation with REITP-36).  
The heat of reaction increases with the increase of 
the mixing ratio of AC and the maximum value of 
3.6 kJ g-1 was obtained at 18 wt.% for powdered 
AN.  Thermochemical calculation shows that 
the maximum heat of reaction of AN/AC mixture 
is given at stoichiometric composition mentioned 
in eq.(1) as 3.7kJg-1.  This calculated value 
shows a good agreement with those of 
AN/AC=82/18 for powdered AN and 
PSAN/AC=90/10.  The experimentally 

determined value of stoichiometric composition 
of powdered AN and prilled AN with AC are 2.5 
kJ g-1, 2.0 kJ g-1 respectively.  Since chemical 
characteristics of powdered AN and prilled AN 
are considered to be the same the difference of 
DSC results between powdered AN and prilled 
AN is derived from physical characteristics 
between them such as the particle diameter and 
its distribution and the surface condition.  As 
another possibilities such as the un-uniformity of 
mixing of each composition or the incomplete 
reactions of eqs. (1) or (2) are considered, larger 
test is preferable for the further discussion. 
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Fig.3  Influence of mixing ratio of AC on the heat of reaction of powdered AN 

 
5.  200mL Pressure Vessel Test   
5.1 Experimental method 

The combustion characteristics of AN/AC 
mixtures under heating was examined by a 
200mL closed vessel test.  1.00g of test sample 
was loaded in an aluminium open cell and the cell 
was placed at the bottom of the SUS 304 stainless 
steel pressure vessel with the inner volume of 200 
mL.  The pressure vessel was set in an electric 
furnace which was pre-heated at 700 oC.  From 
the preliminary test a heating rate of the sample 
was controlled to be 30 – 40 K min-1 between 100 
oC and 400 oC.  Pressure-time history was 
measured by a strain gauge type pressure 
transducer (Kyowa PE-100KF) and the signal 
was lead to the digital oscciloscope (Sony 
Tektronics) through a signal conditioner (Kyowa 

TCD-100) and to PC.  Combustion 
characteristics of AN/AC mixture was evaluated 
by the maximum pressure; Pmax and the maximum 
rate of pressure rise; (dP/dt)max 7).  In this test 
powdered AN was mixed with AC of 4 wt.% to 
30 wt.% as the same composition as the DSC test, 
and prilled AN and PSAN was mixed with AC as 
4 wt.% to 10 wt.%. 
5.2 Results and discussion 

Each AN without AC didn’t show any 
pressure rise.  Figure 4 shows the typical 
pressure-time histories of powdered AN/AC 
mixtures.  Although powdered AN mixed with 4 
wt.% of AC didn’t show the pressure rise those 
with more than 7 wt.% of AC showed steep 
pressure rise due to the combustion gas products. 
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Fig.4  Pressure profiles of powdered AN/AC measured by pressure 

 
Then the mixing ratio of powdery AN and AC 
mixture was changed that AC content were 15%, 
18%, 20%, 25% and 30%, just like SC-DSC. The 
maximum pressure and pressure rise rate are 
plotted against AC content to Fig.5.  It was 
found that AC content has a strong influence on 
the maximum pressure and the maximum rate of 

pressure rise for all samples and the maximum 
pressure and the maximum rate of pressure rise 
were obtained at higher AC content than the 
stoichiometric compositions.  The results 
showed a good agreement with the results of 
DSC. 
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Fig.5  Maximum pressure and maximum rate of pressure rise of AN/AC 

6. Detonation velocity in steel tube  
6.1 Experimental method 
The shock/detonation velocity measurement of 
AN/AC mixtures were carried out in steel tubes 

with the inner and outer diameter were 35.5 mm 
and 42.7 mm respectively and the wall thickness 
was 3.6 mm.  The total length of the tube was 
350 mm and the bottom of the tube was glued 
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with the steel plate with the thickness of 2 mm.  
50 g of composition C-4 was used for the donor 
charge and was initiated with the No.6 electric 
detonator.  The shock/detonation velocity was 
measured with at least four ionization probes 
which were mounted at 30 mm each and the 
shock/detonation velocity was calculated by the 
distance of the probes and the arrival time 
difference of the shock wave.  As the accuracy 
of the detonation velocity measurement is 
considered to be within 3 %, the experimentally 
observed detonation velocity was determined 
with 0.05 km/s increment.  Composition of 
samples were prepared as AN/AC= 100/0, 99/1, 

93/7, 90/10 and 20/80 in wt.% and the detonation 
velocities were compared with the theoretically 
predicted values which was calculated by the 
CHEETAH code 8).   
 
6.2 Results and discussion 
Tables 4 and 5 show the results of detonation 
velocity measurement.  Observed detonation 
velocities were summarized with the calculated 
detonation velocity and also with the ratio of 
them.  All detonation velocity was far below the 
theoretically predicted values and it was so-called 
a non-ideal detonation11, 9-11).  

 
Table 4  Influence of the composition on the detonation velocity of powdered AN/AC mixtures. 

Composition Density [kg/m3] VODobs [km/s] VODcal [km/s] VODobs/VODcal [-] 

100/0 1000 failure 4.17 - 

99/1 965 2.05 4.24 0.48 

93/7 920 3.30 4.83 0.68 

90/10 895 3.30 4.74 0.70 

80/20 745 2.60 3.90 0.67 

 
Table 5  Influence of the composition on the detonation velocity of prilled AN/AC mixtures. 

Composition Density [kg/m3] VODobs [km/s] VODcal [km/s] VODobs/VODcal [-] 

100/0 835 failure 3.68 - 

99/1 840 failure 3.86 - 

93/7 865 3.10 4.64 0.67 

90/10 816 2.85 4.47 0.64 

80/20 725 failure 3.84 - 

 
Powdered AN showed higher sensitivity and 
higher detonation velocity than prilled AN when 
mixed with AC.  For both type of AN, the 
highest ratio were obtained at higher composition 
than the stoichiometric composition, 

AN/AC=93/7.  It is considered that the 
difference of sensitivity and detonation velocity is 
mainly due to the reactivity at the interface of 
combustible and oxidizer. 
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5. Conclusions 
 

Combustion and detonation properties of 
AN/AC mixtures were experimentally 
investigated with friction sensitivity test, sealed 
cell DSC, 200 mL closed vessel test and steel 
tube test, and following conclusions can be 
drawn; 
[1]From the BAM friction sensitivity test all 

AN/AC compositions showed negative results 
against the highest load of the equipment, and 
AN/AC compositions can be safely handled 
against the mechanical friction. 

[2]From SC-DSC results AN/AC compositions 
showed exothermic peaks just after the melting 
point of AN and experimentally determined 
heat of reaction was lower than 
thermochemical calculated values.  The 
lowest onset temperature and the largest heat of 
reaction was obtained at higher AC content 
than the stoichiometric composition. 

[3]From the 200 mL closed vessel test the 
maximum pressure and the maximum rate of 
pressure rise of each AN/AC composition was 
measured at higher AC content than the 
stoichiometric composition. 

[4] Powdered AN showed higher sensitivity and 
higher detonation velocity than prilled AN 
when mixed with AC, and the highest 
detonation velocity was obtained at higher 
composition than the stoichiometric 
composition. 

[5] Observed detonation velocities were far below 
the theoretically predicted values, and 
non-ideal detonation behaviour was confirmed. 
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ABSTRACT 
 

Most colored flare compositions contain perchlorate oxidizers.  Residual perchlorates from these 
devices may be absorbed into groundwater and require remediation.  Therefore, we have been attempting, 
under funding from the Strategic Environmental Research and Development Program (SERDP), to mix 
and test perchlorate-free red and green signal flare formulations.  Numerous safety-related questions were 
posed by the local safety review committee, and have been successfully answered for the red composi-
tions.  These involved compatibilities of ingredients, moisture absorption rate of the hygroscopic calcium 
nitrate oxidizer, binder pre-coating options to mitigate the dangerously high electrostatic ignition sensitiv-
ity of the uncoated Al0.5Mg0.5 mechanical alloy, and an accelerated aging/storage stability study.  The 
committee has recently granted their approval for scale-up of the red compositions.  Two improved green 
compositions also have been developed.  The performance tests of these two new scale-up candidates in-
dicated that their performance was acceptable.  Thermal analysis and ignition sensitivity testing have also 
been performed on these two new green candidates and an accelerated aging/storage stability test is in 
progress. 
 
 
BACKGROUND 

 
Most colored signal flare compositions 

contain perchlorate oxidizers. Residual perchlo-
rates from these devices may be absorbed into 
groundwater and require remediation.  Ground 
water contamination by perchlorates from rocket 
propellants, pyrotechnics and other sources has 
been found to be a serious problem in the West-
ern United States and elsewhere.  At least two 
military training ranges have already been 
forced to close due to perchlorate contamination, 
and others are in danger of suffering a similar 
fate.1  Accordingly, many states are taking a pro-
active approach to convince the EPA to set the 
maximum perchlorate level in drinking water as 
low as possible to ensure adequate protection of 
fetuses and the newborn.2  Therefore, we have 
been attempting, under funding from the Strate-
gic Environmental Research and Development 
Program (SERDP), to mix and test non-

perchlorate-containing red and green signal flare 
formulations. 

These compositions are based on vari-
ous nitrates as replacements for perchlorates.  
Since nitrate oxidizers are less reactive than per-
chlorate oxidizers we reasoned that high-energy 
fuels would be required to make up for this en-
ergy shortfall.3  We have teamed with an aca-
demic partner, Professor Edward Dreizin's re-
search group at the New Jersey Institute of 
Technology, who has provided us samples of 
high-energy mechanical alloys.4,5  Al0.5Mg0.5 
mechanical alloy fuel has been included in some 
of the laboratory scale flare compositions. 

Figure 1 shows the particle size distribu-
tion of five types of Al-Mg mechanical alloys 
produced at NJIT in the high-energy planetary 
mill type mixer, also shown in the figure.  Of 
these, the Al0.5Mg0.5 was added to some of the 
green and red signal flare formulations in com-
bination with the presently used magnesium 
fuel.  Figure 2 shows Scanning 

1 Distribution Statement A: Approved for public release; 
Distribution is unlimited. 
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Figure 1. The New NJIT Planetary Mixer Mill and Al-Mg Mechanical Alloy Size Distribution 

Figure 2.  NJIT Scanning Electron Micrographs of Aluminum-Magnesium Mechanical Alloys 
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Electron Microscopy (SEM) photographs of two 
types of Al-Mg mechanical alloys. 
 
RED SIGNAL FLARES 
 
As discussed in our paper at the 31st Interna-
tional Pyrotechnics Seminar in 2004,6 three per-
chlorate-free red compositions were chosen for 
scale-up to the 24-gram red flare candle in the 
Mk 124 Mod 0 Marine Smoke and Illumination 
Signal (MSIS).  They were the RSF-2A, RSF-
2B, and RSF-2C compositions, and their ingre-
dient weight percentages are shown in Table 1, 
together with the in-service Mk 66 perchlorate-
containing composition tested for comparison 
purposes.  The results of the performance tests 
of these four red compositions indicate that the 
perchlorate-free compositions performed as well 
as the in-service perchlorate-containing compo-
sition.  Our goal is to introduce them into the 
Service inventories thereby eliminating the con-
tinued use of the environmentally objectionable 
potassium perchlorate ingredient. 

Crane's Materials Processes and Equip-
ment Review Committee (MPERC) first consid-
ered our request for scale-up of the red flare 
compositions in September 2004.  They required 
that a number of additional safety-related tests 
be performed on these compositions and on 
some of their constituent ingredients before final 
approval for scale-up could be granted.  These 
included compatibility testing of ingredients, a 

study of the moisture absorption rate of the hy-
groscopic calcium nitrate oxidizer, investigation 
of binder pre-coating options to mitigate the 
dangerously high electrostatic ignition sensitiv-
ity of the uncoated Al0.5Mg0.5 mechanical alloy, 
and an accelerated aging/storage stability study. 
 
Compatibility Testing 
 

A simultaneous TGA/DTA thermal 
analysis technique was used to verify that there 
were no incompatibilities between each of the 
three red compositions, the IM-6 ignition com-
position and the starter slurry composition, 
which are used in the in-service flare candle to 
aid in ignition.  Both binary and ternary combi-
nations of the red flare, the ignition, and the 
starter compositions were examined.  These tests 
were performed using the thermal analysis pro-
cedures described in Chemical Compatibility of 
Ammunition Components with Explosives (Non-
Nuclear Applications), STANAG 4147 (Edition 
2) dated 5 June 2001.7  The compatibility metric 
used in the STANAG 4147 thermal analysis 
procedure is the presence and magnitude of a 
shift in the thermal event associated with the 
decomposition/ignition of the energetic material.  
If the decomposition/ignition peak of an ener-
getic is shifted to a 20-degree lower temperature 
in the mixture, then the components of the mix-
ture are not chemically compatible.  In contrast, 
if the decomposition/ignition peak is shifted to

 
Table 1. Red Signal Flare Compositions 

 
   Mk 66 RSF-2A RSF-2B RSF-2C 
Chemical Wt % Wt % Wt % Wt % 
Mg(GR18) 29.00 22.38 27.00 13.50 
Mg.5Al.5  4.62   
Mg.3Al.7     
Magnalium    13.50 
KNO3     
KClO4 15.00    
Sr(NO3)2 37.00 32.40 32.40 32.40 
Ca(NO3)2  21.60 21.60 21.60 
PVC     
Asphaltum 14.00 14.00 14.00 14.00 
Epon 813 2.50 2.50 2.50 2.50 
Versamid 140 2.50 2.50 2.50 2.50 
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≤ 4 degrees lower temperature, then the materi-
als are chemically compatible. 

Samples of the IM-6, the Starter Slurry, 
and each of the red signal flare compositions 
were run separately and then a roughly equal 
mixture by weight of the three components were 
subjected to simultaneous TGA and DTA ther-
mal analysis measurements using a heating rate 
of 2 0C/minute in the Perkin Elmer Simultaneous 
Thermal Analyzer with nitrogen carrier gas.  
None of the three red flare compositions were 
found to undergo a lower temperature ignition 
exotherm when the IM-6 and the starter slurry 
compositions were present. 
        At the request of the MPERC, a binary 
combination of RSF-2A and IM-6 compositions, 
as well as a binary combination of RSF-2A and 
Starter Slurry were similarly studied by DTA 
and TGA thermal analysis.  Table 2 summarizes 
the results of these tests.  RSF-2A is compatible 
with both the IM-6 and the Starter Slurry as the 
mixtures underwent the ignition exotherm at 
slightly higher rather than lower temperatures 
than did the RSF-2A composition by itself.  
These results were sufficient to convince the 
MPERC of the compatibility of three red com-
positions with both the IM-6 and the Starter 
Slurry Compositions. 
 
Table 2.  Ignition Temperatures of RSF-2A 
with IM-6 and Starter Slurry from DTA and 
TGA Data 
 

Material Ignition 
Temp. 

(0C) 

Temp. 
Shift 
(0C) 

RSF-2A  351 --- 
IM-6 350 --- 
IM-6/RSF 2A 360 +10 
Ignition Starter 
Slurry 

405 --- 

Starter Slurry       
/RSF 2A 

367 +16 

 
 
Moisture Absorption Testing 

 
We also measured the moisture absorp-

tion rate of the very hygroscopic anhydrous cal-
cium nitrate oxidizer ingredient.  The results 

showed that approximately 1.0 – 1.5 % of the 
anhydrous calcium nitrate was converted to the 
tetrahydrate form in the first hour of exposure to 
ambient air at 20 oC and 70 % relative humidity.  
While the MPERC was willing to allow us to 
scale-up to the Mk 124 Mod 0 form factor using 
these three anhydrous calcium nitrate-containing 
compositions, they strongly encouraged us to 
find a less hygroscopic substitute for this ingre-
dient on account of degradative aging concerns. 

Any water absorbed by the calcium ni-
trate will potentially be available to react with 
the magnesium fuel to form a combination of 
calcium nitrite (Ca(NO2)2) and magnesium hy-
droxide plus ignitable hydrogen gas.  It will be 
essential to exclude any unnecessary exposure to 
water vapor by both the calcium nitrate ingredi-
ent, as well as the full up compositions during 
and after the mixing and pressing operations. 

In the future we will further address this 
hygroscopicity problem of the calcium nitrate.  
Two possible approaches include coating this 
material with a protective coating that has been 
under development at NAWC China Lake, or 
simply by using only strontium nitrate, and no 
calcium nitrate, in the red flare formulations. 

It is noted that a much earlier investiga-
tion also successfully used calcium nitrate as the 
oxidizer for an orange/red illuminating flare 
formulation.8  When we substituted calcium car-
bonate for calcium nitrate, the results indicated 
that this oxidizer slowed down the burn rate of 
the red flare compositions to the point that the 
candlepower intensity was too low to be useful. 

With the chemical compatibility ques-
tions successfully answered, the MPERC ap-
proved our request for scale-up during August 
2005.  A Standard Operating Procedure has been 
prepared and all necessary approvals have been 
obtained.  Preparation of prototype scale batches 
of composition and Mk 124 Mod 0 red flare 
candles is getting under way.  Once produced, 
they will be performance tested in similar fash-
ion to the lab scale candles. 
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Storage Stability Testing 
  

A storage stability study of these red 
compositions was a pre-condition for this scale-
up.  It is required for all pyrotechnic composi-
tions scaled from laboratory to prototype scale 
form factors.  The storage stability test showed 
that samples of each of the three perchlorate-free 
red compositions that had been stored in sealed 
ampoules at 70 oC for a period of 87 days 
showed no deterioration compared with freshly 
prepared samples, or with samples similarly 
maintained under ambient conditions for the 
same period of time.  This time scale was chosen 
because it is expected to result in the same deg-
radation that would occur during a five-year pe-
riod of storage under ambient conditions. 

Analysis was done using a Perkin Elmer 
Diamond simultaneous TGA/DTA. The ignition 
temperatures were found to be very similar, and 
no significant new peaks attributable to degrada-
tion products such as magnesium hydroxide, 
strontium nitrite, or calcium nitrite appeared in 
the samples aged at the elevated temperature.  
As an illustrative example, Figure 3 shows the 
simultaneous thermograms obtained from com-
position RSF-2A before and after the 87-day 
aging period at elevated temperatures.  Thermo-
grams from RSF-2B and RSF-2C, as well as the 
Mk 66 in-service composition were all quite 
similar. 
  
GREEN SIGNAL FLARES 
 

In our 2004 paper, we tentatively chose 
three candidate perchlorate-free green composi-
tions for scale-up to in-service device, the Mk 
117 Mod 2 Green MSIS.6  However, we noted 
that none of the three matched the dominant 
wavelength and the general green appearance of 
the Mk 117 perchlorate-containing composition.  
At this point, extensive use was made of the 
NASA Lewis Chemical Equilibrium computer 
program to optimize these perchlorate-free green 
flare compositions.9  Ingredients were system-
atically varied in order to find compositions that 
produced maximized concentrations of chemical 
species that are known to be efficient radiators 
in the green region of the visible spectrum.  
Such species include, but are not limited to, bar-
ium monochloride radical (BaCl) and barium 

monohydroxide radical (BaOH).  A total of fif-
teen green compositions were modeled and the 
three most promising candidates were chosen for 
analysis.  These three compositions, GSF-1E, 
GSF-4D, and GSF-4K are shown in Table 3.  
Also included is the standard Mk 117 green 
composition. 

The compositions were mixed by hand 
in 45-gram batches.  Typically the fuel ingredi-
ents were first pre-coated with the Epon 
813/Versamid 140-epoxy binder system, and 
then the remaining oxidizer(s) and color-
enhancing ingredients were added and mixed.  
From each batch, three 15-gram candles were 
pressed.  The candles were then cured at 60 oC 
for 48 - 72 hours.  They were inhibited on the 
sides and glued to a flare-mounting base using 
Miller-Stephenson No. 907 epoxy.  Finally, 
magnesium-teflon-viton ignition slurry was ap-
plied to the top surface and an electric match 
was installed. 

Candlepower and Hunter Tri-Stimulus 
Colorimeter Head measurements were made on 
all flare compositions subjected to performance 
testing.  These data yield the X, Y, and Z coor-
dinates, from which the color purity and domi-
nant wavelength values may be found from the 
C.I.E. Chromaticity Diagram.10 Video and pho-
tographic data were also recorded. Such data is 
essential because the military specifications un-
der which these items are procured typically re-
quire that they produce a distinct color clearly 
identifiable by a human observer. 

  Performance testing results are summa-
rized in Table 4.  Figure 4 shows typical photos 
taken during testing.  It was observed in earlier 
tests that the flames of the previous scale-up 
candidates (GSF-1B) look washed out (whitish) 
when compared with the Mk 117 flame.  For the 
optimized compositions (GSF-4K and GSF-1E) 
the general green appearance, as well as the 
dominant wavelength and color purity parame-
ters, far surpassed those produced by the previ-
ous scale-up candidates.  While all three new 
compositions far surpassed the earlier composi-
tions, a decision was made to recommend only 
the GSF-1E and GSF-4K for scale-up.  This was 
due to the slightly longer dominant wavelength 
of the GSF-4D composition, when compared 
with the other compositions. 
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(a) Unaged sample of 1.50 mg of RSF-2A composition with exotherm at 514 oC 

 

 
(b) RSF-2A 1.49 mg sample aged 87 days at 70 oC with exotherm at 519 oC 

 
Figure 3. Comparison of Simultaneous TGA/DTA Thermograms of Unaged and Aged (87 days at 

70 oC) Samples of RSF-2A Composition 
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Table 3. Green Signal Flare Compositions 
  
 

     Mk 117 GSF-4K GSF-4D GSF-1E 
Chemical (Wt %) (Wt %) (Wt %) (Wt %) 
Boron    2.85 
Mg (GR18) 21.00 30.00 30.00 10.00 
Copper 7.00   6.70 
Mg0.5Al0.5    4.72 
KClO4 32.50    
Ba(NO3)2 22.50 53.00 57.00 62.73 
PVC 12.00 12.00 8.00 8.00 
Epon 3.50 3.50 3.50 3.50 
Versamid 1.50 1.50 1.50 1.50 

 
 

Table 4.  Performance Data of Green Signal Flare Compositions 
 
 
Formulation Pellet 

No. 
Burn 
Time, 
(sec) 

Avg 
Candle 
Power 

(cd) 

Dominant 
Wavelength, 

(nm) 

Color 
Purity 

(%) 

Fuel 
Make-up 

Ign. * 
Sens. 

(J) 

Scale-
up? 

Mk117  E-1 29.6 ~507 557 52 Cu +Mg 18 Standard
  E-2 29.9 732 548 52       
  E-3 28.9 680 555 51       
                  

GSF-1E D-1 32 769 551 54 Mg + B 0.002 Yes 
  D-2 29.2 838 553 54 + Cu +    Yes 
  D-3 30.7 837 551 54 Al0.5Mg0.5   Yes 
                  

GSF-4K B-1 39.6 852 557 56 Mg 18 Yes 
  B-2 37.8 953 553 56     Yes 
  B-3 36.2 763 559 60     Yes 
                  

GSF-4D C-1 37.7 1289 557 54 Mg 18 No 
  C-2 31.5 1835 559 50     No 
  C-3 39 1345 563 58     No 

 
 
 

*Electrostatic Ignition Sensitivity of the most sensitive fuel ingredient. 
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Mk 117 Std. Green

Figure 4.  Photographs of Mk 117 Standard and Perchlorate-Free Compositions  
GSF-1B (washed out) and GSF-4K, GSF-1E (optimized) 

GSF-1B

GSF-4K GSF-1E
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The MPERC safety board has not yet 
given final permission for scale-up of these two 
new green candidate compositions.  However, it 
is anticipated that their concerns will be rea-
sonably similar to those raised during the scale-
up of the red compositions.  We have conducted 
similar thermal analysis and compatibility stud-
ies of the green compositions while we were 
studying the red compositions.  An accelerated 
aging (storage stability) study at 70 oC for a 
minimum of 85 days of the GSF-1E and GSF-
4K compositions is currently under way.  For 
comparison purposes, the in-service perchlorate-
containing composition in the Mk 117 MSIS is 
also being included in the accelerated aging 
study. 
 
IGNITION SENSITIVITY TESTING 
 

In order to investigate their safety in 
handling characteristics, the flare formulations 
were also subjected to ignition sensitivity meas-
urements to impact, rotary friction and electro-
static stimuli, according to MIL SPEC 1751.11 

Obviously, no composition with dangerously 
high ignition sensitivity may be permitted for 

scale-up and introduced into the inventory for 
fear of unintended initiation. 

Table 8 includes the measured values of 
ignition sensitivity to impact, rotary friction and 
electrostatic stimuli.11  Included are the in-
service red and green compositions, as well as 
the three red and two green scale-up candidate 
compositions.  The RDX included in the table is 
the internal standard included in all sensitivity 
measurements for comparison purposes.  Also 
included are the measured sensitivities of many 
of the pyrotechnic fuels by themselves includ-
ing, magnesium (Gran 18), commercial magnal-
ium alloy, and the Al0.5Mg0.5 mechanical alloy 
from NJIT.  Since the latter was found to be 
dangerously sensitive (at 0.002 Joule) to electro-
static stimuli in its “as-received” uncoated state, 
it was shown that by pre-coating it with either 
epoxy or viton binder the sensitivity can be low-
ered to the more acceptable “high” region.   
None of the red or green candidate compositions 
have dangerously high sensitivity to impact, ro-
tary friction or electrostatic stimuli. The danger-
ously high frictional sensitivity of the in-service 
Mk 117 composition is regarded as an anoma-
lous measurement as this in-service composition 
has been safely handled in the field for decades. 

 
 

Dangerous High Moderate Low Very Low

Table 5. Ignition Sensitivity Measurements of In-Service and Perchlorate-Free Red and 
Green Flare Compositions and Selected Fuel Ingredients 

Electrostatic Sensitivity
Maximum No Fire

Height (cm) Energy (J) Average Lowest Energy (Joules)
RDX Class5 - Standard 49.84 9.77 1162.81 916.93 No Response 0.151

Mk 117 Green Standard 91.01 17.84 103.49 29.67 100% Fired 0.250
GSF-1E 133.72 26.21 1134.26 199.42 80% Fired 0.180
GSF-4K 59.73 11.71 445.66 81.26 80% Fired 0.180
Mk 66 Red Standard 178.40 34.97 1655.00 916.93 10% Fired 0.250
RSF-2A 178.40 34.97 1438.90 242.60 60% Fired 0.180
RSF-2B 178.40 34.97 2402.24 391.08 30% Fired 0.151
RSF-2C 178.40 34.97 2887.05 585.58 40% Fired 0.151
Fuels
Mg0.5Al0.5 159.00 31.17 N/A 997.11 N/A 0.002
Mg0.5Al0.5-Viton 178.40 34.97 2364.97 59.17 20% Fired 0.450
Mg0.5Al0.5-17.9% Epoxy 178.40 34.97 1399.48 357.11 10% Fired 0.450
Mg0.5Al0.5-Epoxy-52.1%Epoxy 178.40 34.97 1520.94 1357.91 0% Fired 0.180
Magnalium-200 178.40 34.97 1928.03 950.44 30%Fired 1.250
Magnesium GR18 178.40 34.97 1847.21 371.29 60%  Fired 18.000

Sample
Impact Sensitivity Friction Sensitivity

50% fire Energy (ft-lb) Response
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FUTURE PLANS 
 

Scale-up of the perchlorate-free RSF-
2A, RSF-2B, and RSF-2C red compositions will 
continue.  Based upon the performance and 
safety related test results of the three composi-
tions at prototype scale, the three compositions 
will be down-selected to a single most promising 
composition for incorporation into the fielded 
red signal flare devices. 

As soon as the MPERC Board approves 
the laboratory to prototype scale-up of the per-
chlorate-free GSF-1E and GSF-4K green com-
positions, they will be subjected to the same bat-
tery of performance and safety related tests as 
the red compositions.  They will be down-
selected to a single most promising composition 
for incorporation into fielded green signal flare 
devices. 

It is also planned to produce and test 
perchlorate-free yellow signal flare composi-
tions.  NASA Lewis modeling has already re-
sulted in the choice of three promising composi-
tions that will be fabricated and performance 
tested initially at laboratory scale.  If these are 
successful, they will be selected for scale-up. 

Additional safety related tests required 
for the qualification of the new compositions, as 
well as final device qualification, will be con-
ducted so that the devices can be introduced into 
the Service inventories as Product Improvement 
Programs (PIPs). 
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ABSTRACT 
 

 In order to estimate the effect as a stabilizer on spontaneous ignition of cellulose nitrate, the 
thermal behavior of cellulose nitrate (NC) with a phenol-based oxidation inhibitor (AO80), a phosphorus- 
based oxidation inhibitor (PEP36) , a hindered amine- based oxidation inhibitor (LA7RD), or its mixture 
was investigated using a heat flux calorimeter C-80. During the isothermal storage at 393K in oxygen at-
mosphere, AO80 decreased the maximum heat release rate, and prolonged the induction period of the heat 
release. Those effects might indicate that AO80 was capable of suppressing the spontaneous ignition. On 
the other hand, the induction period of NC with PEP36 or LA7RD was shorter than that of sole NC. 
Therefore, PEP36 and LA7RD showed the low stabilization effects. In addition, the mixture of the AO80 
and PEP36 or LA7RD did not exhibit the synergy effect on stabilization of NC 
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1   INTORODUCTION 
Cellulose nitrate (NC) is widely used as an in-

gredient of propellants, explosives, gas generating 
agents, fire works and other uses. However, that 
has the unstable characteristic such as the sponta-
neous ignition. The spontaneous ignition of NC 
has caused serious accidents, which have been 
reported even in recent years [1]. 

The spontaneous ignition mechanism of NC has 
been investigated for a long time. Some reviews 
[2, 3] suggested that the spontaneous ignition was 
caused by the reaction between NC and nitrogen 
dioxide. The nitrogen dioxide originated from the 
O-NO2 bond scissions or the hydrolysis. In order 
to stabilize NC, the stabilizer such as diphenyl-
amine (DPA) or its derivatives are added. As for 
DPA stabilization mechanism, it is generally 
known that DPA traps nitrogen dioxide and ter-
minates the exothermic reaction [2-5].  

Recently, we reported that an exothermic reac-
tion of NC hardly took place without oxygen [6-8] 
during the isothermal storage of NC. The results 
indicated that oxygen, rather than nitrogen dioxide, 
directly contributed to the exothermic reaction. 
The nature of the exothermic reaction was thought 
to be autoxidation caused by atmospheric oxygen. 
When autoxidation contributed to the heat release 
of NC based on our previous research, oxidation 
inhibitors, which interfere with the autoxidation, 
are expected to stabilize NC. Oxidation inhibitors 
are anticipated to be a novel stabilizer for pre-
venting the spontaneous ignition of NC. 

The purpose of this study is to estimate the effect 
of oxidation inhibitor on the stability of NC. In the 
experiments, the thermal behavior during iso-
thermal storage was observed using the heat flux 

calorimeter C-80. 
 

2   EXPERIMENTAL 
2.1   SAMPLE 
NC (nitrogen content, 12 wt.%; Sigma-Aldrich 
Corp.) was used after drying for 3-4 days and 
preparing its particle with a diameter of 75-106μm. 
After that, the NC was dried under vacuum during 
3-4 days again to be the water and solvent in NC 
as less as possible.  

AO80 (ASAHI DENKA Corp., Ltd.) as a phe-
nol- based oxidation inhibitor, PEP36 (ASAHI 
DENKA Corp., Ltd.) as a phosphorus- based oxi-
dation inhibitor, and LA7RD (ASAHI DENKA 
Corp., Ltd.) for a hindered amine- based oxidation 
inhibitor used without further purification. 
 

2.2   MEASUREMENT 
The 1-2 mg of AO80, PEP36, LA7RD, AO80/ 

PEP36 mixture, or AO80/ LA7RD mixture were 
added to 50mg of the NC, respectively. The NC 
with the oxidation inhibiotor was placed in 3.9 
cm3 of the vessel (Rigaku Corp., Ltd.). The air in 
the vessel was removed under vacuum and then 
replaced by oxygen (Suzuki Shokan Corp., Ltd.). 
This procedure was repeated 4-5 times to ensure 
complete replacement. Using the heat flux calo-
rimeter C-80 (SETARAM), Thermal behavior of 
the sample was observed during the isothermal 
storage at 393K in oxygen atmosphere. 
 

3  RESULTS AND DISCUSSION 
3.1 THERMAL BEHAVIOR OF NC/ AO80 

The NC stability was increase with increase in 
the content of oxidation inhibitors. Figures 1 and 2 
showed the thermal behavior of NC with AO80. 
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The values of the induction period of NC with 
1.2mg of AO80 and 2.1mg of AO80 were ob-
served at 14h and 22h, respectively, whereas that 
of NC without the oxidation inhibitor was ob-
served at 6-10h. And NC with 1.2 mg of AO80 
and 2.1 mg of AO80 had the maximum heat rate 
of 11.3 and 9.0 mW, respectively, whereas NC 
without the oxidation inhibitor had the maximum 
heat rate of 13.3 mW.  

 

Fig.1 Thermal behavior of NC with AO80 
 
In the previous study [6-8], authors proposed 

the spontaneous ignition mechanism of NC as 
shown in R.s 2-10. This reaction mechanism was 
composed of the generation of nitrogen dioxide 
(R.s 2-8), the propagation of oxygen (R.s 9 and 
10), and termination of radical species (R.11). In 
this reaction scheme, it is considered that the 
propagation process and the subsequent termina-
tion process are quite conducive to heat release. 

The stabilization by AO80 might be due to the 
radical trapping character of phenol-based oxida-
tion inhibitors to suppress autoxidation. Phe-
nol-based oxidation inhibitors is well known for 
deactivating ROO• as shown in Fig.3 [9]. There-

fore, there is a possibility that the AO80 trapped 
ROO• generated in the autoxidation and thus, the 
phenol-based oxidation inhibitors prevented the 
propagation. 

 
Fig.2 Effect of AO80 content on the heat release 

 

Fig.3 Reaction between phenol based oxidation 
inhibitors and peroxide 

 
3.2 THERMAL BEHAVIOR OF NC/ PEP36 
  When the thermal behavior of NC with PEP36 
(2.5mg) was observed using C-80 for the isother-
mal storage at 393K, NC with PEP36 was instabi-
lized in comparison with sole NC. Figure 4 
showed the thermal behavior of NC with PEP36 
and NC without oxidation inhibitors in oxygen 
atmosphere. The NC with PEP36 released a weak 
heat before achieving the temperature at 393K, 
and then the large exothermic peak was observed 
during the storage after 10 h with 14.5 mW of 
maximum heat release rate. 
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Fig. 4 Thermal behavior of sole NC, NC with PEP36(2.5mg), LA7RD(2.6mg), AO80(2.1mg) 

 

Fig. 5 Thermal behavior of sole NC, NC with AO80 (1.0mg)/ PEP36 (1.0mg), AO80(1.1mg)/ LA7RD 
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It is generally known that phosphorus- 
based oxidation inhibitors stabilizes a gen-
eral polymer by decomposing the peroxide in 
the polymer [9]. During decomposition of 
peroxide, the phosphoric acid was generated 
as shown in R.1. Some review suggested 
that acid accelerated the hydrolysis of NC 
(R.2), and NC is thermally unstable in the 
presence of acid [2, 3]. Therefore, there is a 
possibility that the generation of phosphoric 
acid might be conducive to the heat release 
soon after the storage. 

3.3 THERMAL BEHAVOR OF NC/ LA7RD 
  When the thermal behavior of NC with 
LA7RD (2.5mg) was observed, the thermal sta-
bility of NC with LA7RD was lost in compari-
son with sole NC. Figure 4 showed the thermal 
behavior of NC with LA7RD and NC without 
oxidation inhibitors in oxygen atmosphere. From 
this figure, NC with LA7RD released before 
achieving the temperature at 393K. This heat 
release is larger than that of PEP36. 

3.4 Thermal behavior of NC/AO80/ 
PEP36 or NC/ AO80/ LA7RD 
  The mixture of the AO80/ PEP36 or AO80/ 
LA7RD did not exhibit the synergy effect on 
stabilization of NC. NC with AO80 (1.0mg)/ 
PEP36 (1.0mg) or AO80 (1.1mg)/ LA7RD 
(1.1mg) released the heat soon after storage 
similar to NC with 2.5mg of PEP36 or LA7RD, 
and exothermic peak after that heat release of  
the NC with AO80/ PEP36 or AO80/ LA7RD 
was observed at approximately 10h with 10mW 
of maximum heat release rate. This result indi-
cated that thermal stability of the NC with 
AO80/ PEP36 or AO80/ LA7RD was lower than 
that of NC with 1.2mg of AO80. 

4 CONCLUSION 
I. On the NC with AO80, the induction period of 

heat release increased, and the maximum heat 
release rate decreased.  

II. On the NC with PEP36 or LA7RD, the heat 
was observed soon after storage. 

III. The mixture of the AO80 and PEP36 or 
LA7RD did not exhibit the synergy effect on 
stabilization of NC. 
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ABSTRACT 
 

Mixtures of nanoscale aluminum with nanoscale bismuth oxide and the fluoropolymers PTFE 
(poly(tetrafluoroethylene), Teflon®) and Fluorel FC-2175 (equivalent to VitonA®) were formulated by 
ultrasonication in a non-solvent.  The thermochemical equilibrium code Cheetah 4.0 was used for 
formulation optimization.  This Metastable Intermolecular Composite (MIC) material was applied onto 
semiconductor bridge ignitors in sub-mg quantities.  A low-voltage capacitive discharge unit firing set 
was used to initiate the charges.  Optical pyrometry at 10 MHz was used to measure the temporally-
resolved temperature evolution during low-voltage initiation in the materials.  High-speed video was 
utilized to observe the combustion of the material.  A two-stage combustion event was observed; 
increasing with increasing PTFE concentration, presumably due to carbon afterburn.  Average 
temperatures reached in the samples were 2000–2300 K. 
 
 
Introduction 
 

Nanocomposite thermites, or Metastable 
Intermolecular Composites (MICs) exhibit 
unique initiation and combustion behavior due 
to the small size of the reactant powders.1,2  The 
sensitivity of these materials to initiation has 
caused them to be identified as potential 
replacements for lead-containing materials, such 
as lead styphnate and lead thiocyanate, as 
constituents of priming materials used in 
explosive or pyrotechnic trains.3  Our interest in 
MIC is twofold.  First, it is a material class that 
is sensitive to ignition due to the small particle 
size of the constituents.4-6 Second, MICs have 
been shown to sustain combustion at sub-mm 
geometries6-7 due to high reaction enthalpies8 
and high combustion rates, shown in some 
materials to be in excess of 1.5 mm/µs.2 
 

Light and heat generation are two 

common functions of pyrotechnic materials.  
These two properties are related through 
Planck’s law.  At higher temperatures, thermal 
emissions shift towards the visible wavelengths 
resulting in higher visible light output.  At the 
same time, the heat given off is proportional to 
T4, thus leading to higher heat output per unit 
area or volume of burning material.  This 
relation between optical emission and 
temperature makes thermometry possible 
through optical techniques.  Optical diagnostics 
are attractive (as opposed to thermocouples) for 
dynamic combustion processes because there is 
no chemical or physical system perturbation 
resulting from additional thermal mass or 
materials, and the time response is fast.9-12 
Thermal losses become increasingly important 
as energetic material mass decreases, and the 
high burning rate and high energy content of 
MIC make it an attractive material for sub-mm 
combustion research.  Measuring the 

 
*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. 
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temperature in a miniaturized charge allows 
threshold behavior to be investigated as charge 
size is decreased.  As size is decreased, failure 
eventually results from thermal losses exceeding 
the thermal output of the material. 
 
Experimental 
 

While the definition of ‘thermite’ or 
‘MIC’ does not traditionally encompass 
materials other than metal oxides as oxidizers, 
for the purpose of this work, fluorocarbons will 
be included in the definition. 
 

Thermochemical Calculations, 
Formulation and Sample Preparation 

 
The thermochemical equilibrium code 

Cheetah 4.0 was used to calculate energy and 
temperature values for the various formulations 
investigated in this work.14  Preliminary 
calculations were performed to determine the 
most applicable product library for the 
condensed phase products involved in thermite 
reactions.  The library JCZS was found to be 
acceptable for these types of reactions and is 
known to have improved handling of the 
compressibility of condensed-phase products 
over BKWS.15-16  While not used due to the lack 
of bismuth-containing species, the library 
EXP6.2 should be considered for aluminum 
reactions with condensed-phase products due to 
its greater capabilities for accurate aluminum 
reactions.15  

 
Warning: The formulations discussed here 
were not tested for sensitivity, were 
formulated at <50 mg and were handled wet 
until sample preparation.  MIC is known to 
be extremely sensitive, especially with 
nanoscale bismuth oxide.  Scale-up should not 
be conducted without sensitivity testing. 
 

The purpose of this work is to 
investigate temperatures reached within a 
mixture of nanoscale aluminum with the 
oxidizers nanoscale bismuth oxide and 
microscale PTFE (poly(tetrafluoroethylene), 
Teflon®).  The relative contribution of the two 
oxidizers allows investigation into combustion 
phenomena related to partitioning between the 

two product pairs: Al2O3 and Bi versus AlF3 and 
C.  The idealized reactions of interest are: 
 
2Al + Bi2O3 → Al2O3 + 2Bi, 
 
and 
 
Al + 3/4C2F4 → AlF3 + 3/2C, 
 
where the summed idealized reaction for the 
simplest combination mixture is: 
 
3Al + Bi2O3 + 3/4C2F4 → Al2O3 + AlF3 + 2Bi + 
3/2C.  
 

These idealized reactions may not 
represent actual products.  By varying the 
relative amounts of bismuth oxide and PTFE, 
the product of aluminum oxidation can be 
shifted between aluminum oxide and aluminum 
fluoride.  This approach was used in the 
formulations studied in this work. 
 

The fluorocarbon Fluorel® FC-2175 
(poly(vinylidene fluoride/hexafluropropylene), 
MachI Inc., equivalent to VitonA®) was used as 
a binder in all formulations and is also a source 
of oxidizing fluorine.  This fluorine was taken 
into account in the formulation by adding 
sufficient additional aluminum to balance to 
AlF3 with no consideration given to the reactions 
of additional C and H: 
 
7Al + C16H11F21 → 7AlF3 + 16C + 11H. 
 

Cheetah 4.0 calculations verified that 
the major products of this reaction are likely 
aluminum fluoride and carbon. 
 

The individual reactant pairs used in 
these formulations were energy-optimized in 
Cheetah 4.0.  Calculations with the condensed-
phase reactants aluminum and bismuth oxide 
required one part per million water to be added 
to the reaction to allow for convergence of the 
calculations.  These individual optimizations 
(EM1 & EM5) are shown in Table 1 and their 
combination was used for the basis of the 
remaining three (EM2, EM3 & EM4) 
formulations utilized in the experiments. 
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Table 1.  Summary of the five formulations. 
         

Formulation 
Name 

Al 
Oxidized 

by 
Bismuth 
Oxide 

Al 
Oxidized 
by PTFE 

Total 
Nano-

aluminum 

Bismuth 
oxide PTFE 

Fluorel
FC-
2175 

Total 
Theoretical 
Maximum 

Density 

 Mass % Mass % Mass % Mass % Mass % Mass % Mass % g/cc 
EM1 0 100 31.91 0.00 63.09 5.00 100 2.33 
EM2 25 75 24.06 36.08 34.86 5.00 100 3.21 
EM3 50 50 19.47 57.13 18.40 5.00 100 4.10 
EM4 75 25 16.47 70.91 7.61 5.00 100 5.03 
EM5 100 0 14.35 80.65 0.00 5.00 100 5.99 

         
The oxidizer content of the five 

formulations used in this study was varied based 
on the mass percent of aluminum oxidized to 
Al2O3 and AlF3 and ignoring oxidation by FC- 
2175, since it was a constant.  The methodology 
was to vary the ratio of aluminum oxidized by 
bismuth oxide to that oxidized by PTFE from 
0/100 to 100/0 in steps of 25%.  These 
formulations are summarized in Table 1. 
 

Nanoscale aluminum (50 nm, 76% 
active, Nanotechnologies Inc.) was used as the 
fuel in all experiments.  Mass used was adjusted 
for the 24% native oxide coating.  Nanoscale 
bismuth oxide (Bi2O3 40 nm, Nanophase 
Technologies Corp.) and PTFE (1 µm, Sigma-
Aldrich) were used as the principal oxidizers in 
all experiments.  Five percent by mass of FC-
2175 was used as binder in all formulations. 
 

The materials were mixed using 
ultrasonication in a fluid of mixed esters.  The 
formulations were applied wet on type 50B1A, 
1-Ω semiconductor bridges (SCBs) wire-bonded 
in TO46 transistor headers, (SCB Technologies, 
Inc.).  Individual bridge size is 1.11 × 1.14 mm 
with a bridge dimension of 90 × 270 µm.  The 
material was oven-dried in air at 50 ºC for 2 
hours. 
 

Scanning electron microscopy (SEM) 
was conducted with a Zeiss Supra 35VP FE 
variable pressure microscope with Schottky field 
emitter.  Samples were attached to sample stubs 
using carbon double-sided tape and coated with 
a ~50-Å thick layer of Au/Pd to reduce charging.  
The SEM was used in secondary electron image 

mode at an accelerating voltage of 4 or 10 kV in 
high-vacuum mode. 
 

Firing Arrangement and Diagnostics 
 

Samples were placed in a two-pin 
connector bonded to an optical post.  This 
ensured dimensionally-stable placement of each 
SCB with respect to collection optics.  A custom 
low-voltage capacitive discharge unit firing set 
(20 μF) was used to function each SCB and 
ignite the material.  Firing voltage was 18, 28 or 
48 V.  The samples were ignited in a boom box 
(see Figure 1) along with light collection lens 
assemblies. 
 

The temperature of the reacting charges 
was measured using two-color pyrometry.  
Although pyrometry can give erroneous results 
due to emissivity variations, it has excellent 
temporal resolution and sensitivity necessary to 
extract temperature data during dynamic events. 

 
Light emitted from the samples was 

collected by a fused silica one-inch diameter, 
40-mm focal length plano-convex lens focused 
such that a ~1.2 cm diameter collection area 
existed at the plane of the SCB.  The lens was 
placed ~9 cm from the sample.  This light was 
launched into a 300-μm-core low-OH fiber optic 
(FIP grade, Polymicro Technologies).  At the 
output end of the fiber, the light was collimated 
by a 50-mm focal length visible AR-coated 
achromat and then passed through a 10-mm 
aperture.  This light was received by the first of 
two photomultiplier tubes (PMT), with a 700-
nm reflective notch filter with a 10-nm bandpass 
(Spectragon).  Light reflected off the first notch 
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filter was received by a second identical PMT 
using an 800-nm reflective notch filter with a 
10-nm bandpass (CVI Laser).  The PMT tubes 
were manufactured by PMT+, and had a 
bandwidth of >10 MHz. The reflection angle on 
both notch filters was held to less than 10º (< 5º 
from normal) to minimize filter wavelength 
shifts. A conical beam stop terminated the light 
and prevented stray light from being reflected 
back through the system.  The low voltage signal 
from the PMTs was amplified through 10-MHz 
low-noise voltage amplifiers (Femto 
Messtechnik GmbH) and collected on a 
Tektronix 7000 series digital storage 
oscilloscope (DSO). 
 

Non-linearity in the system was 
corrected by taking a series of PMT voltage 
readings using a fiber-coupled diode laser 
(Thorlabs) between 0–250 mW in 5-mW steps 
attenuated with neutral density filters.  These 
data were used to construct a 10th order response 
polynomial that was then used to linearize and 
scale the voltage data.  Temperature calibration 
was performed using a NIST-traceable 45-W 
quartz halogen lamp (Oriel) powered by a high-
stability, constant current power supply (Spectra 
Physics).  A standard approach was taken to 
reduce the linearized voltage vs. time data to 
temperature vs. time data.17  It was of course 
assumed that the relative emissivities of the 
samples were invariant with respect to 
wavelength at all temperatures and times.  A 
brief literature search did not result in any 
expected unusual emission peaks coincident 
with the wavelengths chosen, and it was 
assumed that combustion products would emit 
with a relatively constant emissivity due to their 
high soot content. 
 

In addition to temperature, the emitted 
energy in a narrow IR band was simultaneously 
measured for each test sample.  In this manner, 
both the temperature and emitted energy can be 
used to characterize better the light output of 
these unique charges. 
 

 

 
Figure 1.  Schematic of experimental setup 
including boom box (dashed line), 1600 nm 
radiometer and 2-color pyrometer. 
 

An identical light collection lens 
arrangement to that described above was used to 
collect light simultaneously from the samples 
and launch it into an identical fiber optic.  The 
lens was placed ~7.5 cm from the sample.  At 
the output end of the fiber, the light was 
collimated by a 50-mm focal length lens and 
then focused onto the detector active area by a 
40-mm focal length lens.  Both lenses were IR 
AR-coated achromats.  Between the two lenses, 
the light was filtered by a 1600-nm notch filter 
with a 90-nm bandpass (Spectragon).  The light 
was focused onto an extended InGaAs detector 
with a bandwidth of ~10 MHz (Judson 
Technologies, LLC).  The signal from the 
detector was amplified by a 10 MHz high-speed 
current amplifier (Femto Messtechnik GmbH) 
and collected on the same Tektronix DSO.   

 
The calibration of the detector to 

convert the voltage to a collected energy was 
performed using a blackbody (BB) source 
(Infrared Industries Inc.) and a NIST-traceable 
transfer standard (Mikron M680) to verify its 
temperature.  The collection lens was placed in 
front of the BB source so that it was fully filled 
by BB radiation of known temperature.  Note the 
limiting aperture of the light collection optics is 
the 300 µm diameter fiber tip.  From standard 
radiation heat transfer analysis,18 the emitted 
energy of the BB source is: 
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is the effective spot area at the BB source, and 
I(θ,φ) is the BB radiation intensity.  The 
principle of optical invariance19 states that for 
identical mediums in a simple lens system, 

 
22,11, ϖϖ ddAddA nn = , 

 
where dAn,i is the infinitesimal normal area of 
surface i and dωi is the infinitesimal solid angle 
of light intersecting surface i.  Using this 
principle, the amount of BB energy that is 
accepted by the fiber can be calculated using the 
fiber acceptance solid angle and the area of the 
fiber tip.  The fiber has a surface area, Af, and an 
N.A. (numerical aperture) of 0.22, resulting in a 
known limiting acceptance angle, θf, from the 
fiber surface normal.  The energy reaching the 
fiber then becomes 
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The intensity emitted by the BB source 

in the pass band of the 1600-nm notch filter is 
given by: 
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π
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where f is the fraction of total BB energy emitted 
in the 0-λ wavelength band, and σ is the Stefan-
Boltzmann constant. λmin and λmax are the upper 
and lower bounds transmitted by the 1600-nm 
notch filter. Evaluating the above integral, 
the energy emitted by the BB source that can be 
accepted by the fiber is then expressed as 
 
      ( ) ( )( )( )2

minmax ..ANTfTfAQ BBBBf λλ −= . 
 
This expression was evaluated at 50-ºC steps 
through the 400–1200 ºC range of the blackbody 
source and transfer standard.  Measuring the 
voltage output of the radiometer system at each 
of these points results in a power-voltage 
calibration curve that is used to convert the test 
voltage vs. time data to power vs. time data.  
Prior to calibration, the data were digitally 

filtered to 1 MHz to remove excess noise.  The 
bandpass of the digital filter was high enough to 
not degrade the salient temporal features of the 
data.  In the graphs below, either a 100- or 1000-
point moving average is overlaid on this filtered 
data to guide the eye. 
 

In a separate series of experiments, to 
avoid necessary camera lighting interfering with 
other measurements, an Imacon 200 (DRS 
Hadland) framing camera was used to image the 
SCB devices during function.  An 80-200-mm 
zoom lens and a 15-cm lens tube was used to 
image the devices with a 1-mm reference grid 
backdrop for scale.  A 150-W fiber-coupled 
continuous light source and a 2.5 kV flash lamp 
were used for lighting.  Twelve images were 
acquired for each test with 1-µs exposure time 
and 20-µs interframe time. 
 
Results and Discussion 
 

Each SCB device was weighed before 
and after material application.  Roughly between 
200 and 600 µg of material coated the entire top 
surface of the SCB in a consolidated pile.  In 
some of the devices, a small quantity of the 
material had run off the edge of the SCB, but in 
all instances the majority of the material was on 
top of the device.  Figure 2 shows optical and 
scanning electron micrographs (SEMs) of a bare 
SCB and typical sample after application of the 
material.  Quality of mixing was evaluated by 
SEM and the bulk of the material evaluated 
showed acceptable mixing, with scattered 
domains of what appeared to be PTFE 
agglomerates.  Micrographs of representative 
areas within a sample of EM3 are shown in 
Figure 3. 

 
Ignition of the material was defined by 

audible output and the detection of obvious 
signal above background in either the two-color 
pyrometer or the optical radiometer.   Of the five 
materials tested, only the three with the highest 
percentage of Bi2O3 conclusively ignited at the 
firing voltages used. 
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Figure 2.  a) Bare SCB and b) SCB after 
application of EM2 formulation 
Al/Bi2O3/PTFE/FC-2175.  c) SEM of same 
SCB device after application. 
 

In the materials that successfully 
functioned as defined by optical output, an 
audible ‘pop’ was also heard.  A summary of the 
firing results for the five materials versus firing 
voltage is shown in Table 2.  It is likely that the 
relatively large particle size of the PTFE 
inhibited initial reaction that would have 
resulted in bulk combustion of the entire mass of 
material.  With the positive firing results 
observed in the higher percentage Bi2O3-
containing materials, it is possible that the 
Al/Bi2O3 reaction acted as a driving reaction that 
allowed for bulk ignition of the entire mass of 
material. 

 
In order to measure accurately the light 

emitted by the charges and to verify that 
material did ignite, the contribution of the bare 
bridge to the output signal was characterized.  In 
Figure 4, the 700-nm pyrometry channel light 
output from a bare bridge fired at 18, 28, and 48 
V along with a no-go clearly shows how the 
emitted signal of the bridge is attenuated 
effectively by the MIC.  Also note the high 
temperatures in excess of 3000 K, which are due 
to the formation of a high-temperature plasma at  

Figure 3.  Scanning electron micrographs 
showing EM3 domains that are a) poorly 
mixed and b) well mixed.  Same 
magnification, 1-micron bar. 
 
the bridge.20  As will be shown below, the 
temperatures seen in an actual device 
functioning are much lower.  It will also be seen 
that when a MIC charge functions, there is a 
significant delay between bridge burst and light 
output at the surface of the MIC charge.  In 
addition, the time duration of the bridge burst 
luminosity is extremely short in comparison to a 
functioning charge. 
 
 
Table 2.  Summary of firing results for the 
five formulations. 

      
 EM1 EM2 EM3 EM4 EM5 

 

100% 
PTFE 

oxidizer   
75/25 50/50 25/75     

100% 
Bi2O3 

oxidizer 
18 V - - Go Go Go 
28 V - - Go Go Go 
48 V No-go No-go Go Go Go 
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Figure 4.  a) Linearized 700 nm PMT data b) 
reduced temperature data, and c) emitted 
power for bare bridge bursts and a no-go 
case.   
 
 In this work, the firing voltage was 
varied to ensure the various formulations would 
ignite, while still being able to investigate firing 
voltage effects. For the less sensitive mixtures, it 
is expected that ignition is heavily affected by 
firing voltage and thus, the resulting emitted 
light (time of first light and light intensity) may 
also be affected.  It is also expected that above a 
certain threshold, further increases in firing 
voltage will not affect the emitted light 
amplitude since the bridge burst light is 
obscured by the MIC charge as discussed above.  
For the most sensitive mixtures, it is then 
expected that there will be small to negligible 
effects of firing voltages on emitted light, due to 
lower voltage firing thresholds.  These effects 
are indeed seen in the data. In  Figure 5, the light 
output for the most sensitive formulation, EM5 
is shown for firing voltages ranging from 18-48 
V.  The variation in light output is within the 
shot-to-shot limits seen throughout this test 
series. 
 

 
Figure 5.  a) Linearized 700 nm PMT data b) 
reduced temperature data, and c) emitted 
power typical of EM5 for various voltage.  No 
power is shown for EM5 at 48 volts due to a 
malfunctioning detector. 
 

If the firing voltages were stepped up 
gradually, and the threshold in firing voltage 
was not sharp, we may expect to see a gradual 
increase in light output as threshold is reached.  
This is due to the fact that when the combustion 
front reaches steady state, it is at its highest rate 
of combustion, leading to the highest 
temperatures at the combustion front.  As the 
combustion accelerates up to a steady state, it is 
likely that the combustion rate and temperature 
are less than this value. In this test series, 
however, only three firing voltages have been 
tested, and so the resolution of our threshold 
voltage sampling is too coarse to see a gradual 
increase if it exists.  Instead, the devices either 
ignite or fail, depending on the formulation.  
This behavior is shown in Figure 6 where the 
light output for the least sensitive formulation 
that still fully ignited, EM3, shows no clear 
definable trend in light output.  Instead, the 
variation is due to the nature of the formulation 
itself. 
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Figure 6.  a) Linearized 700 nm PMT data b) 
reduced temperature data, and c) emitted 
power typical of EM3 for various voltages. No 
power is shown for EM3 at 48 V due to a 
malfunctioning detector. 
 

With the effects of the bridge light 
contribution and firing voltage established, the 
remaining variable is the formulation effects.  
As is discussed above, five formulations were 
tested, and in Figure 7, the typical output 
emissions of each are shown.  Comparing all 
five formulations, we see that formulations EM1 
and EM2 quenched immediately after bridge 
burst.  The high temperatures in these cases 
reflect near zero voltages in the long wavelength 
(800 nm) pyrometer channel (not shown) 
resulting in an erroneous calculated temperature.  
EM3 clearly shows ignition, and also shows a 
secondary light emission peak and a 
corresponding peak in measured temperature.  
Although more subtle, EM4 also shows a post-
ignition increase in the light emission and the 
corresponding increase in measured temperature.  
Also of note is that the temperature trace for 
EM5 (off scale on the figure) drops off towards 
the end of the data trace.  EM4 also slightly 
indicates this effect.  This effect, along with the 
secondary emission peak of EM3 and EM4 
indicates that in the formulations EM3–EM5, the 
increase in Bi2O3 content leads to a more rapid 

combustion of the charge.  The secondary 
combustion event begins to diminish as Bi2O3 
content is increased and is likely due to both a 
decrease in available carbon to participate in 
afterburning in air and the fact that the material 
reacts faster than those with higher PTFE 
content.  Likewise, the time duration of 
combustion and light emission is shortest with 
EM5 and gets longer with EM4 and EM3.  It is 
unknown if this effect is the result of the Bi2O3 
particle size being much smaller than the PTFE 
(diffusion control), strictly a chemical effect, 
such as a larger amount of carbon in the PTFE-
containing samples available for late-time 
reaction with air, or some combination of 
factors. 

 
Table 3 shows the average temperatures 

reached within the three samples that functioned.  
These averages represent the pyrometry data 
during the time bounded by the maximum first 
peak of light emission and the decrease to 50% 
of this level in the 700-nm filtered channel of the 
pyrometer.  It is worth noting that the standard 
deviation in the temperature decreases with 
decreasing PTFE concentration.  This is most 
likely due to larger particle sizes and associated 

  
Figure 7.  a) Linearized 700 nm PMT data b) 
reduced temperature data, and c) emitted 
power typical of formulations EM1-EM5.  
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Figure 8.  Framing camera images showing ignition behavior across the five materials used in this 
study.  Two frames for each material are shown at 10 and 73 µs.  Materials with the highest 
concentration of PTFE (EM1 and EM2) are shown at 48 V.  Others are shown at 28 V.
 
decreased homogeneity within the samples with 
higher PTFE concentrations.   The values 
determined here are lower than literature values 
(3253 K for Al/Bi2O3)8 and Cheetah 4.0 
calculations (Table 3).  Additionally, in Moore 
et al., Al/MoO3 temperature was measured very 
accurately with optical techniques, albeit with a 
larger material mass than in this work.10  It is 
very likely that rapid expansion of the relatively 
small samples studied here resulted in rapid 
cooling, although this shouldn’t affect the initial 
temperature.  
 

Two framing camera images taken at 
identical times for each material showing 
different ignition behavior across the five 
materials are shown in Figure 8.  In EM1 and 
EM2, there is no self-propagating combustion, 
although it appears that there is a small amount 
of luminous output in EM1.  This is potentially a 
partial ignition and quench of the material, but 
could be attributed to the SCB, with no material 
participation.  In both of the images with EM1 
and EM2, unreacted material can be seen being 
ejected from the SCB at 73 µs.  Across EM3, 
EM4, and EM5, the luminous plume 
homogeneity increases with increasing Bi2O3 
content.  Particularly in EM3, jetting and a two-
phase turbulent flow can clearly be seen, while 
in EM5, a smoothly-bounded luminous plume is 
seen.  Both combustion homogeneity and 

ignition sensitivity should increase with 
decreasing particle size.  This provides further 
evidence that the larger particle size and longer 
diffusion distances of the PTFE versus the Bi2O3 
are overshadowing reaction energetics in the 
ignition and combustion behavior.  The 
contradictory trend in the Cheetah-calculated 
temperatures as shown in Table 3 is likely due to 
afterburning of carbon not being captured.  
 

High-speed framing photography 
revealed what appears to be two-stage 
combustion of the materials that functioned 
(EM3, EM4 & EM5).  This two-stage 
combustion is evidenced by initial luminous 
output from the material, followed by a darker 
dispersion/induction that is followed by 
luminous combustion of the dispersed material 
 
Table 3.  Summary of average temperature 
with standard deviation achieved in the three 
materials that functioned. 
 

Material 
Average 

Temperature 
(K) 

Standard 
Deviation

Cheetah 
T at 
10% 
TMD 

EM3 2126 150 2917 
EM4 2124 124 3028 
EM5 2078 91 3200 
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cloud.  The timing of this luminous output is 
coincident with the afterburning detected by 
optical methods.  The poor quality of the 
framing camera images and inconsistent lighting 
between frames makes it difficult to quantify 
this two-stage combustion, yet it was 
consistently observed in all functioning 
materials at all firing voltages.  Figure 9 shows 
this two-stage combustion in a representative 
sample.  In the first frame the entire material 
mass is enveloped in a luminous cloud.  
Dispersion at a lower luminous intensity occurs 
in the second frame, followed by higher light 
output in the third and bulk combustion in the 
fourth.  Given the high sensitivity of this class of 
materials, it is unlikely that the lack of luminous 
intensity immediately after ignition was due to 
unreacted material being ejected, but it is more 
likely that this process is due to the completion 
of the basic reaction, followed by afterburning 
of products, especially carbon. 
 

The ignition behavior was influenced by 
firing voltage with higher voltages causing 
earlier luminous output.  Figure 10 shows the 
three formulations EM3, EM4 and EM5 at firing 
voltages of 18, 28 and 48 V.  The material EM3 
was not imaged at 48 V due to lack of samples. 
While there appear to be dramatic voltage 
effects on ignition behavior within the first 10 
µs, any effects of this early inconsistency have 
diminished by 73 µs.  It is most likely that the 
first frame (1-µs exposure duration) of the 
camera data happened to be on the edge of 

timing differences between the different voltages 
and thus a minor timing effect manifested as a 
dramatic visual effect.  This effect was seen 
across the three different materials shown in 
Figure 10.  The late-time increase in consistency 
appears to be most pronounced in EM5, with 
images at 73 µs looking almost identical, 
independent of firing voltage.  The late-time 
luminous cloud volume differences of these 
three materials appear to become more 
susceptible to voltage increases with increasing 

Figure 10.  Framing camera images showing 
ignition behavior across the three voltages 
used in this study.  Two frames for each 
material are shown at 10 and 73 µs.  Material 
EM3 is shown at 18 and 28 V.  Materials EM4 
and EM5 are shown at 18, 28 and 48 V. 
 

Figure 9.  Framing camera images showing
two-stage combustion of EM3, ignited at 28V.
Initial ignition can be seen in the first frame,
with dispersion at 31 µs, reignition at 52 µs
and bulk combustion of the dispersed
material cloud at 73 µs.  1-mm grid. 
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PTFE concentration.  This is most dramatic 
when comparing inconsistencies in the three 
images of EM4 at 73 µs with the very consistent 
images of EM5 at 73 µs.  It is unknown if this 
observation is due to a larger portion of the 
oxidizer not being available at early times due to 
diffusion-limited reaction, strictly an ignition 
effect, or a combination of the two.  As the 
firing voltage of an SCB is increased, the 
mechanism of ignition moves from thermal 
more towards shock.  While at the time of this 
writing the shock contribution of this SCB at 
these voltages is unknown, it is possible that the 
increased shock, or at least mechanical input is 
enhancing mixing of fuel and oxidizer; therefore 
driving the material to a more complete reaction.  
 
Conclusion 
 
 We have demonstrated low-voltage 
ignition of sub-mg charges of MIC 
nanocomposite thermite manufactured by 
application of the MIC from the mixing medium 
directly on SCBs.  Ignition behavior was 
influenced by firing voltage with higher voltages 
causing luminous output at earlier times.  This 
effect was more pronounced with increasing 
ratio of PTFE to Bi2O3 oxidizer.  Inconsistencies 
in early-time combustion behavior with different 
voltages diminished at later times.  Ignition and 
propagation at these scales was observed only in 
samples in which 50% or more of the aluminum 
was oxidized by Bi2O3 as opposed to PTFE.  
Both high-speed framing photography and 
optical diagnostics revealed two-stage 
combustion in all samples with increasing 
combustion plume homogeneity with increasing 
Bi2O3 concentration.  A secondary combustion 
event was observed, especially in materials with 
higher PTFE content.  This is presumably due to 
afterburning of carbon.  Based on these results, 
it appears that a less favored reaction (Al/PTFE) 
can be driven by a more favored reaction 
(Al/Bi2O3).  This opens the possibility of tunable 
formulations in which a broad class of 
potentially useful, yet energetically-unfavorable 
reactions could be driven by introduction of 
some percentage of MIC. 
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ABSTRACT 
 
The plasma electro-condensation process was used to synthesize nano-sized aluminum powders. 

Adding different chemicals (Ba, benzine, silicon rubber) modified the physical and chemical properties of 
these powders. To characterize the nano-sized powders, X-ray diffraction, TEM, BET analyses, and 
simultaneous TG/DSC analyses were performed. TG/DSC analyses revealed a dramatic degradation of 
the aluminum oxide layer after storage of the aluminum powder modified by barium in air for a period of 
several months. Ballistic properties of the model solid propellants (aluminum/ammonium perchlorate) 
with nano-sized aluminum were experimentally examined. 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.  

 

1. INTRODUCTION 
 
In the past, the transition from the millimeter-scale of particles to the micrometer-scale was of 

interest, whereas nowadays the nano-sized components are of interest in order to achieve high 
performance in rocket propellants and pyrotechnics. Nano-aluminum represents an example of such a 
material. It is expected that in comparison with the micron-sized particles, nano-sized aluminum powder 
will increase the burning rate, and will considerably decrease the agglomeration enhancing the specific 
impulse of solid rocket propellants. Metal particle agglomeration at the combustion surface is considered 
to be a reason for the metal particle ignition delay, chemical incompleteness of combustion, and the total 
efficiency losses. It has been reported that there will be approximately 1% Isp loss for every 10% 
unburned aluminum [1]. 

Experimental data show that the burning rate is strongly dependent on the component’s sizes, and 
could be increased considerably by going down in size to the nano-scale [2-7].   

Aluminum nano-particles can be prepared using a variety of techniques, including dynamic gas 
condensation [8], the cryomelting process [9], and by the plasma explosion process [10].  A thin native 
aluminum oxide layer on the nanoparticles occurs in air. This passivating oxide layer prevents fast 
aluminum oxidation during combustion, as well as agglomeration problems. To increase the reactivity of 
the oxide layer, different types of doping materials were used (Zn, Cu, Ni, Cr, Zr, alkali-earth metals, 
etc.). Characterization of the particle diameters, size distributions, oxide layer thicknesses, morphology of 
the particles, thermal behavior, and combustion parameters is important in predicting performance for 
specific applications. This paper reports on the experiments and the evaluation of the oxidation of nano-
aluminum synthesized by the plasma electro-condensation technique. Different types of nano-aluminum 
powders are investigated, i.e., barium-doped nano-powder, benzine and silicon rubber stabilized powders. 
Barium-doped nano-aluminum is studied as received and aged during several months. Comparison of 
thermal and combustion behavior is made to the conventional Al micron-sized powder. 
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2. EXPERIMENTAL SECTION 
2.1. Materials 

Micron-sized aluminum powder with a 
spherical particle of average diameter of 10 μm 
was used as a reference powder and as a 
precursor for the plasma-synthesis process, 
which results in nano-sized Al powder. During 
the plasma-synthesis process, the argon gas flow 
delivers the precursor powder with additives to 
an argon-filled reactor, where aluminum powder 
evaporates in a high-temperature plasma zone. 
To increase the aluminum chemical reactivity, 
1.5at% of barium, which is equivalent to 
7.5mass%Ba, was added to the green powder 
mixture. Details of the plasma-synthesis process 
have been reported elsewhere [2]. Subsequent 
condensation of metal vapor represents nano-
sized aluminum powder fabrication. For the 
current research three types of nano-particles 
were produced and investigated (Table 1). 
Samples 1, 2 contain stabilizing compounds, 
which were added after condensation.  

Additionally, nano-aluminum powder 
containing 7.5% Ba was aged at 69% relative 
humidity, as listed in Table 2. The thermal 
behavior of aged samples was monitored 
continuously throughout the period. Different 
heating rates were applied to study the thermal 
behavior of samples 1.2 and 1.3, i.e., 100min-1 
and 20min-1, respectively. Special experiments 
were performed to study the process of the nano-
aluminum oxidation in the presence of Pt-foil to 

study the oxidation catalysis in a nano-sized 
powder. 
 
2.2. Experimental techniques 

 
Wet chemical analysis was performed to 

find the amount of active aluminum. It is a 
selective reaction between aluminum and water 
in the presence of sodium hydroxide. From the 
volume of hydrogen measured by displacement 
of water in a burette, the amount of active metal 
is calculated. 

The Brunauer–Emmett–Teller (BET) 
method was used to determine the specific 
surface area [10]. 

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 
20min-1. The average particle size was calculated 
by using the Sherrer’s equation. 

Transmission electron microscopy 
(TEM) microanalysis (JEM-2000 ЕХ-II) was 
used as an independent method for 
characterization of the chemical composition 
and particle morphology. Analyses were 
performed at acceleration voltage of 200 kV. 
Various electron microscopy methods – bright- 
and dark-field TEM and microdiffraction were 
applied. 

 
Table 1 Composition, specific surface, and active aluminum content of as-received samples 

Sample 
number 

Composition, mass. % Specific surface, m2g-1 Active Al 
content, % 

1 Al+7,5% Ba  22,7 70.0 
2 Al+1.5% Benzine 9,1 88.3 
3 Al+1.5% Silicone rubber 9,1 75.0 

 
Table 2 Aging periods of the investigated nano-powders (sample 1) 

Sample number Composition Aging period, months 
1 Al+7,5% Ba  As-received 

1.1 Al+7,5% Ba  3 
1.2 Al+7,5% Ba  4 
1.3 Al+7,5% Ba  4  
1.4 Al+7,5% Ba +Pt-foil 4 

TG/DSC experiments were carried out 
using a NETZSCH Simultaneous Thermal 
Analyzer STA 409. Experiments were 

conducted in static air. Approximately 10-20 mg 
of sample and reference material (α-Al2O3) were 
placed in separate alundum crucibles. Heating 
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rate studies were conducted; samples were 
heated from 20 to 1100°C at 2 or 10°C min-1. 
Calibrations of TG mass, DSC baseline, and 
temperature were conducted before the 
experiments. 

The experimental investigations of 
burning rate and combustion of stoichiometric 
compositions of aluminum with ammonium 
perchlorate (AP) were conducted using a 
constant volume bomb pressurized with 
nitrogen. Samples were pressed tablets made of 
micron-sized ammonium perchlorate mixed with 
(i) micron-sized aluminum (sample 4), (ii) aged 
Ba-doped nano-aluminum, and (iii) benzine or 
silicon rubber stabilized nano-aluminum. The 
relative density of pellets was 90-98% of 
theoretical maximum density. The size of the 
pellets was 8 mm in diameter and 10-15 mm in 
length. Three cylindrical tablets were glued 
together to form one sample to increase the 
measurement accuracy. Data from three 
different experiments were averaged. In order to 
produce linearly burning tablets, the sides of 
each sample were inhibited with two-part epoxy. 
An electric match was taped on the top of the 
ignition mixture, which was painted onto the top 
of the sample. The calculated average accuracy 
of the burning rate measurements is ±5%. 

The ignition was conducted using an 
electrically heated Ni-Cr wire set on top of the 
pellet. The combustion wave propagation was 
recorded with a video camera through a 
transparent quartz window. A data acquisition 
board L-154 was used to collect the measuring 
data to PC. 

To evaluate the size of agglomerates the 
combustion residues were collected by 
centrifugal technique using an alcohol to freeze 
the combustion products from the burning 
surface [11]. After sonification the population of 
particles was screened by laser particle size 
analyzer (LASKA-1K, Lumex). 
 
3. RESULTS AND DISCUSSION 
3.1. Chemical Purity, Particle Size and 
Morphology 

 

Table 1 presents the BET specific 
surfaces and the active aluminum contents of the 
investigated powders. As revealed by X-ray 
analysis, sample 1 contains the only one 
crystalline phase – aluminum metal. Considering 
the immediate reaction of barium to form an 
oxide layer BaO in air, barium oxide and barium 
were expected to be present in the sample. 
Nevertheless, no indications of any crystalline 
Ba compounds were found, which is shown in 
Fig. 1. The active Al content is 70% (Table 1), 
therefore, 30% of as-received powder is 
supposed to be amorphous material comprising 
alumina and barium oxide. The average sizes of 
Al nanoparticles, determined from XRD line 
broadening, were 45 nm (111), and 41 nm (200). 

The nano-sized Al particles were 
visualized by TEM. A picture from sample 1 is 
shown in Fig. 2a; and the particle size 
distribution calculated from twelve TEM images 
is plotted in Fig. 2b. The particles are ideally 
spherical with a Gauss particle-size distribution 
revealing an average particle diameter of 43 nm. 
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 3,3 nm, which is close to the 
literature value of 2 to 4 nm [12-14]. Note that 
according to Auger spectroscopy, the real 
structure of the passivating oxide layer on the 
surface of an Al particle at room temperature is 
more intriguing. Under the aluminum oxide 
layer of about 3 nm thickness, a transition layer 
of about 10 nm thickness was detected, where 
the aluminum oxide molecules were found along 
with the Al metal atoms. 
 
3.2. TG-DSC Results   
As-received powders 

 
TGA scans of as-received aluminum 

nano-powders in static air are shown in Fig. 3a. 
Initial weight loss due to adsorbed moisture of a 
few percent is seen below 300-4000C. Smaller 
particles of doped nano-aluminum would be 
expected to react at temperatures of 4500C, 
where the slow weight gain starts. The weight

gain for sample 1 increases dramatically around 
5100C: nano-particles oxidize very fast, in a 
regime similar to a thermal explosion. Indeed, 
the oxidation rate (DTG) for sample 1 is quite 

high, whereas for the samples 2,3,4 this value is 
much lower, as illustrated Fig. 3b. Noticeable 
oxidation of micron-sized aluminum (sample 4) 
starts above 8000C. 
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Figure 2 TEM images of sample 1 (nano-aluminum powder doped with 7.5 mass% Ba, as received) 
with the particle size distribution obtained by TEM. Bar at the TEM image corresponds to 50 nm. 

 
Table 3 summarizes TGA results, i.e., the 

first oxidation onset temperature (T1), the 
maximum oxidation rate temperature (Tmax), the 
weight gain at the first peak (m1), the amount of 
active metal reacting at the first oxidation step 
(m1Al), the onset temperature for the second 
oxidation step (T2), the total weight increase 
(m*), and the amount of active metal reacting at 

temperatures below 11000C (m*
Al). The total 

amount of oxidized aluminum m*
Al of as-

received nano-aluminum samples is found to be 
equivalent for as-received nanopowders (about 
30%), but the thermal behavior of these powders 
is completely different. Indeed, sample 1 shows 
the very fast one-step oxidation at 5100C, 
followed by a TG-plateau until 9500C, whereas 
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Figure 1 X-ray diffraction pattern of sample 1 (nano-aluminum powder doped with 7.5mass% Ba, as 
received). 
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samples 2,3, continuously react slowly with 
oxygen upon increasing temperature.  

 

 
Table 3 TGA results of aluminum nano-powder oxidation 

* - sample was fast cooled at 6300C 
 

a) b) 
 

Figure 3 TG (a) and DTG (b) traces of as-received aluminum powders showing rapid weight gain 
above 5000C for doped powder: sample 1 – Al+7.5% Ba; 2 – Al+1.5% benzine; 3 – Al+1.5% silicon 

rubber; 4 – micron-sized Al. 
The fast oxidation of nano-aluminum doped 
with Ba at 5000C could be attributed to rapid 
diffusion of oxygen through the oxide layer after 
barium oxide’s fast exothermical oxidation to 
form barium peroxide [15]. Arising considerable 
structural changes along with the additional heat 
release, may cause the oxide layer to crack at 
this temperature, thus causing a rapid increase in 
oxidation. Assuming that after the first oxidation 

step (below the melting point 6600C) a “new” 
passivating oxide layer on the particles of 
sample 1 has an equivalent thickness (ΔR1) for 
the particles within a particular size fraction, the 
ΔR1 value was calculated to be of 2,0 nm. Thus 
the total oxide layer thickness is 5,3 nm.  
 

Sample number 
Heating rate, 
0 min-1 Т1

0С Тmax, 0С m1% m1 Al% T2,
0С m*, % m*Al,% 

1 10 516 527 12,97 20,89 820 17,6 28,35 
1.1 10 512 567 14,47 23,31 640 45,25 72,89 
1.2 10 530 580 27,79 44,76 666 51,43 82,85 
1.3 2 490 540 30,81 49,63 636 52,78 85,02 

1.4* 10 495 540 41,13 60,00 - - - 
2 10 530 566 6,65 8,49 650 24,51 31,28 
3 10 560 580 8,12 12,21 831 19,15 28,78 
4 10 571 610 1,09 1,65 825 7,09 11,88 
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Aged nano-aluminum doped with Ba 

 
Nano-aluminum powders doped with 

barium were aged at room temperature and 69% 
relative humidity in air using a closed can. The 
aging process of four months was followed 
using a TG/DSC thermal analysis. Results are 
compared in Fig. 4, where TGA and DTG 
curves are presented. After 3 months of aging, 
the doped nano-aluminum (sample 1.1) oxidizes 
continuously and the total amount of reacted 
metal (72,89%) is much higher than that of as-
received sample 1. This indicates that an 
aluminum oxide layer degradates during storage 
dramatically, which could be caused by active 
interaction between barium oxide and humid air 
components.  

Further storage of doped nano-aluminum 
(sample 1.2) leads to increasing of the oxidation 
rate, and obvious appearance of the second 
oxidation step at temperature around 8000C, 
which is shown in Fig. 4b. To study the first 
oxidations step in more detail the TG/DSC 
experiment was repeated with a lower heating 
rate of 20min-1. Fig. 5 shows that the exothermal 
peak of the first oxidation step is formed by 
overlapping of several peaks; the temperature of 
5610C corresponds to the bending point, as was 
found by DDSC analysis.  In this sample 
particles that are larger or have thicker oxide 
layers oxidize later than smaller ones. 

To study the chemical composition of the 
first oxidation step products, sample 1.2 was 
heated up to 6300C and than cooled very fast. 
Using a computer code  “Phan%”, the crystal 
phase of the reaction product was found to 
comprise 59.7% of metal Al, and 40.3% of γ-
Al2O3. The amounts present were quantified by 
thermogravimetric and X-ray diffraction 
methods and are presented in Table 4. 

It seems, therefore, that the aging of Ba-
doped nano-aluminum powder in humid 
atmosphere increases its oxidation rate at 
temperature around 5000C. This fact reflects the 
degradation process of the passivating oxide 
layer covering the nanoparticles. 

Aged nano-sized Al particles (sample 
1.2) oxidized at temperatures up to 11000C were 
studied by X-ray analysis and TEM. Table 4 
shows that the heating of this powder up to 
11000C leads to the formation of amorphous 
alumina, γ-Al2O3 and α-Al2O3. Oxidized 
particles morphology is shown in Fig. 6, where 
the typical “shell-like” particles are presented.  

 
Pt-catalyzed oxidation 
  

As an oxidation catalyst, a platinum foil 
was used being crushed to form pieces and 
mixed with the powder to be investigated. Fig. 5 
shows TG and DTG results of the catalyzed 
nano-aluminum oxidation (sample 1.4). At 
temperature of 5400C a very fast “thermal 
explosion” reaction is observed; the weight 
increase being found to be 41.13%, which 
corresponds to the oxidation of 60% of the 
active metal. 

The heat release at this particular 
temperature is extremely high – 11,4 KJ/g. To 
study the melting of nanoparticles below 6600C, 
the heating process was interrupted at 6300C, 
and the sample was fast cooled down to room 
temperature. No changes in the platinum foil 
were detected, indicating the catalytic character 
of the activated oxidation, and the absence of 
liquid aluminum on the surface of nano-particles 
at temperatures below the bulk melting 
temperature. Obviously, the catalyzed oxidation 
regime needs to be further investigated in detail, 
because of the great interest for the solid 
propellants combustion, where the condensed 
phase temperature is close to 400-5000C. 
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Figure 5 TG (a) and DTG (b) traces of Ba-doped nano-aluminum showing the differences in the 
oxidation rate of Al+7.5mass% Ba: sample 1 –as-received; 1.1 - aged for 3 months; 1.2 - aged for 4 

months; 1.3 - aged for 4 months, heating rate is 20min-1;  1.4 - aged for 4 months with Pt-foil. 
 
 

 

a) 

b) 
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Table 4 X-ray analysis and TGA results of aged aluminum nano-powder oxidation (sample 1.2) 
 
 

Temperature, 0C Active Al 
content, % 

Amorphous 
phase content, % 

γ-Al2O3, % α-Al2O3, % 

20 (XRD) 70 30 - - 
630 (XRD) 41,8 30 28,2 - 
630 (TGA) 38,7 In total 61,3 (crystallinity could not be defined) 

1100 (XRD) - Amorphous Al2O3 + γ-Al2O3 + α-Al2O3 
 
 
 
 
 
 

 
 

Figure 5 TG-DSC-DDSC traces of Ba-doped nano-aluminum aged for 4 months (sample 1.3). 
Heating rate is 20min-1. 
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Figure 7 Pressure history for the investigated compositions AP/Al with the different Al powders: 
sample 1.1 – Al+7.5% Ba, aged for 3 months; 1.2 - Al+7.5% Ba, aged for 4 months; 2 – Al+1.5% 

benzine; 3 – Al+1.5% silicon rubber; 4 – micron-sized Al. The initial pressure of nitrogen is 4MPa. 
 

 
 

Figure 6 TEM images of sample 1.2 (nano-aluminum 
powder doped with 7.5mass% Ba) after heating up to 

11000C under air: “shell-like” alumina particles. 
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Figure 8 Burning rate of stoichiometric compositions of 76% ammonium perchlorate and 24% 

aluminum with the different Al powders: sample 1.1 – Al+7.5% Ba, aged for 3 months; 1.2 - 
Al+7.5% Ba, aged for 4 months; 2 – Al+1.5% benzine; 3 – Al+1.5% silicon rubber; 4 – micron-

sized Al. The initial pressure of nitrogen is 4MPa. 
 

 

 
 

a)                                                                               b) 
 

Figure 9 Intergal (F) and differencial (dF) particle size distribution of the residual oxide 
products of stoichiometric compositions of 76% ammonium perchlorate and 24% 

aluminum with the different Al powders: a) nano-Al+7.5% Ba; b) micron-sized Al. The 
initial pressure of nitrogen is 4Mpa. 
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3.3. Combustion Behavior 
Burning rate 
 

The burning rate at initial pressure of 
4MPa was measured in a nitrogen atmosphere 
by two independent techniques, i.e., analyses of 
the pressure history, and digitized video-images.  

Pressure histories are presented in Fig. 
7. They show that the internal pressure for 
samples with Ba-doped nano-aluminum is built 
up four times faster than for samples with nano-
aluminum, stabilized with benzine and silicon 
rubber; and about ten times faster than that of 
the samples with conventional micron-sized 
aluminum powder. Fig. 7 shows the averaged U 
values for investigated samples. The use of Ba-
doped nano-aluminum (samples 1.1. and 1.2) 
instead of micron-sized metal (sample 4) results 
in a burning rate increasing from 3,7 mm/s to 
42,0 mm/s. The use of the benzine (sample 2) 
and silicon rubber (sample 3) stabilized 
nanopowders leads to a burning rate increase of 
about two times, as shown in Fig. 8.  
 
Residual Oxide Products 
 

Analyses of the combustion residue 
from the burning surface of compositions with 
various Al particle size were conducted on 
stoichiometric formulations ammonium 
perchlorate/aluminum. Figure 9 shows the 
particle size distribution of formulations AP/Al. 
The average linear diameter of agglomerates for 
compositions with nano-size aluminum is found 
to be 2 μm, whereas for systems with micron-
sized metal with the much broader diameter 
range – 28 μm. This phenomenon is 
advantageous relative to slag, two-phase flow 
losses, and combustion efficiency problems. 
 
CONCLUSIONS 

 
The present experiments provide 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-
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. 
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ABSTRACT 
 

 Accelerated testing has been used to obtain data for evaluating the stability and the degradation 
rates of a single base propellant formulation stabilized with Akardit II (AK II).  Accelerated aging 
experiments were conducted at 50, 60, 70 and 80 °C and two levels of humidity.  Propellant samples were 
taken as a function of time and the stabilizer concentrations were obtained using HPLC. 
 

The data were used to develop reaction kinetic models.  A number of typical models were used to 
correlate the data including, zero order, first order, and nth order.  The models were fitted to the data to 
generate rate constants which were correlated with temperature using the Arrhenius equation.  The 
propellant lifetimes were estimated using each of the models to predict the stabilizer depletion rates under 
controlled and uncontrolled storage requirements. 

 

EXPERIMENTAL 
 
Experimental Design 
 
 The propellant batch was subjected to 
the experimental design shown in Table I.  The 
design indicates that the experiments were 
conducted at two levels of humidity and four 
levels of temperature.  Figure 1 shows the 
storage configuration for this experiment in 
which the propellant samples were placed in a 
block of HPLC vials.  Prior to conditioning the 
caps were removed from the vials to expose the 
propellant to the humidity level inside the 
desiccator. Then, the vials were removed 
periodically, and the propellant was analyzed to 
determine the stabilizer level. 
 

The relative humidity level indicated by 
STD in Table I represents a desiccator without a 
humidity source at the bottom.  The only 
moisture present in the system at the STD 
condition is the initial moisture present in the 
sample plus the moisture generated due to the 

decomposition (Urbanski, 1967) of the 
nitrocellulose during propellant degradation.   
 

Table I.  Experimental Design 
 
           HUMIDITY 
 
TEMPERATURE 

STD 75 % 
RH 

80 °C X X 
70 °C X X 
60 °C X X 
50 °C X X 

 
The 75 % relative humidity level was 

maintained by the presence of a saturated 
sodium chloride solution at the bottom of the 
desiccator.  Periodically, when samples were 
removed from the desiccator, the gases inside 
the desiccator were vented to the atmosphere.  
The values of the initial concentration of 
stabilizer are shown in Table II.  The results in 
Table II consist of 5 replicate analyses on each 
of two days and the average, obtained using 
HPLC. 
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Figure 1. Storage Configuration of Propellant Samples in HPLC vials inside Desiccators 

 
 

Table II.  Initial Propellant Stabilizer Level 
 

Occasion Akardit II 
  

1 1.27 
1 1.27 
1 1.27 
1 1.28 
1 1.28 
2 1.3 
2 1.3 
2 1.31 
2 1.29 
2 1.31 
  

AVERAGE 1.288 
 

 
Propellant Failure Mechanism and Lifetime 
Criteria 
 

Nitrocellulose gives off decomposition 
products.  In this paper they are referred to as 
NOx species.  Autocatalytic decomposition of 

propellant occurs when NOx species remain 
inside the propellant grain.  The species attack 
the energetic materials and cause further 
decomposition.  This is an exothermic process 
and unless the heat is removed at a sufficient 
rate to keep the propellant temperature constant, 
the temperature will rise.  This in turn will speed 
up the decomposition process.  Eventually the 
propellant will heat up to its ignition temperature 
and self-ignite.   

 
Stabilization of propellant formulations 

is based on the ability of the stabilizer molecule 
to react with propellant decomposition products 
(NOx).  As the stabilizer reacts with the NOx 
species, it is consumed.  This keeps a low 
enough level of NOx in the propellant grain to 
slow down the decomposition process.  The 
propellant lifetimes presented in this paper are 
based on the time it takes for the Akardit II level 
to decrease to .2 weight percent. 
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Reaction Kinetic Models for Stabilizer 
Depletion 

 
Reaction kinetic models (Fogler, 2000 

and Levenspiel, 1972) have been used to 
correlate the data generated from the 
experimental design in Table I.  A generalized 
reaction scheme for stabilizer depletion in a 
propellant is shown in Equation (1) where A 
represents the stabilizer and S represents 
products that result from the reaction of the 
stabilizer and the NOx species generated by the 
decomposing nitrocellulose molecules.  In 
Equation (1) the symbol k refers to a rate 
constant in a reaction kinetic rate expression. 

 
SA k⎯→⎯    (1) 

 
Zero order, first order and nth order rate 

expressions are shown in Equations (2), (3) and 
(4), respectively. 

 
)(/ rateorderzerokdtdCA =−  (2) 

 
{ }xAA NOCkdtdC ××=− 1/  (3) 

 
{ }x

n
AA NOCkdtdC ××=− 1/  (4) 

 
Equations (3) and (4) contain 

expressions for the NOx concentration.  In this 
modeling scheme it is assumed that NOx gases 
are present at a constant concentration 
throughout the reaction process at any time, t, 
for a given temperature, T.  The NOx 
concentration is a function of T alone and 
independent of the time, (t).  This is expressed in 
Equation (5).  Then the rate constant k1 can be 
combined with the constant value of the NOx 
concentration into the new rate constant, k.  That 
is shown in Equation (6) 

 
{ } tnotaloneTfNOx ,)(=  (5) 

 
{ }xNOkk ×= 1    (6) 

 
Equation (6) can be substituted into 

Equations (3) and (4).  The results are rate 
expressions which contain a dependent variable 
(the concentration, CA, of stabilizer) and a single 
independent variable, time (t). The integrated 
forms of the rate expressions for the zero order, 
first order and nth order kinetic models are 
shown in Equations (7), (8) and (9). 

 
tkCC AA ×−= 0    (7) 
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For Equations (7) and (9), t is 

constrained as indicated in Equations (7A) and 
(9A).  For values of t greater than that, CA is 
equal to zero. Equation (10) is the Arrhenius 
equation which was used to correlate the rate 
constants with temperature for each of the 
models. 

 
{ }))(/(

0
TREAekk ×−×=              (10) 

 
Correlation of Experimental Data 
 

A complete set of data is shown in 
Figure 2 for the standard condition (no humidity 
source).  The zero order reaction rate expression 
has been used to correlate the data in Figure 2.  

 
The model parameters are given in 

Table III.  
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Figure 2. Weight percent Akardit II vs. Time Correlated with a Zero order model 
 

Table III.  Model Parameters 
 

 STD RH 75 % 
RH 

Model 
Type 
(order) 

 
25849 27400 1st 
23202 23132 0 

EA    
(cal/mole) 

26002 25638 nth 
 

order 
(for nth 
order 
model) 

1.0707 0.4337 nth 
ORDER 

 

k0 7.27E+13 1.78E+15 1st 

k0 1.43E+12 2.47E+12 0 

k0 9.12E+13 1.18E+14 nth 
 

 
Comparison of the Three Models 
 
 The models were compared based on 
their ability to predict the observed data at each 
of the four temperatures.  The residual sum of 
squares or sum of squares of  
the errors (SSE) at a given temperature is given 
by the equation below. 
 

2

1
)( obs

n

i
calc yySSE −= ∑

=
   (11) 

 
 The sum of squares of the errors for 
each of the reaction kinetic models used to 
correlate the experimental data at STD relative 
humidity is given in Table IV for each 
temperature individually as well as the total for 
all the temperatures.  
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Table IV.  Sum of Squares of the errors for 
Each Model 

    

T SSE 
nth 

SSE 
1st 

SSE 
0 

    
80 °C 0.0338 0.02987 0.0774
70°C 0.3547 0.3612 0.4385
60°C 0.4456 0.4493 0.5149
50°C 0.3931 0.3932 0.3953

    
TOTAL 

SSE 1.2272 1.2336 1.4261

 
 Note that the SSE are close for all three 
models, although the total sum of squares of the 
errors at each temperature for the nth order 
kinetic model indicates that it fits the data the 
best.  In many of the data sets the SSE were 
comparable for each of the models.  In Figure 3 
the experimental data at 70 °C and STD relative 
humidity are correlated using the three models.  
Note that the predicted curves are very close to 
one another.  The nth and 1st order solutions 
overlap since n is close to one in this example  
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Figure 3  Three kinetic models fitted to the 70 °C STD relative humidity data 
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Life Predictions 
 

An additional requirement exists for the 
ammunition that it must be able to withstand 2 
years of uncontrolled storage.  The hot and 
humid cycle used to represent uncontrolled 
storage is shown in Table V.  Computer 
programs were developed for each of the 
reaction kinetic models to evaluate the predicted 
lifetimes at ambient (controlled storage) and 
after being subjected to the temperature profile 
given in Table V (uncontrolled storage).  This 
was done for the data obtained at the STD 
relative humidity condition as well as the 75 % 
relative humidity condition.   

 
Table V.  Hot and Humid Cycle 

 
Local 
Time 

T in 
C %RH 

   
0100 35.00 67.00 
0200 34.00 72.00 
0300 34.00 75.00 
0400 34.00 77.00 
0500 33.00 79.00 
0600 33.00 80.00 
0700 36.00 70.00 
0800 40.00 54.00 
0900 44.00 42.00 
1000 51.00 31.00 
1100 57.00 24.00 
1200 62.00 17.00 
1300 66.00 16.00 
1400 69.00 15.00 
1500 71.00 14.00 
1600 69.00 16.00 
1700 66.00 18.00 
1800 63.00 21.00 
1900 58.00 29.00 
2000 50.00 41.00 
2100 41.00 53.00 
2200 39.00 58.00 
2300 37.00 62.00 
2400 35.00 63.00 

 
 

The predicted lifetimes for each of the 
models at STD and 75 % relative humidity are 
shown in Table VI for the uncontrolled storage 
condition and Table VII for the controlled 
storage.  Note that the effect of the humidity is 
to decrease the lifetime in all cases. 
 

Table VI.  Predicted Lifetimes in Years for 
Uncontrolled Storage 

 
MODEL
ORDER STD RH 75 % RH 

nth 
Order 8.62 2.65 

0 Order 4.70 2.45 

1st Order 8.21 3.37 
 

 
 

For the STD relative humidity 
condition, the nth order model had an order close 
to one and the life predictions were similar to the 
first order model predictions.  For the 75% 
relative humidity condition, the nth order model 
had an order closer to .5.  For those data, the nth 
order predictions were in between the zero and 
first order predictions. 

 
All the models predict that the 

propellant meets both controlled and 
uncontrolled storage requirements.  The nth and 
first order models are in agreement for the STD 
relative humidity condition for both controlled 
and uncontrolled storage requirements.  For the 
75 % relative humidity condition the zero order 
and nth order models are in closer agreement.  In 
all cases the zero order model is the most 
conservative (i.e. predicts the shortest lifetimes). 
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Table VII.  Predicted Lifetimes in Years for 
Controlled Storage 

 
MODEL 
ORDER STD RH 75 % RH 

nth 
Order 1207 342 

0 Order 356 183 
1st 

Order 1193 643 

 
CONCLUSIONS 

 
The propellant system easily meets the 

controlled and uncontrolled storage 
requirements.  The effect of humidity is to 
decrease the lifetime of the propellant.   

 
It is useful to evaluate the experimental 

data by using more than one reaction kinetic 
model.  If the models fit the data with the same 
degree of accuracy, there is no statistical reason 
to choose one model over another.  Generally, 
zero order models are the most conservative 
(predict the shortest lifetime).   

 
The lifetimes predicted by using the nth 

order model depend on the value of n.  In the 
cases where n is between zero and one, the nth 
order lifetime is generally between the zero and 
first order predictions.  For n > 1, the predicted 
lifetime is longer than the first order prediction 
when using the nth order model.  The results 
indicate that single base propellant stabilized 
with Akardit II is very long lasting. 

 
NOMENCLATURE 

 
A Symbol for stabilizer in rate expressions 
 
AKII Akardit II stabilizer 
 
CA0 Initial value of reactant A in weight 

percent 
 
CA Concentration of reactant A in weight 

percent 
 
-Ea/R Ratio of the activation energy to the gas 

constant 

 
k0 Pre-exponential factor used in the 

Arrhenius Equation 
 
k Rate constant used in rate expressions 
 
nth Order of the reaction kinetic rate 

expression 
 
NOx Decomposition products of the 

nitrocellulose in the propellant 
 
RH relative humidity 
 
S Reaction products due to the stabilizer 

reacting with NOx 
 
SSE sum of squares of the errors or residual 

sum of squares  
 
T Absolute temperature in Kelvin 
 
t Time in days for kinetic models 
 
yobs Observed value for a data point 
 
ycalc Calculated value for a data point 
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ABSTRACT 
 

 
This paper covers a recent DOSG review of the increasing safety related requirements that 
pyrotechnic munitions are required to satisfy. It shows how the safety requirements for 
pyrotechnic munitions are now considered of similar importance as for other types of munitions 
in the UK inventory. No longer can pyrotechnics be considered to be the Cinderella area of 
energetic materials/munitions. 
 
Limited resources (staff, funds, time etc) mean that the increasing safety related requirements 
must be considered in a pragmatic and realistic manner whilst also ensuring scarce resources 
are concentrated on the most important areas. A key element of the pragmatic approach 
adopted by DOSG has been to categorise pyrotechnic munitions into groups, or, families. This 
pragmatic way ahead also embraces the DOSG theme to ‘Test Once – Use Many Times’. 
   
The environmental safety requirements are a prime example of how the political and public 
pressures are influencing UK defence stakeholders; this paper shall highlight the methodology 
being adopted by DOSG to ensure compliance with UK environmental safety requirements. The 
implementation strategy for pyrotechnic environmental assessment has followed that previously 
adopted for insensitive munitions, this insensitive munitions procedure is also highlighted in this 
paper. 
 
 
Introduction 
 
Background 
 
The assessment of safety and environmental impact of Ordnance, Munitions and Explosives 
(OME) has become more demanding over recent years. This is in part due to the requirement 
for more comprehensive safety cases which are required for OME entering into UK service. 
A key component of the safety case is the supporting data, which takes the form of trials results, 
historical data, expert opinion and read across from other related systems. Implementation of 
recent European legislation bt the MoD has led to the requirement that an environmental impact 
assessment should be conducted on all munitions. The question asked by IPTs (integrated 
project teams) who are responsible for delivering assessments is “Where does it all end ?”. The 
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requirement to provide more comprehensive assessments and generate the supporting data 
costs more and more, both in terms of time and cost and is heading towards becoming 
overwhelming !!  
 
As a consequence, the need to rationalise the amount of testing has never been greater. The 
need also exists to remove the possibility of duplication of effort especially when similar data is 
required to meet different objectives. 
 
 
Safety, Suitability and Sustainability for Service (S4) 
 
There is also an ever increasing amount of data needed to assess OME against specified 
requirements, some of which are indicated in Figure 1 below. There is real scope to benefit from 
having a joined-up approach to meeting all the requirements for OME. Such an approach should 
allow one to identify opportunities during the development phase - where data could be used to 
meet the requirements of multiple stakeholders. Only through such an approach will it be 
possible to: 
  

 
- Prevent duplication of effort (including testing) 
- Rationalise the amount of testing to support assessments  

 
 

 
 

Figure 1. S4 requirements for OME 
  
  
Much can be done to improve what we do already; it should be possible to make significant 
improvement through better availability of data and co-ordinating testing.  
 
Theme of paper 
 
Until recently, these S4 requirements have not been applied to pyrotechnics as rigorously as for 
the major battle winning natures of munitions. However it is now MoD policy that: 
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 - The IM compliance of all munitions in the inventory shall be assessed 
 - Environmental assessments are to be carried out for all munitions 

 in the UK inventory 
 
These requirements therefore apply to pyrotechnic munitions. In addition, the environmental 
assessments may well prove of prime importance to pyrotechnic munitions which are used 
extensively for training purposes on training ranges.  
 
The main theme of this paper is to show how S4 assessments can be addressed in a pragmatic 
way, with decisions and recommendations backed up by a minimum (but justifiable) level of 
scientific data, supported by peer review based on grouping the pyrotechnic inventory into 
common families of munitions 
 
This paper concentrates on satisfying the IM requirements for pyrotechnics - since this review 
has been completed. The principles behind the more recent requirements for environmental 
assessments are also highlighted. 
 
Knowledge base 
 
There is also a clear need to be able to have easy access to information that is generated from 
the tests along with historical data to prevent duplication of effort. Development of an integrated 
knowledge management system is seen as key in ensuring that the best use is made of the 
available information.  
 
The UK currently has two main database systems for OME, unfortunately, these systems have 
not been maintained in recent years and there is a need to either improve them, or, move on. 
These are not the only databases that have been developed over the years. Many other 
databases have sprung up to meet the needs of groups with requirements to analyse specific 
datasets. For example, the IM database used to prioritise and assess IM technology insertion. 
Combination of these sub databases into a knowledge base using common fields would be 
hugely beneficial. Figure 2 gives an idea of how such an integrated database could be 
designed. Sub-databases, examples of which are given below, would be maintained by the 
relevant stakeholders and the data would be made available for integration into the knowledge 
base; thus supporting the DOSG theme of ‘Test Once – Use Many Times’. 
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Figure 2. Possible structure of knowledge base with many sub-databases 
 
There are a number of other important reasons for developing and maintaining an OME 
knowledge base, not least of which is the impending departure of key individuals and the loss of 
experience and knowledge that this entails. This coupled with the reduction in the availability of 
experienced and competent OME personnel increases the urgency for such a facility being 
made available for the MOD.  
 
A specific example of where very good national and international collaboration can benefit 
multiple stakeholders is the Design Guide for pyrotechnic munitions with Red Phosphorus 
payloads. The Design Guide was one of the main outputs from the TTCP KTA 4-27 On The 
Degradation of Red Phosphorus. The study was initiated following in-service problems with red 
phosphorus payloads which resulted in performance, reliability, ageing, health & safety and 
environmental concerns. The design guide was produced in consultation with representatives 
from: 
 
 -  Industry 
 -  Project managers (IPTs) 
 -  Research organisations 
 -  Academia 
 -  OME safety organisations 
 
An important reason why the design guide has been considered such a success is that it 
contains information collated through the willingness of the various stakeholders to share safety 
information. The design guide would go into the EM Availability Database. 
 
In summary, DOSG is active on both a national and international level to encourage: 
 

− Credible streamlining of OME Assessment 
−  Creation and Maintenance of an OME Knowledge Base 
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− Collaboration on pyrotechnic safety issues, with key stakeholders, both nationally 
and internationally 

 
This topic was addressed in a paper1 presented at the 2004 NDIA IM/EM conference. 

 
 
Pyrotechnic munitions: Meeting IM Policy Requirements 
 
Background 
 
The stated aim of the UK IM Policy is that…… 
 
‘the vulnerability of munitions in the MoD inventory will be reduced over time to meet the 
requirements of STANAG 4439..’ 
 
The UK IM Implementation Strategy (IMIS) was subsequently developed by the Joint IM 
Strategy Group (JIMSG), with representatives from both MoD organisations and UK industry 
representatives in 2002.  
 
The IMIS initially targeted Hazard Division 1.1 and 1.2 munitions as these dominated the UK 
inventory and generally posed the greatest risks (mass detonation). The IMIS is a living 
document and is kept under constant review and updated as necessary. The overall objective 
was to have IMIS cover 95% of the UK munitions inventory by April 2006. This objective will 
now be delayed by 6 months 
 
 
IM and the UK Pyrotechnics Inventory 
 
The formation of the Defence Logistics Organisation (DLO) in April 2000 as also saw the 
formation of the Defence General Munitions Integrated Project Team (DGM IPT). DGM IPT was 
tasked with project management of all small, medium and large calibre ammunition, 
mines/demolition stores and pyrotechnic munitions via the formation of discrete munition 
management areas (MMAs) within DGM IPT. The ‘pyrotechnic’ MMA took over the duties of five 
predecessor organisations involving the management of over 450 natures ranging from fire 
extinguisher cartridges, EOD stores through to Sea Gnat naval decoys.  
 
To demonstrate compliance with the UK MoD’s Health & Safety Policy, the DGM IPT has 
undertaken to produce robust, credible and comprehensive safety cases for all the munitions 
that it manages; the IM signature forms a key part of the safety case when conducting risk 
assessments to demonstrate that the risks associated with ‘ownership’ (storage, handling, 
logistics transport and functioning) have been reduced to a level which is ALARP and tolerable. 
 
A specialist Pyrotechnics IM Panel was convened, in May 2005 to assess the IM signatures of 
the pyrotechnics inventory.   
 
It was established very quickly that assessment of the ‘pyrotechnics’ inventory managed by 
DGM IPT would present several challenges, namely: 
 

- the size of the inventory (approx 450 natures) 
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- the wide diversity of natures (not all of them true pyrotechnic natures 
e.g. Sea Gnat Naval decoys) – consequently the inventory was reduced to around 
300 natures 

- the lack of IM testing for the majority of pyrotechnic munitions 
- the effort required and the limited resources available (time and 

personnel) to carry out a thorough and consistent categorisation of the 
pyrotechnics inventory 

 
The methodology to overcome these challenges involved grouping the UK pyrotechnics 
inventory into broad ‘families’ of munitions with similar design and function, these families were 
then further refined to exclude the non-pyrotechnic natures (as defined in AOP-38). Figure 3 
illustrates the grouping that was developed for use in this assessment process. 
 

 
 

Fig 3 – IMIS Grouping of UK Pyrotechnics Inventory 
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The IM assessment process involved assessing all the members of a particular family of natures 
based on the design and construction of the store, the quantity and type of energetic materials 
and the method of packaging, together with all existing trials data and read across from similar 
munitions. It is important to note that we assessed all Pyrotechnics in the packaged 
configuration, since this represents almost the totality of the lifecycle for these munitions; indeed 
some pyrotechnics even use the package as the launch platform. Some pyrotechnics are 
packaged in a variety of containers and give different responses depending upon the packaging, 
so in such cases, it was necessary to consider each type of packaging.  IM test results were 
reviewed for accuracy and consistency of assessment and, where appropriate, were updated to 
reflect current IM assessment criteria. In many cases, no trials data was available and analytical 
assessments had to be made. Maximum use was made of read across to ensure consistency.  
A summary sheet for each nature was produced and an example is shown in figure 4. Each 
pyrotechnic family was assessed in turn and any general trends within a family and between 
families were noted. 
 
 
Name of Munition XXXXXXXX 
Category/Sub Category Generators/Generators Smoke 
Composition A (Main filling)/Qty xxxxx Smoke Composition – xx g 
Category of material Smoke Composition 
Composition B 
(Secondary filling)/Qty 

Type xxx Fuzehead 

Composition C(Tertiary filling)/Qty  
NEQ per item xxx g 
Case Material/Construction Steel 
Packaging  A980 

Qty per package 24 
NEQ per package 16.8 kg 

Haz Class  1.3G 
Test results ( assessed or test reference) 

FH V(A) 
SH V(A) 
BI V(A) 
FI V(A) 
SR V(A) 
12/25 m Drop   

Date of IMAP Assessment 22 Mar 05 
Comments Apart from the smoke composition, this 

store contains very little energetic 
material. IMAP assessed that Type V 
reactions could be expected as worst 
case responses for all threats 

 
Fig 4 – Pyrotechnic Munition IM Summary Sheet 

 
NOTE:  

1. Previous IM testing for pyrotechnic munitions had been largely confined to Fuel Fire , 
Bullet Attack and some ‘intra box’ sympathetic reaction trials  
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2. In almost every case the IM trials had been conducted on packaged pyrotechnic 
munitions  

 
 
Related research for pyrotechnic compositions and IM systems 
 
Low vulnerability gun propellants provide the best opportunity to ensure that future artillery shell 
propulsion charges meet IM compliance. Efficient and reliable ignition systems for these 
propellants are not currently available. The requirement is for compositions that have high 
burning point temperatures and a high energy density that contains materials with low boiling 
points so that metal vapour is produced during the combustion process. This requirement is the 
subject of current research. It highlights the importance of the role of pyrotechnics in all 
munitions in the munitions inventory. 
 
Conclusions from IM requirements for pyrotechnic munitions 
 
As an overall statement there is little concern over the IM compliance of pyrotechnic munitions 
as covered in a recent paper 2 presented at the last parari conference. 
The approach taken to categorise the UK Pyrotechnics Inventory has proven successful and 
serves as a blueprint for the way forward for other categories of munition such as small arms 
ammunition and CADS/PADS. 
 
The streamlined test methodology based upon the ‘family’ concept should be investigated 
further. 
 
The general IM signature within each family of pyrotechnic munitions should be formally 
recorded and maintained within an IM database. 
 
Adoption of IM utilising a systems approach requires development of IM explosive trains, this 
again stresses the importance of pyrotechnics in the next generation of munition systems. 
  
 
Pyrotechnic munitions and Environmental Assessments 
  
This requirement is lead from relatively recent developments including: 
 

- Ever increasing European Union environmental regulations 
- The MoD policy to set up an Environmental Management System 
- The MoD policy that environmental assessments shall be carried out on all 

munitions, to determine the significance, or not, of any environmental 
impacts whether positive or negative 

- To allay both political and public concerns and pressures 
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The major environmental impacts are shown below (Figure 5): 
  
 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 5 – Major Environmental Impacts 
 
 

Environmental Hazard Assessment (EHA) 
 
The EHA is the tool being developed for legacy munitions (including pyrotechnics). For 
legacy munitions it is most important to concentrate on the In-service and Disposal 
phases of the CADMID cycle. In addition, as with pyrotechnic munitions and IM 
requirements, a justifiable and cost effective way ahead has to be found 
 
The EHA seeks to generate quantitative data which: 
 

- allows an assessment of the significance or otherwise of any 
emissions to the environment 

 
- to generate information which would prove useful to anyone e.g. a 

Range Safety Officer, responsible for conducting site specific 
environmental management tasks and 

 
- provides a unified approach preventing duplication of effort by 

maximising the use of available data. Key stakeholders for the 
process therefore include IPTs, Defence Estates and Range 
Management staff.  
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The first stage of an environmental assessment is to determine whether outputs are 
likely to cause environmental harm. The EHA methodology relies on comparing 
emissions from a weapon with regulatory values and comparing them to the 
Environment Agency’s own guidance to determine significance.  
 
The initial assessment requires determination of the emissions from 
functioning/functioned munitions; this has proved difficult to source. The UK has 
initially resorted to the use of a set of emissions data generated jointly by the US DoD 
and Environmental Protection Agency (EPA). Reliance on a 3rd party data set is not the 
best solution and highlights the need for the UK to generate a similar data set. At first 
this may sound expensive but the work conducted thus far has demonstrated clearly 
that the data can be applied to a number of different scenarios, again, demonstrating 
the DOSG principle of ‘Test Once – Use Many Times’. 
 
For the UK pyrotechnic munitions inventory, the groupings will be based on those 
already identified by the US DAC MIDAS system, which is based on types of energetic 
materials. 
 
It is noteworthy that the same emissions data can also be applied to the assessment of 
human health, adding weight to the need for an efficient data management system 
which allows multiple useage of single data sets.  
 
The purpose behind environmental management is to ensure that damage to the 
natural environment is minimised to acceptable levels. Pollution can damage 
ecosystems, both in the short and long term and ultimately can have a significant 
negative effect on human health. Whilst many of the MoD ranges attract national and 
international levels of wildlife protection (e.g. Special Sites of Scientific Importance, 
(SSSI) new European water regulations mean that even greater care must be taken to 
avoid diffuse sources of pollution entering ground water and aquifers, pollution which if 
it occurs can be extremely difficult and costly to remediate. As a major landowner in 
the UK, Defence Estates and Range Management staff are therefore key stakeholders 
in environmental management.  
 
For site assessment the use of a Conceptual Site Model has advantages and 
disadvantages. To attempt to develop a conceptual site, though initially attractive, does 
not offer a sound method of managing individual sites. MoD ranges extend throughout 
the United Kingdom and as such reflect a wide range of meteorological, geological and 
hydrological conditions. Ranges may be found on a number of geological formations 
(e.g. limestones, chalk, sandstones,) differing soil types with different soil chemistries 
and different climatic conditions with potentially significant variations in rainfall and pH. 
Aquifers exist under many ranges and the potential for damage to the aquifer will be 
dependent on many factors including whether the aquifer is capped or uncapped by 
what is, essentially, a potentially protective surface stratum. 
 
The EHA therefore has to provide sufficient information for site environmental 
managers to assess the effects of not just single munitions, but, multiple useage of 
many different types of weapon. The accumulative (and synergistic) effects of 
emissions must be taken into account and the data in the EHA must allow for this to be 
done.  
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At this juncture it is worth noting earlier comments about the scientific environmental 
status of many of the UK MOD sites. As SSSIs etc. many sites enjoy extensive 
monitoring of flora and fauna. This potentially offers a method of substantiating the 
justification of weapons use on many sites. 
 
Once emissions are understood it then becomes possible to offer implement a range 
sustainability model by which the environmental footprint of the range and the activities 
undertaken can be described. As such this aspect fits very well with government 
policies directed to develop improvements in sustainability, through, for instance, 
reduced carbon emissions. 
 
 
Stakeholder requirements 
 
The EHA data for multiple stakeholder use essentially consists of emissions data from 
functioned pyrotechnic munitions plus a list of restricted materials contained in the 
design of the munition. 
 
It is again stressed that we cannot do everything overnight, but, a pragmatic and 
justifiable process should be in place. 
 
Therefore for this current year, and perhaps some of next year, the prime 
considerations will consist of the following: 
  
 - Emissions data from functioning pyrotechnic munitions (confidence 

in this data will increase as more and more EHA data becomes 
available) 

 
 - List of restricted materials 
 
 - Details of packaging 
 
 - Information on expected usage of the munition 
 
 - Accident scenarios and consequences 
 
 - Implication of storage (e.g. phosphine generation in pyrotechnic 

munitions containing red phosphorus payload charges) 
 
 - Disposal implications 

 
Over this same period of time (up to 18 months ahead), the range environmental 
sustainability tool will be generated. Again, it is stressed that this is the key site 
specific environmental assessment, since it assesses the cumulative effect of 
functioning multiple munitions, of many types, over an extended period on a specific 
site. 
 
In 2 to 3 years time it is anticipated that the IPT input will be strengthened by feedback 
from the range environmental sustainability tool. Such information should be available 
when DGM IPT next reviews its munition environmental and safety case reports. 
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This feedback is also important to direct future research in developing a ‘green’ 
pyrotechnic munitions culture. To-date research into this area is limited to the 
replacement of perchlorate salts with chlorine-free oxidisers such as dinitramides. 
 
 
Conclusions: Pyrotechnic munitions and environmental assessments 
 
The EHA outputs provide a cost effective way of obtaining key emissions data from the 
functioning of pyrotechnic munitions. This topic was covered in a paper 3 presented at 
this years NDIA IM/EM conference. 
 
There are potential environmental impact concerns that may arise from the multiple use 
of certain types of pyrotechnic munitions on ranges. In suh cases advice will be given 
to mitigate them. 
 
The EHA process provides data for multiple stakeholder use. 
 
Site specific environmental assessments are the most important for assessing any 
environmental effects (positive or negative), for multiple use of munitions, especially 
pyrotechnic natures. 
 
It will be a few years until we have generated sufficiently robust data to allow 
generation of robust, credible and comprehensive environmental and safety case 
reports for munitions. 
 
 
Overall Conclusions 
 
Pyrotechnic munitions can no longer be considered the ‘Cinderella area’ of the 
munitions inventory. 
 
The most efficient way ahead for legacy pyrotechnic munitions (due to the large 
inventory) is to group the pyrotechnic munitions into similar groups, dependent on 
which S4 requirement is being considered.  
 
A second key requirement for a cost effective way ahead is to generate a pyrotechnic 
knowledge data base as part of an overall OME knowledge base. 
 
Buy-in from all key stakeholders is required. It is important for ‘UK pyrotechnic plc’ to 
ensure that there is improved collaboration on the exchange of pyrotechnic safety 
information between the following key (national and international) stakeholders: 

- Industry – manufacturers of ingredients, compositions, components 
and munitions 

- Research organisations (including academia) 
- Project Acquisition Managers (or IPTs) 
- OME Safety organisations 

 
Targeted ‘pyrotechnic’ research is required not only to reduce potential/real in-service 
problems, but, to also ensure that reliable functioning of pyrotechnic components in 
other munitions e.g. the ignition of LOVA propellant charge in IM artillery ammunition. 
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In general, consider all S4 requirements together to streamline OME S4 testing and 
support the DOSG theme to test only once. When pyrotechnic munitions are re-ordered 
it is important that the build standard of the munition is not just a reprint of an old 
design with known in-service problems, but it capable of: 
 

- Reducing any in-service problems 
- Meeting current S4 requirements as far a possible 
- Ensuring improved stockpile management 
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OUT-GASSING FROM MILITARY PYROTECHNICS – PROBLEMS & 
SOLUTIONS 
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Magnesium is often used in military pyrotechnics as a metallic fuel, where the formulations are typically 
of the type Magnesium/Oxidant/Binder. Magnesium can react with water /water vapour resulting in the 
generation of hydrogen gas. 
 
Electrostatic safety concerns dictate that pyrotechnic formulations are manufactured at high ambient 
humidity levels. Some military pyrotechnic stores make extensive use of known hydroscopic materials 
such as cardboard - which also contain high levels of moisture, therefore, the conditions required for the 
generation of hydrogen gas are ‘locked into’ the store from the day of manufacture. 
 
Red Phosphorus (RP) is also extensively used in military applications, pyrotechnic formulations 
containing RP can also react with water/water vapour and oxygen – resulting in the generation of 
phosphine gas (toxic) and phosphoric acids (corrosive). 
 
This poster will highlight some actual examples of hydrogen/phosphine out-gassing from military 
pyrotechnic stores and some of the potential implications in terms of Health & Safety, military capability 
(reliability), safe storage and safe disposal. 
 
The poster will also highlight UK risk mitigation initiatives to manage, reduce or eliminate out-gassing 
from military pyrotechnic stores containing RP or magnesium. 
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ABSTRACT 

 
 

This work has been carried out as part of an investigation to determine the extent to which the 
changes that occur during ageing of a PBX affect the material's response when subjected to stimuli 
resulting from a credible accident. An aluminised, cast curable PBX was subjected to artificial ageing by 
prolonged storage at an elevated temperature. Physicomechanical properties including strength, 
microstructure and sound velocity have been measured as well as chemical composition changes at 
known ageing intervals in order to relate them to the material’s explosiveness, in support of life prediction 
of in-service munitions. This work was funded by the Defence Ordnance Safety Group (DOSG), UK 
MoD. 

 

 

1. Introduction 

It is well known that as PBXs age they undergo 
mechanical and chemical change1,2, but very little 
has been reported on the effect of these changes on 
explosiveness of the material3. This paper presents 
data obtained from the extensive study of the 
changes that occur in an aluminised RDX based 
cast-curable PBX. This work was part of an 
ongoing study to determine if these changes may 
affect the hazard posed by the material.  

PBXs are designed to produce a benign 
response in the event of accidental ignition. This 
response is due in part to the energy absorbing 
characteristics of the matrix. Any change such as 
embrittlement has been shown to reduce the ability 
of the matrix to absorb energy and may therefore 
increase the severity of the response. If there were 
such a change in the explosive response, it is 
important to determine the mechanism behind this 
change and monitor the factors behind the effect. 
There has been extensive characterisation of the 

effect of ageing on energetic composites but as 
already stated only very limited work published on 
the influence of these changes on the hazard 
response characteristics of PBXs. 

The response of a munition when subjected to 
accidental stimuli is strongly dependant on the 
confinement of the explosive17. Pressure venting 
fuse systems have been employed in large calibre 
HE munitions to prevent high order reaction in the 
event of ignition on launch18. Mechanical 
properties studies on PBXs and composite 
propellants4,5,6 show that changes in material 
strength are strongly influenced by the type of 
polymer, cross-linking agent used and the particle 
size of the energetic filler7,8,9,10. During the service 
life of the munition the cross-linking reaction used 
to optimise the mechanical properties of these 
materials at the time that they enter service 
continues until all reactive species are consumed. 
This continuing reaction leads to a stiffening and 
embrittlement of the material. Eventually a 
competing reaction of polymer chain scission 
begins to manifest itself in a softening of the 
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material and reduction of dimensional stability. 
When subjected to physical shocks the embrittled 
material may fracture leading to increased voidage 
and increased sensitiveness. Diffusion-limited 
oxidation has been proposed as a mechanism of 
binder degradation but Arrhenius analysis of the 
reaction suggests rates to be insignificant relative 
to the cross-linking reaction11. Studies have also 
shown that in composite propellants the migration 
of plasticiser can contribute to bulk material 
failure12. Mechanical failure of aged composite 
propellants has been shown to have disastrous 
consequences. Previous work published at the mid 
point of this study showed how these properties 
begin to change over time37. The effect of using 
different elastomers and cross-linking agents to 
enhance ageing properties and modify 
sensitiveness has also been published elsewhere13.  

Sensitiveness studies carried using the 
Steven14,15, Rotter impact and gap tests have shown 
that for various stimuli ignition can occur at a 
lower energy thresholds for aged PBXs16.  

The long-term thermal stability and reaction 
kinetic studies of PBXs19,20 based on nitramine 
fillers and urethane binders have shown that they 
have reasonable chemical stability21,22,23,24. 
Attempts have been made to predict a “storage 
shelf-life” based on reaction rates of the material 
but with limited success25 as there is often not a 
simple Arrhenius relationship between temperature 
and reaction rate for these composite materials. 

Acoustic characterisation of energetics has 
mainly been used to determine propellant grain 
integrity and has rarely been applied to PBXs26,27. 
Surface examination techniques including optical 
and scanning electron microscopy have been used 
to accurately determine defects, crystal 
morphology and distribution in an attempt to 
model energetic composite materials and how 
these properties may affect sensitiveness29.  

 

2. Material Characterisation  

The PBX samples used during these trials were 
prepared and stored at 60°C for up to 15 months by 
RO Defence, Glascoed. Samples were withdrawn 
at monthly intervals for testing. The material 
qualified as Rowanex 1400, consists of 66% RDX, 

22% aluminium and 12% polyurethane binder. The 
methods used and the preliminary results of the 
characterisation trials have previously been 
presented37. This paper briefly reviews the methods 
and summarises the complete results of those trials 
before proceeding to discuss the development of a 
technique to test and evaluate material 
explosiveness. 

 

2.1 Mechanical Analysis 

Dynamical mechanical analysis (DMA), 
scanning electron microscopy (SEM) and acoustic 
analysis were used to characterise the changes in 
mechanical properties.  

JANNAF dogbones of the PBX were tested on 
a calibrated Instron Tensiometer. The tensile and 
compressive strengths were measured using a 
crosshead speed of 5mms-1 and a 10kN load cell. 
Strain was also measured using the tensiometer. A 
more accurate method using strain gauges was 
found impracticable because the fine blade edge of 
the gauge cut into the soft material and induced 
premature failure under tension. Compression tests 
were carried out using cylindrical samples of the 
material which was placed between steel plates and 
compressed until ~90% reduction in thickness; 
there was no catastrophic material failure due to 
the rubbery nature of the binder present.  

Acoustic analysis utilised a 4MHz Krautkramer 
MB4Y transverse wave straight beam probe (also 
acting as the signal receiver) and Krautkramer 
USIP11 oscilloscope to determine the sound 
velocity and detect the presence of voids and other 
defects. It was expected that any change in either 
the interaction between the binder and filler or the 
degree of cross-linking of the binder should 
produce a change in tensile and compressive 
strength which should manifest itself as a 
detectable in the velocity of sound or reflection 
characteristics of the material.  

Scanning electron microscopy was used to 
examine the fracture surface of the tensile test 
pieces and aid determination of a tensile failure 
mechanism.  
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2.2 Chemical Analysis 

Differential scanning calorimetry, 
thermogravimetric analysis (DSC / TGA), Gas 
Chromatography Mass Spectrometry (GCMS) and 
IR spectroscopy were used to monitor and 
characterise any chemical changes that may have 
occurred within the material. 

The long-term chemical compatibility of the 
PBX composition was investigated using the 
vacuum stability test described in STANAG 4147 
which involved heating PBX samples to 80°C  
under vacuum in a sealed containers fitted with a 
pressure transducer, for 240hrs then using GC-MS 
analysis to determine the composition of any 
evolved products.   

The material was subjected to thermal analysis 
(DSC / TGA), to determine whether there was any 
change in the onset of decomposition temperature 
and if a decomposition mechanism could be 
established.  

IR spectroscopy in the range 400cm-1- 4000cm-

1 was used to determine changes in relative 
amounts of active functional groups present in the 
binder. Both transmission and attenuated total 
reflectance (ATR) methods were used.  

Transmission measurements were made with a 
Bruker Vector 22 FTIR spectrometer using KBr 
discs pressed at 10tons using a Specac die. The 
presence of aluminium gave relatively low 
transmission but a Fourier Transform allowed clear 
absorption peaks to be produced so that the data 
could be electronically manipulated.  

ATR measurements were made with a Perkin 
Elmer 983 IR spectrophotometer. A slice of PBX 
approximately ~1mm thick was clamped against a 
mixed thallium salt crystal of high refractive index.  
The configuration allowed an IR beam to pass into 
the crystal and be reflected off the crystal / sample 
interface. After multiple reflections the light beam 
traverses the length of the crystal where it is 
detected by the spectrometer. Sample preparation 
for ATR was extremely quick and simple but 
Fourier Transform analysis of the signal did not 
prove useful producing a noisy and uncorrected 
baseline. 

3.  Gap Test Development and Explosiveness 
Evaluation. 

The aim of this experiment was to provide 
information on how the explosiveness of the PBX 
changes with the age of the material. 

The experiment is similar in design to the Low 
Amplitude Shock Initiation (LASI) test34 which 
was used to determine shock sensitiveness of 
explosives through optical measurement of the free 
surface velocity of the sample but utilised fibre 
optics to detect and measure a shock or reaction 
front. Similar tests also include UK small-scale gap 
test, LANL Large scale gap test, US Navy, China 
Lake gap test and the Picatinny Arsenal test. These 
tests are used to determine the shock sensitiveness 
of an explosive by varying the thickness of the 
barrier material until the transmitted shock initiates 
a detonation.  

 In the explosive response test undertaken here, 
PBX samples of various ages were subjected to a 
shockwave of known magnitude. A series of fibre 
optic cables inserted in to the PBX perpendicular 
to the direction of shockwave travel and at known 
intervals were used to detect light scintillation as 
the shockwave passed by them.  

The fibre optic cables were connected to visible 
wavelength photodiodes that produced a voltage 
which was recorded by an oscilloscope. Any 
changes in the velocity of the shockwave should 
now be quantifiable and should be directly linked 
to the age of the PBX. It was also speculated that 
changes in explosiveness might correlate with 
specific mechanical properties changes. 

It was hypothesised that as the PBX samples 
aged, the rate at which energy is released from the 
initiated reaction would increase. This increase in 
energy release should accelerate a reaction front 
which may eventually catch up to the initial 
shockwave, which would be observed as a 
reduction in the time between light emissions at the 
fibre optic tips. If there is a significant increase in 
the velocity of the reaction / shock front, it might 
suggest that the reaction is more likely to run to a 
detonation and hence the level of explosiveness for 
this shock stimulus would have increased. 
However if there was no energy contribution from 
the chemical reaction to the shockwave, it would 
attenuate. 
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When the donor shockwave impacts the PBX, a 
compressed layer is formed and a reaction could 
initiate due to the formation and growth of 
hotspots. If the magnitude of the shock is too low 
the material will behave as an inert material and 
the initial shock wave would attenuate as it passes 
through the bulk of the PBX, if too high the 
prompt shock threshold will be exceeded and the 
material will detonate. Hotspots are due to 
microscopic voids in the material, which compress 
adiabatically and result in a rapid rise in 
temperature33. The temperature reached is well 
above the ignition temperature of the material and 
so a fast combustion reaction will start.  

The temperature achieved by adiabatic 
compression of the air within voids was expected 
to be sufficient to vaporise the HTPB on the 
internal surface which may then cause exothermic 
decomposition of energetic material resulting in 
light scintillation. 

Reaction fronts and shockwaves have been 
characterised in fuel/air explosive mixtures using a 
similar technique based on fibre optics36. 
Piezoelectric gauges were used to detect the 
pressure pulse arrival. The results gave information 
on the instability of a detonation wave by 
analysing the variance between the shock and 
reaction fronts.  Laser interferometry has been used 
to study the evolution of a shockwave in a 
chemically reacting solid and showed that slow 
reactions behind a shock can accelerate and 
overtake it driving the material to detonation35.     

 

3.1 Experimental 

PBX filled aluminium cylinders of three 
different sizes were used, each having fibre optic 
cables mounted at known interval along the length 
of the body. Vehicle dimensions are shown in 
Table (1). 

 
 
 

 

Table (1) – Dimensions of gap test acceptor charges 

 

Figure (1) shows the typical design of the 
vehicles used to assess the explosiveness of the 
ageing PBX. 
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Figure (1) - PBX filled acceptor charge body 

 A nitromethane charge sensitised with 5% 
diethylamine, initiated with a No 8 detonator was 
used to provide the donor shock in this system It 
had an L/D ratio of 2.5 which allowed a steady 
detonation to form. The uniform density of the 
liquid gave a consistent velocity of detonation and 
detonation pressure required for reproducibility. 
The donated shock characteristics were controlled 
using a polymethylmethacrylate (PMMA) 
attenuator. A schematic of the instrumented gap 
test is shown in Figure (2). 

 

Vehicle size Internal diameter / Body length / Fibre spacing / 
 mm  mm mm

Large 44 180 11
Medium 26 120 21
Small 26 65 40
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Figure (2) - Schematic of instrumented gap test 

The shock attenuation curves for PMMA in this 
configuration were calculated using the computer 
hydrocode Autodyn 2D. 

 

 

 

 

 

 

 

 

Figure (3) – Shock attenuation curves for PMMA, 
calculated using Autodyn 2D. 

A series of trials were conducted to determine 
the gap thickness required to induce a non-
detonative reaction in the material. The final gap 
thickness used was 11mm for the 26mm diameter 
charges and 21mm for 44mm diameter charges, 
which corresponds to equal input pressures of 
~5.5GPa according to the Autodyn generated 
attenuation curves shown above in Figure (3). 

The fibre optic cables were placed at known 
intervals along the length of the PBX filled tubes. 
Light would be emitted as the shock passes the 
fibre tips providing there was sufficient energy to 
plastically deform the material causing localised 
heating through adiabatic compression at the fibre 
tips, a sufficient heat rise would produce light 
scintillation. An increase in the velocity of either a 
reaction or shock front will be apparent by a 
reduction in the time between light signals. The 
intervals differed for each of the different size 
tubes. There were four cables per vehicle with 
62.5μm diameter glass core, 125μm diameter silica 
gel cladding and 900μm PVC outer jacket. The 
cables had been mounted in the aluminium 
cylinders before the PBX was cast, with the 
exposed tips running down the long axis of the 
cylinder and a 1m length of cable left trailing. The 
free ends of the fibres were fused to a 10m fibre 
optic extension cable using a Fitel portable fusion 
splicer 

The fibres were connected to a photodetector 
circuit via FC/PC connectors. The photodiodes, 
which were supplied by Hamamatsu, UK, were 
connected to a 420 Nicolet Oscilloscope with 2ns 
time resolution. The oscilloscope was triggered 
using an ionisation probe attached to the detonator. 

 

4. Results and Discussion 

The completed results of the tests carried out 
for this investigation are presented.  

 

4.1 Mechanical Properties  

Figure (4) shows the how the maximum tensile 
load varied with ageing over the duration of this 
investigation. The changes in tensile strength of the 
material can clearly be shown in Figure (5). The 
dogbones used were all from the same cast block 
which had been sectioned and stamped. 

 

 

 

 

 

Autodyn Calculated Shock Attenuation Profiles for PMMA used in the Explosive Response Test
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Figure (4) – Elongation to failure curve for the 
ageing PBX. 

The results show that over the first few months 
of ageing there is an increase in the elasticity of the 
PBX which can be attributed to an increase in 
cross-linking providing a more rigid polymeric 
matrix. This then appears to plateau suggesting no 
further cross-linking is occurring. 
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Figure (5) - Max load before failure. 

Figure (5) shows no significant change in the 
strength of the material during ageing. The error 
bars on the graph show a 2% error due to the 
testing equipment. It was expected that continued 
cross-linking would produce an increase in 
material strength and after extensive ageing a 
softening and reduction of elasticity due to 
polymer scission would occur. This lack of 
observable trend and variation in the sample failure 
loads may be attributed to the variability of failure 
points in the material. Examination of the failed 
specimens under the scanning electron microscope 
showed variable and sometimes poor adhesion of 
the binder to the RDX and there was significant 
voidage where the explosive crystals had become 
detached.  The homogeneity of filler dispersed 
within the matrix may also account for slight 
variations in compression resistance. 

The results of the compression test showed that 
under dynamic loading there was little variation in 
the relative displacement of the material and the 
load required to cause plastic deformation as the 
material aged.  

 

 

 

 

 

 

Figure (6) – Compression test loading profiles. 

The results in Figure (6), where compression 
curves have been base shifted for easy comparison, 
show no change in the Young’s Modulus of the 
material with age and the elastic limit of the 
material was reached when the sample was 
compressed to approximately 0.3kN, 
corresponding to a ~20% reduction of the original 
sample 

The displacement deflection that occurs at ~ 
1.4kN was attributed to either binder failure at the 
centre of the compressed sample due to radial 
material flow or to radial surface failure. A cross 
section analysis of an unaged recovered sample 
showed that there was a tensile fracture 
perpendicular to the axis of compression, which 
supports the mechanism of central binder failure. 
This fracture became harder to observe in the aged 
material as the material reformed once the load 
was removed. This may suggest a mechanism for 
increasing shock sensitiveness by the formation of 
hotspots. 

Acoustic characterisation of the samples 
indicated that as the material aged there was no 
significant change in either the velocity of sound or 
in the attenuation of the sound wave within the 
material. It had been expected that increased cross-
linking would allow better sound transmission. The 
velocity of sound remained constant at 1666ms-1, 
but other authors28 have shown that changes in 
sound velocity does occur in polymeric systems 
suggesting that the sensitivity of the transducer 
used during this investigation was below a level 
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required to detect changes in the order of a few ms-

1.  

 

 

 

 

 

 

 

 
Figure (7) – Acoustic reflected signal in aged PBX 
samples. 

Figure (7) shows that after 10 months of ageing 
there was a significant reduction in the amplitude 
of the reflected signal observed. This could not be 
explained by any physical or chemical changes that 
have been observed due to ageing but may have 
been a result of damage to the surface of the 
samples when during preparation. The was 
increase adhesion of the PBX to the base of the 
nylon vehicles in which it was cast as the material 
aged. 

 

4.2 Chemical Properties 

IR spectroscopy was used to detect the active 
functional groups of the binder components and 
resultant urethane bonds formed during the cross-
linking reaction. The absorption intensity of the 
urethane bond was measured relative to an 
absorption peak expected to remain constant as the 
material aged. The absorption of the urethane 
stretch at 1737cm-1 was expected to become more 
intense with age when compared to the absorption 
intensity of the polymeric methyne C-H stretch at 
2937cm-1 and the cyclic C-H peak at 1556cm-1 
which should not change. The baseline from which 
all peak intensities were measured was 4000cm-1. 
Figure (8) shows transmission and ATR spectra of 
unaged PBX.  
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Figure (8) – ATR and Transmission spectra of the 
unaged PBX. 

The ratios are plotted in Fig (9).  

 

 

 

 

 

 

 
  
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
A = Intensity of  polymeric methyne C-H stretch 

 B = Intensity of urethane stretch 
 C = Intensity of cyclic C-H stretch 

Figure (9) – Ratio of peak intensities for aged PBX 
samples. 

When comparing the graphical trends of peak 
ratios, shown in Figure (9), the results obtained 
using both methods appear to contradict each 
other. The results of the ATR show the number of 
urethane bonds reduce relative to the number of 
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polymeric methyne C-H and stretches and cyclic C 
-H stretches as the material is aged.  

This trend may be explained by the formation 
of an allophanate group32. Any reaction involving 
urethane groups would cause a reduction in 
intensity of observed IR peaks. Cross-linking 
isocyanates are added in excess, primarily to react 
with any water that maybe present, but at elevated 
temperatures it is quite feasible for the cross-
linking agent to react with the urethane.  

The FTIR results suggest that the number of 
urethane groups is increasing relative to the 
polymeric methyne C-H stretch and that the ratio 
of urethane to cyclic C-H bonds remains constant. 
No explanation could be determined for the 
discrepancy in results between ATR and FTIR. 

DSC and TGA were carried out to determine 
the onset temperature of decomposition and 
compare the enthalpy of decomposition of aged 
material. Figure (10) shows the thermograph for 
the unaged PBX and a sample aged for 15 months 
at 60°C. 
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Figure (10) – DSC / TGA of aged and unaged PBX. 

The thermograph of the pristine material shows 
an endotherm at 204°C, which can be associated 
with the melting of RDX and the subsequent 
exothermic spike due to RDX decomposition. The 
high ratio of RDX to binder causes the 
characteristic decomposition trace of the binder to 
be masked by RDX. The residual mass is char and 
unreacted aluminium. The 15 month aged sample 

has similar decomposition features, except that the 
endothermic trough begins at a lower temperature 
around 190°C and is much broader. Other 
studies30,31 have shown that this reduced 
decomposition onset may be due to incompatibility 
of RDX and the binder. The presence of an inert 
material may account for the broadening of the 
exotherm as heat energy is dissipated and heat 
transfer to the thermocouple will be reduced.  

The results of the vacuum stability test are 
shown in Figure (11) 

 

 

 

 

 

 

 
 

Figure (11) - Gas evolution in vacuum stability test. 

The pressure increase in both vessels suggests 
that reactions are occurring. The linear production 
of gas from approximately day 5 onwards, suggests 
that the anti-oxidant has been consumed at this 
point. The gases evolved that would otherwise be 
scavenged by the anti-oxidant are now released 
from the PBX system into the vessel leading to a 
rise in pressure. 

GC-MS headspace analysis revealed that the 
species present were CO2, CO and N2O, H2 and 
trace levels of either the cross-linking catalyst 
dibutyl tin dilaurate (DBTDL) or plasticiser dioctyl 
adipate (DOA), which are both long chain carbon 
based compounds capable of forming low 
molecular weight compounds observed in the mass 
spectrometry data. 

 

4.3 Instrumented Gap Test Results 

The aim of this experiment was to provide 
information on how the explosiveness of the PBX 
changes with the age of the material. 

Light was detected as expected from nearly all 
fibres that were embedded in the PBX but the 
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results did not appear to be consistent except for 
samples that were shocked to detonation and 
intense, well-defined signals were recorded giving 
a detonation velocity of 7500±50ms-1 as shown in 
Figure (12). 

 

 

 

 

 

 

 

 

 

 
Figure (12) – Typical recorded light trace for a 
detonating PBX. 

For non-detonating events shown in Figure 
(13), fibres that were embedded in consumed 
sections of the PBX cylinder emitted the strongest 
signals suggesting light release emission occurred 
in higher shock pressure regions of the sample 
resulting in partial decomposition of the explosive 
material. Weaker signals detected from fibres in 
unreacted sections of the PBX were attributed to 
adiabatic compression of voids and possibly 
localised explosive decomposition. 

 
 

 

 

 

 

 

 

 

 

 
Figure (13) – Typical recorded light trace for a non-
detonative event in an aged PBX. 

Table (2) shows the velocities of the shock / 
reaction front in the aged PBX. Velocities were 
calculated using the spacing between fibres (δY) 
and time between light signals (δX). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Table (2) – Reaction / shock velocities in aged PBX.  

No reaction = mechanical damage to sample and aluminium 
casing with no signs of combustion. 

Reaction = Significant portion of sample consumed with evidence 
of charring around remaining sample, no damage to witness plate. 

Detonation = No recoverable material except small case 
fragments, witness plate dented with scabbing on rear face. 

It was necessary to vary the gap for the first 
few firings as the initial thickness of PMMA that 
was expected to initiate a non-detonative reaction 
in the material was too large, resulting in minor 
mechanical damage to the PBX surface in contact 
with the PMMA and no visible sign of reaction. 
The gap thickness was reduced until detonation 
was achieved then increased slightly so the 
donated shock pressure would not exceed the 
prompt shock threshold. 

 Test Vehicle PMMA Average shock velocity between fibre optics / ms-1

Serial No Gap / mm Reaction 1 2 3 4
S1 20 No reaction
S2 6 Detonation 7586
S3 10 Reaction 3584
S4 9 Detonation
S5 9 Detonation
S6 11 Reaction
S7 11 Reaction
S8 11 Reaction
S9 11 Reaction
S10 11 Reaction 3437
S11 11 Reaction
S12 11 Reaction 3437
S13 11 Reaction
S14 11 Reaction 687
S15 11 Reaction

1419
3882

1833
4047

3267
2894

2588
2796

7586

550

7500

 Test Vehicle PMMA Average shock velocity between fibre optics / ms-1

Serial No Gap / mm Reaction 1 2 3 4
M1 14 No reaction
M2 17 No reaction
M3 9 Detonation
M4 10 Detonation
M5 11 Reaction
M6 11 Reaction
M7 11 Reaction
M8 11 Reaction
M9 11 Reaction
M10 11 Reaction 759
M11 11 Reaction 3500 1105 677
M12 11 Reaction
M13 11 Reaction 1500 1400
M14 11 Reaction
M15 11 Reaction 2625 3500

2625

7500
7500

976

 Test Vehicle PMMA Average shock velocity between fibre optics / ms-1

Serial No Gap / mm Reaction 1 2 3 4
L1 40 No reaction  
L2 17 Detonation
L3 30 No reaction
L4 24 Reaction 1818 2100
L5 21 Reaction
L6 21 Reaction
L7 21 Reaction 3846
L8 21 Reaction 2352 975
L9 21 Reaction 3636 3333
L10 21 Reaction 1600 1143 465
L11 21 Reaction 3636 3000
L12 21 Reaction 2857 833
L13 21 Reaction 4000
L14 21 Reaction
L15 21 Reaction 625
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Once the required gap was set the type of 
reaction observed could be classified as Type III / 
IV as described in AOP-7 as there was extensive 
fragmentation of the aluminium body and minor 
cratering effects from blast although overpressure 
measurements were not taken. A comparison of the 
damage caused by the detonating donor charge on 
an aluminium body filled with an inert substitute 
and one filled with PBX suggest that there is an 
energy contribution from the PBX resulting in 
significant fragmentation of the aluminium body. 

Several low intensity signals were recorded 
which may have been due to light reflections and 
scattering at defects along the fibre and at the fused 
joint. In some instances a fibre did not detect light 
so an average velocity was determined between 
fibres that did detect a signal. The profile of the 
light signals showed some consistency between 
samples of the same dimensions. 

Many of the light traces recorded during the 
trials showed that the four photodiodes were 
detecting low levels of light simultaneously from 
in all channels when the oscilloscope was 
triggered. The construction of the fibres does not 
allow light to enter through its sidewalls, however 
the repeated shocking of the cable by the 
detonating NM charge may have introduced minor 
cracks in to the glass core which may have allowed 
the intense light produced to be recorded. 

There were several results where a light signal 
was first detected from the fibre closest to the base 
of the sample, which may be explained by the 
generation of a shock at the interface between the 
base of the PBX vessel and the steel witness plate 
travelling upwards in the direction of the oncoming 
donated shock. Attempts to show how this may 
occur using Autodyn were unsuccessful, as the 
simple Lagrangian model used did not allow for 
any displacement of the configuration relative to a 
fixed boundary. 

The duration of the light signals varied from 
0.1-1 milliseconds which supports the theory 
emission is a result of hotspot formation at the 
fibre tips. Little usable data were obtained from the 
Large and Medium scale vehicles. 

5. Conclusions 

This paper presents the results of a 3 year 
ageing programme which sought to monitor 
changes in mechanical and chemical characteristics 
of a PBX and determine if these changes influence 
the response of the material when accidentally 
initiated.  

The data produced show that the mechanical 
properties of the material under investigation 
changed most significantly over the first month of 
ageing, notably an increase in elasticity, due to 
formation of urethane bonds as a result of 
continued cross-linking. Compression resistance 
under small loads and low strain rates has shown 
little change and only under severe compression is 
any there any noticeable change. It is likely that it 
is this region which would be more applicable 
during shock loading.  

It was expected that the material would soften 
with extreme ageing as a result of chain scission 
and whilst it is still believe to have occurred there 
is no mechanical test data to support this as the 
failure of the binder / filler interface does not fully 
represent the binder properties.  

Ultrasound analysis has shown that the sound 
velocity in the material has remained unchanged 
but it is likely that the equipment used during these 
trials was not sensitive enough to detect the low 
level changes that were expected to be seen. The 
consistent attenuation coefficient observed was 
also contrary to what was expected as the sound 
transmission would to be enhanced as a result of 
increased cross-linking changing structural 
properties. 

Thermal analysis, vacuum stability and GC-MS 
of PBX samples have shown that storage at 
elevated temperature promotes reactions that may 
otherwise not occur or only occur slowly at room 
temperature. Data shows that once the antioxidant 
is consumed there is excessive gas evolution, 
suggesting incompatibility between components 

An instrumented gap test was developed and 
modelled using Autodyn 2D. The model generated 
pressure attenuation profiles for PMMA in the two 
configurations used. Confidence in the model was 
achieved by demonstrating that the modelling 
results data for the ELSGT was almost identical its 
experimental calibration data. There is potential to 
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develop this test further by increasing the accuracy 
of the photodiodes and sample rate of the 
oscilloscope.    

The results of the instrumented gap, whilst 
proving difficult to interpret, demonstrate that to a 
shock stimulus the aged PBX is neither 
significantly more sensitive nor does it exhibit 
increased explosiveness. 
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ABSTRACT 
 
Condensation of yellow discolorants inside a sample ampoule is a common phenomenon during the 
artificial aging of double and single based propellants.  The reflux by heating allows only trace amount 
(micro- to nano-) of the yellow condensates absorbed by the Teflon seal or other surfaces on the top of the 
sample ampoule.  The condensate retains its chemical structure because it remains separated from the 
main propellant composition.  Therefore, to study and analyze the condensate is one of the most effective 
methods to reveal the complex step by step reaction mechanism of propellant's aging processes. 
 
Several papers have attempted to analyze and identify the unknown discolorant but have failed because of 
its extremely low quantity and unique insolubility properties.  The use of Desorption Electrospray 
Ionization (DESI) provides a novel and new method of analyzing the trace amount of yellow discolorant 
from artificially aged double-based propellant.  DESI analysis in the negative mode shows that the main 
products in the degradation of diphenylamine are 2,2’4,4’-tetranitrodiphenylamine and 2,2’, 4-
trinitrophenylamine.  Fragmentation results of the degradation products clearly show the cleavages of NO 
and NO2 of the tetra- and tri-nitrodiphenylamine.  This is the first time a desorption technique has been 
used in the identification of degradation products of the stabilizer, diphenylamine.  This could give insight 
into the mechanism of the degradation of stabilizers which would help determine a more accurate shelf-
life of propellant. 
 

                                                 
1 Distribution Statement A: Approved for Public Release; Distribution is unlimited. 
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INTRODUCTION 
 
Double base propellants contain nitrocellulose 
(NC), nitroglycerin, and stabilizer.  The 
mechanism of the degradation of NC has been 
studied for many years and over time it has 
become accepted that the instability of the 
nitrate ester groups in the polymer is the main 
cause.  During aging, chemical and physical 
processes occur that cause further breakdown of 
NC.  Physical changes that occur can be seen via 
ballistic changes, i.e. burning rate, ignition, etc.  
Chemical processes can be characterized by the 
release of heat and gaseous process that can aid 
in the accelerating of the aging process.  In 
extreme cases, over time propellant can become 
unstable and can eventually become an 
explosive hazard, resulting in auto-ignition.  It is 
because of these dangers that the aging process 
of propellant be understood.  The formation of 
NO2 has radical character and together with 
moisture can lead to the formation of HNO2, 
further catalyzing the hydrolysis of the nitrate 
ester groups.  Stabilizers are added to scavenge 
the free NO2 in order to increase the shelf life of 
the explosives and to reduce the danger of auto 
ignition.  Diphenylamine (DPA) was first added 
as a stabilizer by Alfred Nobel in 1889 and is 
still widely used today.1  It reacts with the 
nitrogen dioxide to initially form the N-nitroso-
DPA and mono-nitrated DPA products.  These 
reaction products also have a stabilizing effect, 
however higher nitrated DPA has been said to 
only occur during the final stages of aging when 
the propellant becomes unstable.2,3,4 This point is 
reached when the DPA concentration is 
consumed to be less than 0.2%.  Older studies 
have indicated that only 60% of the used 
stabilizer could be accounted for in aged 
propellants by quantitative analysis of the mono- 
nitrated DPA reaction products.5  Stabilizer 
content can be measured via High Performance 
Liquid Chromatography (HPLC). 7  This is one 
of the most widely accepted techniques.  The 
stabilizer must be isolated from the propellant 
via extraction prior to analysis.  While standards 
such as 2 and 4-NDPA and 2,4-DNDPA are 
readily available, more complicated degradation 
products of DPA such as tri-nitrodiphenylamine 
and tetra-nitrodiphenylamine are difficult to 
acquire and co-elution is a major problem.  

Trinitrodiphenylamine and 
tetranitrodiphenylamine co-elute with 2,4’-
dinitridiphenylamine, and 2,2’-diphenylamine.  
The identification of the peaks is virtually 
impossible with HPLC alone.  Past analyses of 
aged propellants within the NSWC Crane 
Division laboratory have not yielded the 
isolation nor confirmation of higher degradation 
DPA products such as, trinitrodiphenylamine 
and tetranitrodiphenylamine.   
 
Condensation of yellow discolorants inside a 
sample ampoule is a common phenomenon 
during the artificial aging of double base 
propellants.  The polytetrafluoroethylene (PTFE) 
seals or other surfaces on the top of the sample 
ampoule absorb the yellow condensates and 
separates it from the main propellant 
composition.  Several studies have been 
attempted to identify the unknown 
discolorant.1,4,6  It is hoped that this will reveal 
information about the complex reaction steps in 
the mechanism associated with the aging of 
nitrocellulose and nitroglycerin. Kimura7 used 
electron impact (EI) mass spectrometry to study 
the yellow condensate formed during aging of 
double base propellants.  He identified glycerol 
aldehyde dinitrite as a yellow degradation 
product of nitroglycerin.  High temperatures 
experienced by the sample while vaporizing for 
electron impact and the intrinsic harsh nature of 
the ionization method may have resulted in the 
loss of chemical information during this mass 
spectrometric analysis.  
 
In contrast to EI, electrospray ionization (ESI) is 
a soft ionization technique that is used to ionize 
molecules from nebulized aqueous solutions.  It 
produces single or multiple charged molecular 
ions of a wide range of molecules with polar 
functionality.  Recently a new ionization 
technique was developed that produces ions in a 
similar fashion to ESI but directly from surfaces 
without the need for sample preparation or 
extraction.  As shown in Figure 1, during DESI 
analysis an aqueous solution is pneumatically 
nebulized through a spray tip to which a high 
voltage (relative to the inlet to a mass 
spectrometer) is applied.  The fine droplets 
impact on a sample surface in the ambient 
atmosphere of the laboratory.  During the 
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interaction of the spray with the surface, 
analytes are desorbed and ionized before being 
sampled into a mass spectrometer for analysis.  
Recently DESI was used to investigate the 
formation of color bodies in a specialized 
polymer.8  DESI provides an ideal ionization 
technique for the mass spectrometric analysis of 
the trace amounts of yellow degradation 
products that defuses into the PTFE cap liners of 
ampoules used for aging studies.   
This is the first time a desorption technique has 
been used in the identification of degradation 
products of the stabilizer, diphenylamine.  This 
could give insight into the mechanism of the 
degradation of stabilizers, which may help to 
determine a more accurate shelf life of 
propellants.   
 
EXPERIMENTAL 
 
The experimental conditions for the 
microcalorimeter were set to simulate the 
conditions in Kimura’s paper.8  It was hoped that 
the nitrate esters that Kimura reported would 
also be observed.   
The microcalorimeter monitors the rate of heat 
generation during the breakdown of the 
propellant.  The calorimeter measures heat in 
µW/g.  The data is presented as heat versus time 
under isothermal conditions.  For these 
experiments the microcalorimeter simulates the 
initial normal aging at ambient condition and the 
extended aging represents the stabilizer changes 
that could be present if the propellant becomes 
unstable and decomposes auto catalytically to an 
explosive event.  The extended aging is not to 
represent real service life aging.   
 
Aging process and sample preparation 
Microcalorimetry of propellants were conducted 
using either 4-ml glass ampoules with Teflon 
seals or 4-ml stainless steel ampoules with 
Teflon seals (Figure 1).  Approximately 3.8g of 
WC868 double base propellant is loaded into 4-
ml stainless steel microcalorimeter ampoules 

using a stainless steel top with a silicon o-ring or 
a Teflon top with a silicon o-ring.  Two type of 
microscope slides are placed on the top of the 
propellant: clear and superFrosted®.  Samples 
are sealed at ambient room temperature at 40% 
RH.  Using a Thermal Activity Monitor Model 
III (TAM) calorimeter, the samples were 
subjected to 90°C for 2 hours, 3 days, and 6 
days.  The 2 hours approximates six years of 
natural aging.  The additional aging recreates 
potential unstable propellant conditions.  The 
heat flow evaluation of these samples will be 
reported in a follow on paper.  Preliminary 
evaluation of the heat flow data suggests that the 
surface material surrounding the propellant 
affects the stability of the propellant.  
 
DESI analysis 
Experiments were carried out using a 
commercial Thermo Finnigan LTQ (San Jose, 
CA) linear ion trap mass spectrometer.  Figure 2 
shows the DESI source, which was home-built.9  
The optimum source settings are summarized in 
Table 1. DESI spectra were obtained in the 
negative mode using a mixture of 
chloroform/methanol/water (20/70/10) as 
desorption spray. 

 

Figure 1: Ampoule of Propellant setup 
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Figure 2: DESI schematic diagram.  α= incident angle; β= collection angle 
 
Table 1: DESI source settings 
Electrospray voltagea  -4 kV 
Electrospray flow rate  5 µL/min 
Incident angle (α) 50 degrees 
Collection angle (β) 10 degrees 
MS inlet-sample distance 5 mm 
Spray tip-sample distance 3 mm  
Nebulizing gas pressureb 120 psi 
Capillary voltage 15 V 
Tube lens voltage 65 V 
Capillary temperature  150°C 
aApplied to the syringe needle, bmeasured at the cylinder.  
 
 
RESULTS AND DISCUSSION 
 
Figure 3 shows the DESI analysis of the PTFE 
liner obtained from the inside of a sealed 
ampoule after 6 days of aging at 90°C.  The ions 
observed at m/z 258, 303 and 348 were stable, 
reproducible and not observed in a similar 
analysis of a blank PTFE seal that was not 
subjected to the aging step. DESI is a soft 
ionization technique that produces ions similar 
to that obtained from electrospray.  Thus the 
ions observed are the molecular ions at [M-1]-or 
M- of the analytes present in or on the PTFE  

liner.  When the DESI spray was directed at the 
same position the signal quickly decreased and 
the sample had to be moved to a fresh, 
unsprayed spot.  When a sample was wiped with 
acetonitrile to remove surface contamination, the 
ions at m/z 258, 303 and 348 was not produced.  
This could indicate that DESI was only 
analyzing the surface and not the yellow 
contamination that was deeply diffused into the 
PTFE liner.  To test this hypothesis a section of 
discolored PTFE was sonicated for 15 minutes 
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Figure 3: DESI analysis of the PTFE liner after ageing for 6 days. Ions 258, 303 and 348 were not 
present in the background analysis and are formed during the ageing process of double base 
propellant. 
 
in chloroform/methanol/water (20:70:10) and 
reapplied to a blank PTFE surface.  The extract 
had a yellow color and produced a mass 
spectrum very similar to the original direct DESI 
analysis, showing the ions in abundance.  A 
sprayed and depleted surface also reproduced a 
good signal after resting for a few days.  Thus 
we conclude that the yellow contaminants were 
desorbed and ionized only from the outer layer 
of the PTFE by the DESI process and that the 
spray removes analytes faster than they can 
diffuse back to the surface.  
 
Other surfaces were investigated for collection 
of the decomposition products during the aging 
process.  Smooth glass and superFrosted were 
placed on top of the propellant to determine if 
the yellow discolorant would also collect on 
non-Teflon surfaces.  None of the ions under 
investigation could be observed from the smooth 
or superFrosted glass surfaces with direct DESI 

analysis.  In the case of the smooth glass surface 
there is almost no surface area for analyte 
collection.  However the superFrosted glass 
surface showed a distinct yellow appearance 
after collection of products for 6 days.  The 
superFrosted glass collection plate was sonicated 
in chloroform/methanol/water (20:70:10) for 15 
minutes.  The lightly yellow colored extract was 
applied to a clean, blank PTFE surface and 
analyzed by DESI.  The spectrum again 
contained the ions at m/z 258, 303 and 348 but 
these were present in a different distribution than 
observed directly from a PTFE sample.  Dinitro-
DPA (m/z 258) was the most abundant, followed 
by trinitro-DPA( m/z 303) and only a very small 
signal observed for the tetranitro-DPA isomer 
(m/z 348).  This is in contrast to when a 
discolored PTFE surface was sonicated, as 
discussed in the previous paragraph, where the 
m/z 348 ion was the most abundant.  It appears 
that PTFE surfaces provide a means of 



624 

accelerating the decomposition process for the 
propellant.  The result is also seen with 
increased heat flow.  Essentially, the stabilizer 
degrades faster and the higher nitrated form of 
the DPA (tri-and tetra-DPA) will increase and 
the DNDPA’s will begin to disappear.  The 
superFrosted glass does not seem to have the 
same accelerating aging effect as the PTFE.  The 
most abundant degradation product is Dinitro-
DPA, which is the obvious reaction pathway.   
 
The improvement in DESI signal from PTFE is 
consistent with previous studies where PTFE 
surfaces were found to be beneficial for the 

DESI analysis of small molecules in the negative 
ionization mode while glass surfaces produced 
better signals in the positive ionization mode.10 
 
The ions at m/z 258, 303 and 348 were subjected 
to collision-induced dissociation (CID) to obtain 
structural information in an attempt to identify 
the color bodies. CID was performed in the ion 
trap using helium as collision gas and with a 
normalized collision energy of 25%.  This 
produced ample fragmentation while the 
precursor ion was also still observed.  An 
extraction window of 2 m/z was used.  

 

 
Figure 4: Collision induced dissociation mass spectrum of the m/z 258 ion, believed to  be 
dinitro-DPA. 
 
The molecular ion of m/z 258 corresponds to the 
deprotonated molecular ion of 
dinitrodiphenylamine.  This compound is a 
predictable reaction product between the 
stabilizer DPA and the free NO2 produced from 
the hydrolysis of nitroester groups in 

nitroglycerin and nitrocellulose.  The CID mass 
spectrum of m/z 258 (Figure 4) shows two 
intense ions at m/z 228 and 198 that corresponds 
to the consecutive losses of two NO· fragments.  
Loss of NO· is a well-established process in the 
EI and CID mass spectra of nitroaromatic 
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compounds.11  Losses of HNO have also been 
previously reported.12  
 
The molecular ion at m/z 303 corresponds to 
trinitrodiphenylamine, the next homologue in 
the nitration series of DPA.  The CID spectra 
presented in Figure 5 shows a loss of OH (m/z 
286) or NH3 followed by a loss of NO· (m/z 

256).  A competing and more favorable pathway 
(based on the relative abundance of the fragment 
ions) is an initial loss of HNO (m/z 272) 
followed by a further loss of NO2 (m/z 226).  In 
a third pathway, an initial loss of NO· (m/z 273) 
is experienced, again followed by the loss of 
NO2 (m/z 227).  

 
 

 
Figure 5: CID mass spectrum of precursor ion at m/z 303, believed to be trinitro-DPA 
 
The molecular ion at m/z 348 is again 45 mass 
units higher, indicating the substitution of yet 
another NO2 group to DPA.  The fragmentation 
pattern presented in Figure 6 supports this 
assumption.  In an analogous fashion to the 
trinitro-DPA CID spectrum a loss of OH or NH3 
initially occurs (m/z 331) followed by the loss of 
NO· (m/z 301) and NO2 (m/z 285).  The ion at 
m/z 301 loses NO2 to produce an ion at m/z 256.  

Two consecutive losses of NO· groups produce 
m/z 228 and m/z 198.  An alternative route leads 
to the initial loss of NO2 producing an 
intermediate at 303 (not observed), which 
further decomposes by loss of NO· (m/z 273) 
and HNO (m/z 272).  Two consecutive losses of 
NO· occur producing a very small signal at m/z 
242 and a strong signal at m/z 212.  
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Figure 6: CID mass spectrum of precursor ion at m/z 348 believed to be tetranitro-PDA 
 
 
CONCLUSIONS 
 
Desorption electrospray ionization serves as an 
ideal surface analysis technique for the analysis 
of color bodies in polymeric materials.  SIMS 
analysis produces mainly polymer fragments of 
the bulk polymer and with MALDI analysis, the 
low molecular weight clusters of matrix 
materials interferes strongly with the analysis.  
In contrast, DESI extracts only the small 
molecules from large polymeric material without 
destroying the polymeric matrix.  In this case it 
is serendipitous that PTFE is also a good surface 
for analysis of small molecules in negative mode 
DESI. 
 
The large correlation in the CID mass spectra of 
the ions at m/z 258, 303 and 348 serves as an 
indication that the three compounds belong to a 
homologous series.  Furthermore the 
fragmentation patterns are consistent with the 
known routes for decomposition of 

nitroaromatic compounds containing multiple 
nitro-groups.  Thus it appears reasonable that the 
yellow discoloration of the Teflon liners are 
highly nitrated products, dinitro-, trinitro- and 
tetranitrodiphenylamine of the reaction of 
between DPA and free nitro groups produced 
during the aging of base propellants. 
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architecture and Environment safety College of Nanjing Industry University，Jiangsu Nanjing，

210009） 
Abstract: Nanocomposite Al-MoO3 is a kind of materials metastable intermolecular composites 
(MICs). In the present paper, first the performance of Al-MoO3 is studied and analyzed by 
Scanning Electron Microscopy (SEM); X ray diffraction (XRD); Thermal gravimetric analysis 
(TGA) and Differential scanning calorimetry (DSC). It is showed that nanocomposite Al-MoO3 is 
high energy densities. Second, the performance of laser ignition of binary reacting systems of 
nanosize aluminum and MoO3 is studied, including laser ignition energy, laser ignition time and 
laser ignition sensitivity. At last, the performance Al-MoO3 is compared with the other ordinarily 
ignition composition. The result is show that the laser ignition energy of Al-MoO3 is lower and its 
laser sensitivity is better. 
Key words: Nanocomposite energetic materials, ignition, sensitivity 
 

1  Introduction 
The energetic materials that produced on the nanoscale have shown significantly improved 

performance, especially in the area of sensitivity, mechanical properties, and energy release. 
Metastable Intermolecular Composites (MICs) represent one example of such materials. These 
systems consist of metal nanopowder such as aluminum and oxidizers [1,2]. The MIC formulations 
are based on intimate mixing of reactants on the 
nanometer length scale. Al-MoO3 is one kind of 
(MICs). As the specific surface structure of 
Al-MoO3, it shows some special characteristics on 
the initiating and igniting. [3,4] On the other hand, the 
pyrotechnic material that is wildly used now is 
composed of plumbum and other some heavy metal. 
It is very deleteriously for people and the 
environment. So the ignition and initiation 
performance of nanosize aluminum with metal 
oxides is studied. By the way, because the out put 
energy of the nanosize aluminum with metal oxides 
is higher and adjustable, its purpose in the minisize 
detonator is interested. In the present paper, one of 
the metastable intermolecular composites Al-MoO3 
is prepared. The ignition and initiation performance 
of Al-MoO3 is studied. 

 

 
1－soleplate, 2－pillar, 3－Igniter, 

4－column holder, 5－top cover, 6－sample 

holder, 7－tray, 8－bolt, 9－shield, 10－door 

Fig. 1  Sketch of the flame sensitivity tester 
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2  Experimental Setup 
2.1  Nanosize Al-MoO3 Prepared and Its Structure Analysis  

The nanosize Al-MoO3 is mixed in the dispersant with ultrasonic mixer. The average particle 
size of Al is 60 nm and the MoO3 is nearly 200 nm. In order to study the structure of the nanosize 
Al-MoO3, some microgram is caught with SEM. And the other physical and chemical 
performance test is performed in X-ray diffraction, energy dispersion chromatogram and infrared 
spectrum.  
2.2  Flame Ignition Test 

The flame ignition test is performed in the flame sensitivity tester the similar to the 
schematic shown in Figure 1. It is a kind of  the standard test set. During the test we can see 
blazing flame and smoke. And the detonation is concomitantly.  
2.3  Laser Ignition Test 

Laser ignition test is performed in the laser ignition measurement the similar to the 
schematic shown in Figure 2. The Al-MoO3 powder is pushed into the small plate that made of 
copper and hold on the holder as the 
sample. During the test, a beam of the 
light is sent out form the laser source. 
After attenuation through the 
spectroscope, the beam is irradiated to the 
sample that in the explosive case. There 
are two probes that used to receive the 
signal of the test. One is used to measure 
the power of the laser before the sample 
is placed on the holder. Because the 
energy of the laser that used to ignite the 
sample should be measure exactly. The other probe is a pohotoelectric cell. It is used to measure 
light signal when the sample reacted. 

1－laser, 2－power, 3－cooler system, 4－seperator, 5－lens, 

6－sample, 7－data collector, 8－signal source, 9－probe,  

10－laser energy meter, 11－photoelectric cell 

Fig. 2  Sketch of laser ignition measurement system 
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3  Results and Discussion 
3.1  Results of Al-MoO3 Structure Analysis 

Figure 3 to figure 5 are the pictures of the Al, MoO3 and Al-MoO3 that caught by SEM. They 
show the microcosmic appearance of these materials. From the figures we can see that the 
particles of Al and MoO3 are not very same. The size of the Al is less than 100 nm. The size of the 
MoO3 is larger than 100 nm, and there are lots of groove in the MoO3. Figure 5 shows the 
microcosmic appearance of Al-MoO3. From this picture we can see that the shape of particles is 
nearly roundness. And the average size of Al-MoO3 is about 200 nm. The Al-MoO3 shows good 
dispersibility. The particles Al and MoO3 are very closed and the particles of MoO3. The MoO3 
particles are enveloped by lots of particles of Al. And some of the particles Al is embed in the 
particles MoO3. Because the particles of MoO3 is bigger than the Al, and it is easier to reunitable. 
The results of the energy dispersion chromatogram show that there is not new material expect the 
Al and MoO3. 

The structure of the nanosized Al-MoO3 is also studied by infrared spectrum and X-Ray 
diffraction. Figure 6 is the result of the X-Ray diffraction test.  

From the results of the test we can see that the Al-MoO3 is mixed with Al and MoO3 without 
chemical reaction. 

Fig. 3  SEM picture of Al particle Fig. 4  SEM picture of MoO3 particle 

Fig. 5  SEM picture of Al-MoO3 particle 
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3.2  Results of Al-MoO3 thermal analysis 
In order to study the ignition performance of the Al-MoO3, the thermal analysis is carried on 

by DSC and TGA. Figure 7 show the thermal analysis results of Al-MoO3. From the picture we 
can see that there is a clear exothermic peak at 527℃. We all know that there is no exothermic 
peak when the Al and MoO3 is heated to 800 ℃. Compared with Al or MoO3 the thermal 
characteristics of Al-MoO3 are very different. This phenomena indicate that the characteristics of 
nanosize compound of Al-MoO3 is different with mixture of Al and MoO3 at nature particle size. 
This is a typical metastable intermolecular composites. The similar result is reported in reference 
5. 

3.3  Flame Ignition Test result 
Flame Ignition Test is one of the important performance tests for the energetic. Figure 8 is a 

picture of the flame ignition test of the nanosize Al-MoO3. During test we can see that there are 
light spark and strong smoke. The flame insensitive is tested in different high. The data of the 
experiments is list in the table 1. We can see that the Al-MoO3 can also be ignited at 40 cm by 
flame. The 50% flame insensitivity of Al-MoO3 is compared with PbN6, an amorce named No. 6 
and a booster named No. 4. The results are list in the table 2. From table 2 we can see that the 
Al-MoO3 is sensitive to flame.  

 
 
 
 
 
 
 
 
 
 
 

Fig. 6  X-Ray diffraction picture of Al-MoO3 
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Fig. 7  Thermal analysis curve of Al-MoO3

Fig. 8  Flame Ignition Test of Al-MoO3



 

791 

Table 1  Flame sensitivity of Al-MoO3 
No. 1 2 3 4 5 6 7 8 9 10 

High/cm 0 4 10 10 20 20 30 30 40 40 
fire 1 1 1 1 1 1 1 1 1 1 

 

Table 2  Flame sensitivity of several pyrotechnics compounds 

Name PbN6 No.6 amorce No.4 booster  Al-MoO3 

50% flame 

insensitivity/ cm 
<8 5.43 7.83 9.7 

 
3.4  Laser Ignition Test result 

The test system that we used in the laser ignition experiments of Al-MoO3 is showed as 
figure 2. Figure 9 and figure 10 are the ignition curves of the tests. From the curves we can see 

that the Al-MoO3 is sensitive to the laser light. 
Figure10 is the obtained in the energy density 
of the laser is 41.5 mJ and figure 11 is in 3.27 
mJ. From the curves we can see that the 
Al-MoO3 can burn when the laser is shined in. 
The larger the energy density is, the shorter the 
burning time of the Al-MoO3 is. When the 
energy density of the laser is 41.5 mJ the 
reaction time of Al-MoO3 is nearly 45 ms. If 
the energy density of the laser is 3.27 mJ, the 
burning time of the burning time more than 45 
ms. 

 
Ignition delay time is also measured in the 

same time. When the input energy of laser is 
41.5mJ, the ignition delay time of the Al-MoO3 
is 1.181ms. if the input energy of laser is 
decreased to 3.27mJ, the ignition delay time of 
the Al-MoO3 increased to 1.859 ms.  

We also performed the laser ignition 
sensitivity test by the up and down method. And 
the sensitivity of laser ignition of Al-MoO3 is 
compared with some other pyrotechnic 
compounds such as BNCP that is often used in 
the laser detonator. Following data that listed in 
the table 3 is the their sensitivity of laser ignition. 

Fig. 9  Ignition Curve at 41.5 mJ of Al-MoO3 

Fig. 10  Ignition Curve at 3.72 mJ of Al-MoO3 
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From the table we can see that the Al-MoO3 is more sensitive to the laser. According our research 
the critical laser ignition energy of Al-MoO3 is less than 3mJ. The ignition delay time is less than 
10ms. The 50% and 99% critical laser ignition energy is 1.657mJ and 2.81mJ. The critical laser 
ignition energy is smaller than the some pyrotechnic compounds. So the laser performance of 
Al-MoO3 is better. The Al-MoO3 is a kinds potential charge of the laser detonator. 

Table 3  laser ignition sensitivity of some pyrotechnic compounds 

Name Al-MoO3 B/KNO3 B/KNO3/polythene
B/KNO3/ 
bakelite 

Stephen 
Pb 

Plumbago 
PbN6 

Laser ignition 
sensitivity/mJ 

1.657 17.95 19.46 9.11 5.52 3.4 

 
4  Conclusions  

The one of the nanosize MIC Al-MoO3 have good performance of ignition. Such as it is 
more sensitive to flame. So it can be used as a component of the amorce. The nanosize Al-MoO3 

has better performance of laser ignition. So it is a potential compound of pyrotechnics of laser 
detonator. The most benefit of Al-MoO3 is that it is easy to prepare and there is no heavy metal in 
the component. It is one of the environment friendly compounds.  
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Abstract 

Thermite materials are attractive energetic materials because their high energy densities resulting in high 
heats of reaction. With the introduction of the so-called Metastable Intermolecular Composites (MICs) the 
versality of this class of materials is even further enhanced. Metastable Intermolecular Composite (MIC) 
materials are comprised of a mixture of oxidizer and fuel with particle sizes in the nanometer range.  The 
theoretical basis of thermites is revisited. Specifically, the overview articles of Fisher and Grubelich, 
which are compilations of hundreds of possible thermite reactions with corresponding thermodynamic 
properties, are examined. Fisher and Grubelich made several assumptions concerning the conditions 
required for thermite reactions to occur. These assumptions are considered in more detail in this article.  

The conditions required for thermite reactions to occur 

In 1893 Dr Hans Goldschmidt invented the thermite reactions [i]. The articles of Fisher and Grubelich 
[ii,iii] discuss hundreds of possible thermite reactions with corresponding thermodynamic properties. 
However, in the introduction of the article several assertions are made regarding the conditions required 
for thermite reactions to occur. In this section the assertions are considered in more detail.  
 
Fisher and Grubelich [ii,iii] mention in their article that “a strong indication that the reaction is self-
propagating is if at least one of the product species is brought to its melt temperature”. Furthermore 
Fisher and Grubelich state that “reactions which are not self-propagating under normal conditions may 
become so when initiated by a high-power stimulus, such as a high-energy shock. Self-propagation can 
also be promoted by preheating the reactions to a high temperature”. For both the first proposition and 
second proposition reference is made to the article of Hardt and Phung [iv].  
 
Hardt and Phung [iv] mention in the introduction of their article that “self-sustained reactions are found 
only where the products melt below the adiabatic reaction temperature, because diffusion is slow when 
both constituents are solid but it becomes appreciable only when one constituent reaches its melting 
point. Therefore, diffusion coefficients used in a theoretical study must describe a process of liquid-liquid 
or liquid-solid diffusion”. Although differently formulated, the essence of this remark by Hardt and 
Phung [iv] is reflected in the sentence of Fisher and Grubelich [ii,iii]. However, the statement that the 
enhancement of the transport processes increases upon melting of product species, as indicated by Fisher 
and Grubelich, may need to be expanded. Melting of the reactants will certainly benefit the heat and mass 
transfer processes. In some cases a semi-permeable oxide product film is formed that can hamper the 
transport processes. A good example is the formation of aluminum oxide on the surface of molten 
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aluminum and it can take some efforts to break this semi-permeable oxide layer to allow for more core 
aluminum reaction.  
 
The second proposition is more difficult to trace in the article of Hardt and Phung [iv]. With the sentence 
in the introduction that “exothermicity (the release of heat) is certainly a prerequisite for a self-sustained 
reaction, but the study of many systems such as the reaction of silicon, boron, or carbon with transition 
elements or with the lanthanides and actinides show that the mixtures must be heated to a relatively high 
temperature before reaction is achieved”, a statement is found that supports the second proposition. 
However, no mention is made of a self-sustaining reaction in this particular sentence of Hardt and Phung 
[iv]. 
 
A third proposition made by Fisher and Grubelich [ii,iii] is that “another indication that a reaction is self-
propagating is an adiabatic reaction temperature greater than 2000 K”. For this proposition reference is 
made to the article of Wang et al. [v]. In this cited article the following sentence, in the introduction of the 
article, is given: “in self-propagation, the reaction proceeds in a combustion form in which the heat 
generated from the locally ignited region can subsequently trigger the reaction in the adjacent reactant 
layer, thus the reaction zone moves in the form of a wave until all the reactants are consumed. As a rule, 
the reaction can self propagate if the adiabatic flame temperature exceeds 2000 [K]”. This sentence is 
ascribed to an article written by one of the co-authors of the cited article, Munir [vi]. For the sake of 
clarity, it should be noted that an adiabatic process, a process for which no heat is gained or lost, is an 
ideal, theoretical situation that can only approximated in reality. With respect to the combustion 
temperatures of thermite reactions, the difference between the measured temperature and the adiabatic 
one can be several hundred degrees. In the article of Munir [vi] it is stated that “it has been empirically 
suggested that combustion reactions will not become self-sustaining unless Tad ≥ 1800 K. Experimental 
observations on materials indicate that those reactions with a ratio ΔH°f,298 / Cp298 ≤ 2000 will not 
form self-sustaining combustion fronts without the addition of energy from an exterior source.  Thus, this 
value can be used as an approximate guide for the existence of self-sustaining combustion.” Please note 
that ΔH = ∫ Cp * T. It could be that Fisher and Grubelich [ii,iii] used this equation to conclude that at 
temperatures above 2000 K the reaction is self-sustaining. When indeed they derived this conclusion from 
this equation, it has no implications from a practical point of view (since Munir states that a reaction is 
not self-sustaining unless Tad ≥ 1800 K), but fundamentally it is wrong (by simply replacing the ratio by 
adiabatic temperature, since the ratio at room temperature does not give the adiabatic flame temperature). 
It should be noted that the statement of Munir (Tad ≥ 1800 K) was derived for intermetallic reactions. 
 
Finally, the fourth proposition brought forward by Fisher and Grubelich [ii,iii] is that “it should be noted 
that, because the effect of phase changes on the product temperature takes a finite time, the initial 
temperature rise may control the diffusion and reaction rates before the temperature drops due to the 
phase changes”. For this proposition reference is made to the article of Phung and Hardt [vii]. Phung and 
Hardt developed a model to evaluate the threshold input energy requirements for condensed phase 
systems. This model could be considered for the issue on the possible participation of silicon oxide in 
aluminum/iron(III)oxide thermite mixture mentioned elsewhere in this report. They mention that 
“condensed phase reactions are diffusion limited in that the rate of heat generation is determined be the 
rate of diffusion of one component into another through a solid or liquid layer of the reaction product”. 
They continue with “since diffusion in the solid state is slow, at least one reactant or the product should 
be liquid at the adiabatic reaction temperature in order to make a self-sustained reaction possible”. This 
again confirms the first proposition of Fisher and Grubelich. In the theoretical treatment of their model 
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they mention that “heat is released by reaction of the metals with each other. Since (the) reaction is 
controlled by the much slower process of diffusion, heat release is determined by the diffusion rate. 
Similarly, the reducing metal must be thought to diffuse through a layer of reduced oxide and metal atoms 
in order to reach the layer of unreduced oxide.” No comments were found with respect to phase changes 
and their influence.  
 
A closer look at the fourth proposition has lead to the following interpretation. Firstly, when a change of 
phase takes place, this will take some finite time. Phase changes considered here are melting of reactants 
and/or product(s) and perhaps possible changes in crystal structure. Both changes are endothermic in 
nature. The effect in terms of energy will therefore also take some time to be noticed (by lowering the 
temperature or reducing the temperature increase, depending on the dominant energetic process taking 
place at that specific moment) and ‘processed’ in the slab considered. Secondly, the rate of diffusion and 
the rate of reaction are both positive functions of temperature, i.e., an increase in temperature will lead to 
an increase in both rates. Combining both items, one may reason that the intended argumentation of 
Fisher and Grubelich was: as the thermite reaction takes place, both the rate of reaction and the rate of 
diffusion will increase. At the moment a phase change takes place, both rates will be negatively 
influenced due to the endothermic nature of the phase change(s). It is not necessarily true that the 
temperature will always drop. The temperature can drop, remain constant or increase, depending on the 
dominant energetic process taking place (for instance: exothermic thermite reaction takes place, 
temperature increase, one component melts absorbing energy, but the energy required is lower than the 
energy produced by the reacting component now being in liquid phase). 
 
Fisher and Grubelich [ii,iii] list values of calculated adiabatic flame temperature, which account for phase 
changes (there is also a column with adiabatic flame temperatures without phase changes). 
EKVI software was used to calculate the adiabatic flame temperature and the results of the EKVI are 
compared with the calculated results of Fisher and Grubelich. In general the adiabatic flame temperature 
values obtained with the EKVI software and those reported by Fisher and Grubelich are in good 
agreement. Striking is the fact that the values reported by the latter for aluminum with several oxidizers 
are identical. This also holds for copper oxide with several fuels. Another interesting feature is that some 
reactions will not proceed according to the EKVI software code, while Fisher and Grubelich report 
adiabatic flame temperatures for these reactions.  
 
 
The review article by Wang et al [viii] was investigate to evaluate the assertions made by Fisher and 
Grubelich. Below some integral parts of the article of Wang et al are mentioned.  
 
The term thermite reaction is defined as an exothermic reaction which involves a metal reacting with a 
metallic or a non-metallic oxide to form a more stable oxide and the corresponding metal or non-metal of 
the reactant oxide. Intermetallic reactions are not considered in this article. The fact that many thermite 
reactions yield a molten product that consists of a heavier metallic phase and a lighter oxide phase which 
can be separated by gravity, makes these reactions potentially useful in a variety of metallurgical 
applications. Because the self-sustaining nature of thermite reactions can be adjusted by the addition of an 
inert diluent they are often used for pyrotechnic uses. Thermite reactions have become important in the 
synthesis of refractory ceramic and composite materials and in the preparation of ceramic linings in 
metallic pipes.  
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The tendency for a metal to reduce an oxide depends on the free energy of formation of its oxide. All the 
reactant metal show negative Gibbs free energies of oxide formation over a wide temperature range. Most 
of the metals have higher reducing tendency than the non-metal reducing agents, and the extent of their 
reducing tendency decreases as temperature increases. 
 
Another factor is the consideration of the exothermicity of the thermite reactions. The heat released from 
the reaction heats up the product to the adiabatic temperature which can be calculated from the enthalpy 
of the reaction and the heat capacity of the product phases with the assumption of adiabatic conditions. In 
many cases, the adiabatic temperature exceeds both melting points of the product phases. The adiabatic 
temperature provides not only a quantitative measure of the exothermicity of the reaction, but also a quick 
determination of the propensity (tendency) of the reaction to self-propagate. 
 
In self-propagation, the reaction proceeds in a combustion form in which the heat generated from the 
locally ignited region can subsequently trigger the reaction in the adjacent reactant layer, thus the reaction 
zone moves in the form of a wave until all the reactants are consumed. As a rule, the reaction can self 
propagate if the adiabatic flame temperature exceeds 2000 [K]. 
 
Moreover, the information of the adiabatic flame temperature also provides some insight to the possible 
states of interaction, whether in solid, liquid, gas, or a combination of these.  
 
The high reaction temperatures of thermite systems ensure the possibility of achieving equilibrium 
conditions. It is, therefore, suitable to use thermodynamic calculations based on minimization of the total 
Gibbs free energy of the system to obtain equilibrium distribution of product phases and the 
corresponding reaction temperature under adiabatic conditions. This analysis is especially applicable in 
predicting the possible product phases in more complicated starting thermite mixtures in which multiple 
oxides and/or multiple reducing agents are present.  
 
The physical and chemical stability of the reactant oxides has important effects on the ignitability of the 
thermite mixtures. The oxides are classified according to the following criteria: 

1. Chemically and physically stable oxides. The oxides in this class are essentially inert up to the 
moment of ignition. 

2. Chemically stable but physically unstable oxides. In this class the appearance of a liquid oxide 
phase may increase the rate of the oxidation-reduction reaction and thus enhance system ignition. 
It may also hinder ignition in air by eliminating the influence of the external oxygen, if the rate of 
chemical interaction of the aluminum with the liquid oxides is low. Moreover, with volatile 
reactant oxides, the reaction between the metal and the gaseous oxides can become the step that 
initiates ignition.  

3. Chemically unstable oxides that decompose. In this case the ignition process is more complex 
because the oxygen liberated from the decomposition of the oxide can play a significant role in 
initiating the combustion reaction.  

4. Chemically unstable oxides that undergo further oxidation. Further oxidation takes place in air, 
and the heat liberated from this reaction can heat the specimen to the ignition point of the 
thermite reaction.  

 
The high exothermic energy associated with thermite reactions and, in general, the condensed nature of 
the reactants and products at the reaction temperature make many thermite systems examples of reactions 
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in the gasless combustion regime. The criterion for defining gasless combustion is that the vapour 
pressure of the most volatile component (or dissociation pressure of the products) at the combustion 
temperature is much lower than the external gas pressure.  
 
Factors affecting the combustion rate of thermite reactions are: 

1. Particle size of reactants. Decreasing the particle size increases the combustion rate. 
2. Addition of inert diluent, due to less heat production per volume and longer transport distances 

between reactants. The thermal conductivity and heat capacity f the diluent play crucial roles in 
this process. 

3. Pre-combustion compact density. The combustion rate decreases as the bulk density increases, 
reaching a minimum and then increases again. This has been related to the effective thermal 
conductivity of the pressed mixture. 

4. Salt addition. The effect of salt addition is most pronounced with small amounts. Salt additives 
reduce the temperature at which the reaction between the oxide and the metal commences. The 
oxide film on the metal particle, which acts as a barrier to the interaction, can be disintegrated by 
the alkali metal or alkaline earth metal salts at a temperature significantly lower than the ignition 
temperature of the thermite, and consequently, the ignition temperature of the thermite mixture 
with salt addition is notably reduced. 

5. Centrifugal force. These forces increase the burning rate significantly due to the presence of 
molten aluminum, which is driven by the acceleration force into the process of the still not 
reacted substance ahead of the wave.  

6. Ambient inert gas pressure. This is associated with vaporization of the starting components at the 
temperature reached in the combustion front. With decreasing pressure, the boiling point of the 
components (before and after the reaction) will decrease. In certain thermite systems, the 
combustion rate increases with pressure, reaching a maximum, and then decreases with further 
pressure increase. The rise of combustion rate at the low range of pressure is associated with the 
rise in the extent of the vapour phase penetrating the pores as the ambient pressure increases. 
However, at a higher pressure the gas formation is suppressed and the melt formed in the 
combustion process can selectively wet the pores resulting in inhibition of reaction. For other 
systems the combustion rates increase with increasing (inert gas) pressure due to an increasing 
combustion temperature and the reduction in the gas volume generated.  

7. Physical and chemical stability of oxide reactants. Oxidizers with high vapour pressure give high 
rates of combustion. In some systems the interaction proceeds therefore primarily with the 
participation of the gas phase. In other systems the combustion rate was found to decrease with 
decreasing binding energy. 

Conclusions 
 
Considering the propositions made by Fisher and Grubelich [ii,iii], the following can be concluded: 

1. “A strong indication that the reaction is self-propagating is if at least one of the product species is 
brought to its melt temperature”. Although the formulation of this proposition could have been 
more unambiguous, the essence of it is correct. As soon as one of the constituents melts, the 
diffusion process is enhanced. 

2. “Reactions which are not self-propagating under normal conditions may become so when 
initiated by a high-power stimulus, such as a high-energy shock. Self-propagation can also be 
promoted by preheating the reactions to a high temperature.” The former part of this proposition 
could not be traced in literature, whereas the latter part was supported by literature. The latter part 
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actually says something like: when you exceed the activation energy the reaction becomes self-
sustaining. 

3. “Another indication that a reaction is self-propagating is an adiabatic reaction temperature greater 
than 2000 K.” Actually when the adiabatic reaction temperature is greater than 1800 K this is in 
general true, although it will depend on the experimental conditions. This proposition is based on 
experimental data of intermetallic reactions. 

4. “It should be noted that, because the effect of phase changes on the product temperature takes a 
finite time, the initial temperature rise may control the diffusion and reaction rates before the 
temperature drops due to the phase changes”. A proposition which is a bit awkwardly formulated, 
but the essence is correct. 
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ABSTRACT 
 

This paper is dedicated to an analysis and discussion on measurement, determination and 
requirements regarding physicochemical stability and compatibility properties, including ageing and 
thermal parameters and characterization of high energetic materials used in ignition/explosive trains of 
fusing systems on the basis of NATO Standardization Agreements (STANAGs) and Allied Ordnance 
Publications (AOPs). This group of high energetic materials comprises the following explosives used in 
fusing systems: primary explosives (e.g. lead and silver azides) lead/booster explosives (e.g. tetryl) and 
pyrotechnic compositions (including black powder) applied in pyrotechnic delayers, self-destruction 
devices, ignition impulse augmenting and transferring charges (e.g. detonating/incendiary cups, squibs, 
primers).  
 
 Above presented approach in respect to physicochemical stability and compatibility testing of 
high energetic materials used in fusing systems should support process of selection, development and 
tailoring of test methods, parameters and assessment criteria concerning these materials which finally 
decide about safety and reliability functioning of fusing systems in military ammunition. 
 
 
General 
 

The main problems analyzed and discussed in this paper relate to physicochemical stability and 
compatibility of high-energetic materials i.e. primary explosives, booster/lead explosives and pyrotechnic 
compositions applied to ignition/explosive trains of fusing systems of military ammunition on the basis of 
group of NATO standardization documents [1-11] consisted of Standardization Agreements (STANAGs) 
[1,3,5-7, 9-11] and Allied Ordnance Publications (AOPs) [2,4,8] covering presented area of subject of 
interest. The following five NATO standardization documents completely deal with testing and 
evaluation of fusing systems i.e. STANAG 4187 [3] describing safety design of fusing systems, coupled 
with AOP-16 [4] containing guidelines for this STANAG, STANAG 4363 [7] on development testing for 
the assessment of lead and booster explosive components and STANAG 4157 [1] concerning test 
requirements for assessment of safety and suitability for service of fusing systems, coupled with AOP-20 
[2] - manual of tests for safety qualification of fusing systems. For testing and assessment of the above 
three main groups of explosive materials used in fusing systems in aspect of their physicochemical 
stability and compatibility i.e. primary explosives, booster explosives and pyrotechnic compositions, the 
following three standardization documents have key importance:  STANAG 4170 [5] on principles and 
methodology for qualification of explosive materials for military use, AOP-7 [8] creating manual of 
STANAG 4170 [5] and gathering data requirements and tests for qualification of explosive materials for 
military applications and STANAG 4147 [6] on chemical compatibility of ammunition compounds, 
explosives and propellants (non nuclear applications). AOP-7 [7] as the manual of STANAG 4170 [5], 
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guides amongst many other STANAGs usage of the following, significant and representative three 
STANAGs on physicochemical stability of high energetic materials i.e.  STANAG 4515 [9] on thermal 
characterization of explosives materials by differential thermal analysis (DTA), differential scanning 
calorimetry (DSC) and thermogravimetric analysis (TGA), STANAG 4556 [10] on vacuum stability 
test(s) (VST) and STANAG 4491 [11] on thermal sensitiveness and explosiveness . Of course AOP-7 [8] 
also guides usage of chemical compatibility tests on the basis of STANAG 4147 [6]. 

 
 Such approach regarding physicochemical stability and compatibility testing with assessment of 
explosives used in fusing systems should support process of selection and/or development and/or tailoring 
of test methods and evaluation criteria for above materials which finally are responsible for safe and 
reliable operation/performance of fusing systems in military ammunition.  
 
 
An analysis and discussion on physicochemical stability and compatibility of explosive materials 
used in fusing systems 
 
 An analysis and discussion on physicochemical stability and compatibility of explosives used in 
fusing systems are worth to be started on the basis of the following NATO standardization documents 
completely dealing with fusing systems testing and assessment: STANAG 4157 [1], AOP-20 [2], 
STANAG 4187 [3], AOP-16 [4] and STANAG 4363 [7]. It allows to begin the analysis and discussion on 
physicochemical stability and compatibility of high-energetic materials used in fusing systems 
emphasizing an importance of impact and influence of environment on their stability and compatibility 
properties, through pointing out significance of temperature and humidity actions underlying 
requirements ensuring air- and water-tightness of the most sensitive chemical substances of fusing system 
to such environmental stimuli/exposures, especially pyrotechnic compositions and certain primary 
explosives (e.g. lead and silver azides). 
 
 Temperature and humidity (moisture) interactions assessment in the frame of physicochemical 
stability and compatibility tests rely on accelerated ageing of tested samples usually at elevated and more 
seldom at lowered temperatures, preferably at determined level of relative humidity, optionally in one 
cycle or during multi-cycle treatment [1,2]. In this moment it is worth to mention that very valuable guide 
and source of information on environmental and performance tests for military fuses and fusing systems, 
is newly edited (in 2005) US Military Standard 331C [12] which is in great conformance with NATO 
documents analyzed and discussed in this paper. As it concerns the air- and water-tightness of fusing 
system, its sealing should be maintained at appropriate level expressed by the rate of leak [2] i.e. rate of 
penetration of fusing system usually by tracing, inert gases.  
 

Due to AOP 20 [2] understanding of problem of physicochemical stability and compatibility of 
explosives and other materials used in fusing systems, these materials should be chemically unreactive 
when being in direct contact. In this aspect, it is also taken into consideration action of constituents of 
atmosphere existing inside the fusing system, creating three-phase model of interactions of two solids 
(usually construction and explosive materials) through gaseous/vapor phase between them. 

 
In STANAG 4187 [3], physicochemical stability of explosives and constituents used in fusing 

system elements such as primary, lead and booster charges should be reflected by safety maintenance 
during storage and use of fusing system under specified conditions. Qualification of these explosive 
charges should be done due to STANAG 4170 [5] and their assessment – in compliance with STANAG 
4363 [7] which further references to AOP 7 [8] in the range of physicochemical stability and 
compatibility and to STANAG 4147 [6] in terms of compatibility. 
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 For physicochemical compatibility evaluation, STANAG 4187 [3] requires that materials used in 
fusing system, especially explosives should not contribute in the subsequent formation of volatile and/or 
sensitive compounds. Every time, the compatibility assessment should be done in accordance with 
STANAG 4147 [6]. 
 

STANAG 4187 [3] describes also special requirements for pyrotechnic initiated explosive 
projectiles (PIE projectiles) of caliber 40 mm and below which utilize non-interrupted explosive train. 
Because PIE projectile is ignited by its impact on the target and by shock energy transfer through its 
physical configuration, it is therefore necessary to ensure that initiation/booster high-energetic materials, 
particularly incendiary pyrotechnic compositions applied in fusing system of PIE projectile, are of 
precisely determined, accepted sensitivity especially to impact and stress and they have appropriate output 
energy to initiate main explosive charge of the projectile. 
 

AOP 16 [4] establishes that tetryl is acceptable as standard explosive material in the qualification 
process (due to STANAG 4170 [5]) of other explosives intended to use as lead or booster charges. 

 
 The next group of NATO standardization documents in which problems of physicochemical 
stability with thermal characterizations, ageing processes and material compatibility are distinctly 
determined and test methodology regarding these topics is outlined for different groups of high energetic 
materials including primary explosives, booster explosives and pyrotechnic composition, is consisted of 
AOP 7 [8], STANAG 4170 [5] and STANAG 4147 [6]. The last document is more independent than 
previous two documents which are much more closely mutually tied. AOP 7 [8] and STANAG 4147 [6] 
pay attention to importance of accelerated ageing of tested above high-energetic samples in processes of 
investigation and evaluation of physicochemical stability and compatibility. For example, according to 
AOP 7 [8], it is very important and useful to determine whether the safety and performance characteristics 
of an explosive material will change during its whole life time i.e. from manufacturing to disposal. 
Accelerated ageing tests usually conducted at elevated temperatures should be considered during 
qualification process of explosives realized by means of STANAG 4170 [5]. Due to AOP 7 [8] more 
complete studies on the ageing characteristics of tested explosives should be available before qualification 
process completion. Several examples of ageing conditions are presented in AOP 7 [8] in ageing 
protocols which give information about national procedures of ageing of explosive materials in 
dependence on the type of tested material including primary explosives, booster explosives and 
pyrotechnic compositions. 
 
 In accordance with STANAG 4170 [5] and AOP 7 [8] physicochemical stability determination 
and thermal characterization of primary explosives and pyrotechnic compositions should be realized with 
usage of STANAG 4515 [9] and compatibility should be tested on the basis of STANAG 4147 [6]. 
 
 In the case of booster explosives, for their stability assessment, STANAGs 4515 [9], 4556 [10] 
and 4491 [11] are in operation. Of course compatibility of boosters are measured by STANAG 4147 [6]. 
 
 STANAG 4515 [9] is on thermal characterization of explosives materials by differential thermal 
analysis (DTA), differential scanning calorimetry (DSC) and thermogravimetric analysis (TGA), 
STANAG 4556 [10] on vacuum stability test(s) (VST) and STANAG 4491 [11] on thermal sensitiveness 
and explosiveness. 
 
 STANAG 4515 [9] itself does not give detailed, precisely determined criteria on stability and/or 
thermal characterization of any tested materials but with conjunction with AOP 7 [8] it is available 
assessment criterion on boosters which says that onset temperature of exothermal peak representing 
decomposition reaction should be more than 180 oC at the rate of heating of 5 oC per minute. The similar 
criterion on stability and thermal characterization of booster explosives is given in STANAG 4491 [11] 
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and AOP 7 [8], due to which booster can be treated as stable material if temperature of ignition of tested 
material is larger than 180 oC at rate of heating 5 oC/min. 
 

As it concerns STANAG 4556 [10] with support of AOP 7 [8], it also given precisely formulated 
criterion only on booster explosives according to which, stable booster sample should not release more 
than 1.0 cm3 of volatile substances/vapors calculated per gram of the sample due to its heating for 40 h at 
100 oC.  

 
To ensure higher level of operation safety, repeatability of stability/compatibility test results and 

for comparison of applicability of DTA, TGA and DSC tests to explosive materials used in fusing 
systems, the following notes, observations and advices are taken into consideration. 

 
During DTA tests of primary explosives and pyrotechnic compositions (including black powder) 

heating rates of up to 50 oC/min are admissible to be used. In other cases, e.g. for booster explosives 
heating rates should be carefully chosen and usually they are recommended to be up to 2 oC/min because 
of threat of damages to TGA, DTA and DSC instruments which is likely to occur if thermochemical 
reactions of decomposition are not carried out under controlled conditions. 

 
The measure of rate of mass loss as a function of time/temperature is characteristic for an 

individual substances or their compositions and it can be treated as a thermogravimetric “fingerprint” for 
characterization purposes of tested sample. 

 
Kinetic analysis can be used to investigation of decomposition reactions and for calculation of 

kinetic parameters. Such approach may be very valuable in evaluation of stability of explosives at various 
temperatures. For kinetic analysis and calculation the most useful is DSC. DTA can not be undertaken for 
this purposes because this technique is not quantitative enough for such investigations. 
 

More detailed analysis and discussion on physicochemical compatibility of materials including 
such high-energetic materials as primary explosives, booster explosives and pyrotechnic compositions 
used in fusing systems, need separate part in the frame of this paper from the reason of importance and 
vast range of problems connected with this subject of interest which is widely described in STANAG 
4147 [6], the most representative NATO standardization document for this matter. 

 
 Particular attention is pointed to the following cases in which explosive materials could become 
unacceptable hazardous during life time in ammunition: 

- migration of soluble and volatile ingredients at contact surfaces;  
- vaporization leading to unacceptable changes in physicochemical properties expressed by 

changes in sensitivity to such stimuli like: impact, stress, shock, friction and electrostatic 
discharge (spark sensitivity); 

- action of temperature and/or humidity especially to pyrotechnic compositions and certain primary 
explosives e.g. lead azide. 

 
For primary explosives, according to STANAG 4147 [6], the following compatibility tests are 

preferred: DSC and chemical analysis (especially for lead and silver azide).  
 

 If shift of DSC exothermal peak temperature of decomposition towards lower temperatures is less 
than 4 oC or this shift is towards higher temperatures, tested materials are treated as compatible. If shift of 
DSC exothermal peak temperature of decomposition towards lower temperatures is between 4 oC and 20 
oC, tested materials indicate certain degree of incompatibility. If shift of DSC exothermal peak 
temperature of decomposition towards lower temperatures is larger than 20 oC , tested materials are 
incompatible. 
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 The azide samples are analyzed to determine the degree of decomposition that has occurred under 
influence of hydrolysis which result in reduction of active azide and production of hydrazoic acid and 
ammonia. An incompatible materials are able to alter/shift balance of above reaction because of action 
e.g. moisture or acidic products. As a result of this reaction content of azides mass decreases. This 
compatibility test measures percentage of azide present after its ageing with presence of contact material 
and after ageing azide alone. Ageing is realized at 60 oC, at 95 % relative humidity for 672 h. The 
percentages of remaining azide in above both aged samples are compared. The difference between 
percentages of azide in the aged sample with other material and without it shall not be more than 2% for 
silver azide and 3 % for lead azide. 
 
 In order to compare other techniques relatively widely used for compatibility determination, it 
should be mentioned that TGA and VST techniques could be sometimes doubtful because of difficulty to 
precise determination of amount of gaseous products or mass losses directly caused by reactivity of tested 
substances. Moreover, some types of reactions can result in relatively small amounts of released gases or 
mass losses. These phenomena often occur in the case of testing of certain pyrotechnic compositions and 
primary explosives. 
 

For compatibility tests of booster explosives the following tests measuring gas evolution, mass 
loss and heat changes are advisable: VST, TGA and DSC techniques respectively.  

 
 The aging conditions of VST for booster explosives stability determination are the same as 
described in STANAG 4556 [10] regarding boosters stability investigations. Criteria on boosters 
compatibility are different from those concerning their stability. Criteria on compatibility say that if extra 
volume of gas caused by presence of other material than booster, is less than 5 cm3 mixture of both tested 
materials is compatible. If this extra volume is greater than 5 cm3 , tested materials are incompatible. 
 
 TGA criteria on compatibility are analogous as for DSC if shift temperatures are substituted by 
mass losses. 
 
 For pyrotechnic compositions compatibility testing, DSC is preferred in comparison with TGA 
and VST techniques from the same reasons mentioned earlier in context of their applicability. 
 
 
Conclusions 
 

All measured parameters/properties of physicochemical stability and compatibility of explosives 
materials used in fusing system of ammunition are obtained on the basis of procedures/protocols of one-
cycle or multi-cycle accelerated ageing performed usually at elevated temperatures and/or at determined 
level of relative humidity. Precisely determined humidity is very important in the case of testing of 
pyrotechnic compositions and some types of primary explosives, esp. azides which are very sensitive to 
action of moisture. Accelerated ageing in context of physicochemical changes of explosive materials 
should correspond to long term environmental impact of thermal and/or humidity stimuli.  

 
The basic parameters/properties measured in the area of physicochemical stability and thermal 

characterization of primary explosives, booster explosives and pyrotechnic compositions applied in fusing 
systems of ammunition, are as follows: 

- course of DTA and DSC plots with optional determination of temperature of decomposition of 
exothermal peak onset; 

- course of TGA plots with determination of mass losses; 
- temperature of ignition (booster explosives); 
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- amount of gaseous products released from tested sample during its thermal decomposition 
determined by VST (booster explosives); 

- water- and air-tightness of fusing system or its elements housing explosive materials.  
 
The basic parameters/properties measured in the area of physicochemical compatibility of primary 

explosives, booster explosives and pyrotechnic compositions applied in fusing systems of ammunition, 
are as follows: 

- shift of DSC onset of temperature of peak decomposition caused by presence of contact material; 
- extra changes of mass loss measured by TGA caused by presence of contact material; 
- extra change in content of active component in tested sample caused by presence of contact 

material, determined by chemical analysis (lead and silver azides); 
- extra changes in amount of gaseous products released from tested sample during its thermal 

decomposition caused by presence of contact material (booster explosives). 
 
The most common method used to determine physicochemical stability and compatibility of all types 

of tested high-energetic materials used in fusing systems, is DSC. 
 
The most important performance characteristics for explosive materials used in fusing systems in 

ammunition, taking into consideration its safety and reliability functioning and also significant 
environmental impacts existing and/or appearing during ammunition life cycle, are as follows: 

- sensitivity to thermal stress and/or water action (usually determined by physicochemical stability, 
compatibility, ageing processes and thermal characterization); 

- sensitivity to mechanical stimuli i.e. impact, friction, compression/stress; 
- sensitivity to shock;  
- sensitivity to electrostatic discharge. 
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ABSTRACT 
 

Thermal batteries are thermally activated, primary reserve, hermetically sealed power sources, 
generally consisting of series or series-parallel arrays of cells. Each cell is comprised of an anode, solid 
electrolyte-separator, a cathode, and a pyrotechnic heat source – ‘Heat Pellet’. Heat pellets are consist 
from gasless pyrotechnic powder mixture pressed to given density. The cell is activated by igniting 
the heat pellets which provide sufficient heat to melt the electrolyte. To enable good engineering design 
of these components it is important to know their combustion characteristics such as ignition sensitivity, 
heat output rate and burning intensity.  

 In order to test these characteristics special testing equipment was developed and influence of 
various parameters on heat pellets combustion properties can today be studied: heat pellet caloric output 
and density, environmental conditions such as humidity and temperature, materials being used and their 
compositions, etc.  

This paper reviews the testing tools which were developed and an influence of various parameters 
on the combustion characteristics of Fe/KClO4 heat pellets.  

. 
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ABSTRACT 

 
Downsizing of satellites or various space objects are desired.  In these applications, very small 

amount of propellant of less than several tens of mg mass must be used at a time.  Reaction control of 
very small amount of high energetic materials is, within authors’ knowledge, not established.   

In this study, reactive thin film consisting of primary explosive material has been prepared.  In a 
form of a thin film, it is natural that the sensitivity of reaction decreases due to size effect.  Therefore, 
larger energy input is required to initiate.  Purposes of the present study is twofold.   
(i) To establish a safe and method to fabricate thin film of primary explosive with appropriate binder, 
and 
(ii) to know the reaction characteristics induced by pulse laser ablation. 

We chose diazodinitrophenol (DDNP) as a primary explosive and cellulose triacetate (CTA) or ni-
trocellulose (NC) as a binder material.  Binder material is inevitable to synthesize thin film.  We have 
used two methods to fabricate thin film, i.e., (i) bar coater method, and (ii) pouring into a concave pat-
tern made by Teflon tapes.  Once DDNP and binder materials is solved into solvent and made into thin 
film by the above two methods.  Since DDNP material is in a form of a grain of 10 μm in size, it doe 
not dissolve in the solvent, but suspend in it.  Concentration of DDNP is higher at the bottom surface 
and lower at the upper surface.  This structure is found to have dependence of sensitivity for initiation.  
Film of DDNP mass concentration higher than 90% cannot be obtained as a self sustaining thin film.   

We have made extensive experiments of high speed camera observation on the reaction process of 
thin films initiated by direct pulse laser ablation of the sample surface.  High speed multiframe CCD 
camera was used to observe the initiation process.  Near parallel light source was used as an illumina-
tion, and shadowgraphy and self-emission pictures were taken to understand the reactive flow field and 
burning material distribution.  Figure 2 shows typical pictures taken in this study. 

We found that combustion process have three stages discriminated by time domain; (i) at 1st stage, 
laser ablation induces air shock and fragments of DDNP particles.  This stage lasts until less than sev-
eral tens of μs, (ii) at 2nd stage, ejected DDNP particles burns in ambient air, which is seen in right 
bottom picture as an light emission and also in left bottom picture of the similar delay time as a hot ex-
panded flow field shown as a density variation, and this stage lasts until several hundred μs, and finally 
(iii) due to these hot ambient flow field initiates film body at around 5-7 ms long after laser irradiation.   
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Within the experimental conditions tested in this study, following conclusions are obtained;  
1. Initiation sensitivity decreases with decreasing laser fluence and/or mass ratio of DDNP. 
2. Burning velocity is a function of film thickness between 50-800 μm for DDNP-CTA film. 
3. Initiation sensitivity is much higher for laser ablation at the bottom surface of the film. 
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ABSTRACT 
 
A new small-scale strand burn rate test method has been developed to determine the rate of interior 
burning in a propellant, pyrotechnic or explosive. It features the ability to test numerous environmental 
and material property characteristics in a very short time and at low cost. Its instrumentation is very 
accurate and reliable. The desired composition for study can be cast or pressed into a sample holder and 
quickly tested. The test results are invaluable in design of flares, torches, rocket motors and explosive 
charges. 
 
INTRODUCTION 
 
In an effort to characterize and design rocket motors, flares, explosive ignition charges and torches, a new 
method of characterizing the internal burn rate of exothermic materials was developed at Safety 
Consulting Engineers, Inc. (SCE).  The purpose behind this development effort was to precisely design 
and characterize exothermic end items with respect to performance and safety. In this small-scale method, 
many environmental and material conditions can be varied without conducting full-scale testing on 
exothermic assemblies and items. This will greatly reduce development time, cost expenditure, validation 
time, and the environmental testing burden. Additionally, environmental effects on the material bulk burn 
rate can easily be studied. A list of possible effects to study are listed as follows: 
 

• Gaseous Media 
• Temperature 
• Pressure 
• Humidity 
• Vacuum 

 
The exothermic material properties that can be easily studied are as follows: 
 

• Density 
• Porosity 
• Composition 
• Composition variability 
• Ignitability 
• Particle Size Distribution 
• Particle Shape 
• Mixing Tolerances 
• Binder Types and Amounts 
• Raw Material Variances 

 
A description of the test method and its output are shown in the following pages. 
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TEST METHOD DESCRIPTION 
 
The test apparatus was designed to withstand extremely high temperatures (up to 3000ºF), pressures (up 
to 10,000 psi), molten metal erosion conditions, and ease of operation. The test setup schematic is shown 
in the following figure. 

Figure 1 – Small-Scale Burn Rate Methodology 
 
The 4-L test chamber consists of four parts as follows: 
 

1. Upper Dome (13 inch in diameter) made of Stainless Steel with a bolted flange to mate to the 
bottom part. 

2. Lower Flat section of stainless steel (which mates with the dome) houses the test sample and the 
connections for measuring the time between 3 points on the sample tubing. 

3. Inner Cylinder Chamber (a steel cylinder 3 inches OD and 9 inches high with a pipe cap on top) 
to protect the outer chamber assembly from high temperatures and molten metal. 

4. Expansion Tank to relieve gases from the main chamber 
5. Exothermic Material compressed into a cylindrical tube 3/8” ID and 3” high. 
6. The chamber has a variable relief valve to maintain constant pressure during runs. 
7. The chamber can be pressurized with air, nitrogen, or other gases easily. 

 

Test Setup Schematic

Fire Igniter and Record Rate and Measure Burn Rate

Attach Hi-Speed Data Acquisition and Logger

Install Test Sample/igniter And Close Chamber
and Set Environment Variable

Mount Material in Tube with Variable to Test

Lift Upper Chamber

Assemble Four Piece Chamber
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Photographs of the setup are shown in the next few figures. 
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Figure 2 – Test Specimen Wiring Diagram. Three thermocouples are used as break wires from 
which the burning rate can be calculated.  Other devices, such as optical probes, can be used as 
detectors for the flame front. 
 
TYPICAL BURN RATE TEST RESULTS 
 
After initiation of the igniter the exothermic test material initiates burning. The burning propagates from 
the top of the sample cylinder to the bottom (see Figure 2). As the flame front passes down the sample 
column it sequentially burns through the three break wires present. The current setup uses thermocouples 
as break wires but other techniques, such as optical sensors, could be uses to monitor flame front passage. 
The benefit of the break wire system is that the flame front passage is monitored inside the column of test 
material.  Other methods lend them selves to inaccuracies by monitoring the passage of the flame front on 
the surface of the exothermic material. 
 
As the flame front passes through the volume of the test sample it crosses the break wire. In doing so, the 
thermocouple voltage in interrupted and the voltage spike occurs. The voltage / time data from the small-
scale strand burn test apparatus is collected via a high-speed data logger. Figure 3 contains a typical 
voltage-time plot of the data collected from the test.  Each major voltage spike represents the breakage of 
one of the three break wires due to the passage of the flame front. By averaging the time between each 
voltage spike the burn rate can be calculated. Generally the initial time of ignition is not used in the 
calculations since material burning may be unstable due to igniter effects.  The calculations involve the 
rate between the first break wire and the second break wire and the rate between the second break wire 
and the third break wire. 
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Figure 3 – A typical voltage-time trace from the small-scale strand burn test. Each major voltage 
spike represents the breakage of one of the three break wires due to the passage of the flame front. 
These rates between the break wires can then be averaged and analyzed.  Figure 4 is an example of 
a burn rate analysis performed on an exothermic material at various initial test pressures. The 
composition of the exothermic material was kept constant but the sample density was varied as well 
as the pretest temperature conditioning. The testing reveals that there was a definite influence of 
initial test pressure on the burn rate of the material and that the relationship is linear in the range 
of pressures tested. Additionally, the tests demonstrate that there was only a slight influence on the 
burn rate from temperature and density variations for a given mix. 
 
Other tests can be easily performed to examine the influence of composition variation, raw material 
variation, particle size distribution and contamination, to name a few. The advantage of this method is 
that the actual real-world physical burn rate of the exothermic material is determined quickly using a 
small quantity of sample. 
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Figure 4 – Example of typical analysis where the burn rate is plotted as a function of initial test 
pressure for an exothermic material sample at various densities and initial temperatures. 
 
Conclusion 
 
The new small-scale burn rate test method has been used extensively to evaluate environmental and 
material variations on burn rate characteristics. The data has been used to design rocket motors and 
torches. This method is very adaptable to automation in production plants where burn rate performance 
can be checked very quickly. Flare quality control on batches or automation can be conducted easily with 
very small quantities. In utilizing this method, careful preparation is necessary to duplicate the full-scale 
items by maintaining sample physical and chemical integrity.  
 
The unique advantage with the new method is low cost, minimizing material quantities and quick 
turnaround testing. Maximum burning performance data can be obtained for a wide range of 
environmental properties (temperature, pressure, vacuum and gaseous media) in a very short time. 
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